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ABSTRACT

Colorectal cancer (CRC) is the second leading cause of cancer-related death worldwide. The 5-year survival 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 autoantibodies 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 autoantigens 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 magnetic microcarriers as solid support modified with covalently immobilized Halotag fusion proteins constructed 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 measurement
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.

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 I11) or to distal organs (stage 1V), mainly the liver and lung. Diagnosis of CRC in
these stages decreases the 5-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]. Therefore, 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 adenocarcinoma. First, the tumor progresses to the intestinal submucosa (stage 1), then into the lamina muscularis propria (stage
I1); finally, it spreads to other organs (stages I11 and 1V) [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 (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
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printed onto the arrays. Protein arrays include only 50%-66% of all human proteins and do not include post-translational modifications 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 epithelial-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 addition, 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 steadily gaining ground as very suitable high-
performance and affordable tools. These approaches are easy to operate with little to no training, and they can perform multiplexed and/or multiomics 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 particular focus on prevalent
and high-mortality neoplasms such as CRC, in order to assist conventional methodologies in early diagnosis and staging. Within the last two years alone, electrochemical
affinity-based biosensors have demonstrated unique opportunities to determine CRC-related transcriptomic biomarkers (micro RNA); 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., proteins, receptors, or proteases related to the presence of CRC, as well as hypoxia and metastasis events
involved in tumoral aggressiveness and progression) [23]. Here, we aim to enlarge the number of CRC-specific TAAs with diagnostic value by using
immunoprecipitation followed by mass spectrometry to study the protein content of two complementary and barely studied protein sources of CRC TAAs: O TME
tissue samples from CRC patients in the early stages (stages | and 11); @ TME tissue samples from CRC patients in the late stages (stages I11 and IV); and (3 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 (@ bioinformatics and meta-analysis, to determine their potential dysregulation and association with CRC; @
seroreactivity 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 individuals as controls; and (3 Western blot (WB) and immunohistochemistry (IHC) to analyze their role as CRC prognostic markers.
Finally, an electrochemical biosensing multiplexed platform envisioned as a point-of-care (POC) device capable of detecting all these autoantibodies in plasma was
developed.

2. Materials and methods
2.1. CRC 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
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Modified Eagle’s Medium (DMEM, Lonza, Basel, 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 111 Health Institute at the San Carlos Clinical Hospital (Madrid) approved this study on biomarker discovery
and validation (CEI P1 45). Tissue and plasma samples were obtained from the San Carlos Clinical Hospital (Id1ISSC) biobank, which belongs to the National Biobank
Net (ISCIII) cofounded with FEDER funds, after approval from the ethical review board of the institutions. 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 immunoprecipitation, 12 plasma samples from CRC patients at stages 1l and IV obtained before surgery and 12 plasma samples from healthy individuals with
negative colonoscopy and unknown pathology were used (Table 1 and Table S1 (in Appendix A)), together with 13 optimum cutting temperature (OCT) compound-
embedded frozen tissue samples from CRC patients at stages -1V (Table 1 and Table S2 (Appendix)). For luminescence and biosensing seroreactivity assays, a total
of 112 individual plasma samples from CRC patients at stages I-1V obtained before surgery (n = 38), from individuals 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 (in Appendix A)).
Table 1
Information on the plasma samples from CRC patients and healthy individuals used in the study.

Samples Number  Age average £ SD Age range Gender (n) Stage
(n) (years) (years)
Male Female [ [ ] v
Plasma samples
Healthy individuals 12 63.1+20.8 35-83 4 8 -
Immunoprecipitation
CRC patients 12 69.1+£8.7 56-85 7 5 - - 9 3
Healthy individuals 38 60.1 +15.3 23-88 14 24 -
Low-grade adenoma 61.8+7.2 40-73 1 6 -
individuals
Seroreactivity assays
High-grade 17 60.7+8.2 49-79 13 6 -
adenoma individuals
CRC patients 38 70.3+12.3 39-81 22 16 3 4 15 16

WB (exosomes) Healthy individuals 4 61.8+8.3 52-70 3 1 -
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Premalignant lesion

individuals 4 59.8 +14.7 38-70 2 2 -
CRC patients 9 68.3+7.3 61-85 5 2 4 1 2 2
Tissue samples
IP stages I-11 CRC patients 6 77+9.0 60-86 2 4 5 1 - -
IP stages -1V CRC patients 7 78+8.2 65-87 4 3 - - 6 1
Western blot CRC patients 17 743+13.1 39-88 9 8 5 6 5 1
Immunohistochemistry CRC patients 72 65.7£8.7 41-82 47 25 - 4 3 65

IP: immunoprecipitation.

Premalignant and malignant colorectal lesions were assessed by a pathologist with expertise in gastrointestinal pathology following 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-1V were used for WB analysis (Table 1 and Table S2),
together with 17 exosome samples isolated from plasma from CRC patients at stages | to 1V (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 (CO2). The cells were then washed three times with 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 500 g for 5 min at 4 °C to remove the
cell debris (pellet) and then centrifuged again at 2000 g for 10 min at 4 °C to remove vesicles greater than 1 um (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-100K,
USA) at 10 000 g for 30 min at 4 °C to remove extracellular microvesicles (MVs) with a size of 1 um. Next, the conditioned mediums were further centrifuged at 100
000 g for 70 min at 4 °C for exosome sedimentation. The supernatants were discarded and the exosomes (pellet) were 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 100 000 g 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 uL were
analyzed prior to immunoprecipitation to avoid the continuous freezing and thawing of samples.
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To isolate and purify human plasma exosomes, 3 mL of each plasma sample was first centrifuged at 17 000 g for 30 min at 4 °C to remove extracellular MVs. The
supernatant was then filtered through a 0.22 pm filter and subsequently ultracentrifuged at 120 000 g 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 cryoEM

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 a Tecnai 12 FEI microscope operated at 120 kV. Images were recorded on
a CCD 1k 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 mM of ethylenediaminetetraacetic acid (EDTA),
and harvested by centrifugation at 1200 rpm for 5 min at room temperature. Then, cells were resuspended in 500 pL of lysis buffer (RIPA, Sigma Aldrich, USA)
supplemented with 1x protease and phosphatase inhibitors (MedChemExpress, USA) and lysed by mechanical disaggregation using 16G and 18G needle syringes.
Finally, the samples were centrifuged at 10 000 g 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 10 000 g 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 Il (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 disaggregated
again with the TissueLyser Il (two cycles for 2 min each at 30 Hz). Finally, the samples were centrifuged at 10 000 g 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 quantified using a MicroBCA Protein Assay Kit (Thermo Fisher Scientific) 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 immunoprecipitation, the exosomes were lysed with RIPA supplemented with 1x protease and phosphatase inhibitors, by means
of mechanical disaggregation. The samples were then centrifuged at 10 000 g at 4 °C for 10 min, and the protein extracts (supernatants) were collected and stored until
use.

2.6. SDS-PAGE and Western blot
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Protein expression was analyzed by Coomassie blue staining and WB. 5 g of each protein extract were separated using 10% SDS-PAGE under reducing conditions
and then transferred to nitrocellulose 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 incubated with primary antibodies at optimized dilutions (Table S3 in Appendix A) 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 peroxidase
(HRP)-conjugated secondary antibodies (Table S3) 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, USA), detected on an Amersham Imager
680 (GE Healthcare, USA). Protein band intensities were quantified with Image J software and normalized according to the total protein content of the corresponding
lanes (Ponceau Red staining -Sigma Aldrich, USA).

2.7. Immunoprecipitation

For the immunoprecipitation 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-11 and stages I1I-1V, separately). 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, 1gGs from a pool of plasma samples from CRC patients at stages 111 and IV (n=12) and from a pool of plasma samples from 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 pL 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 puL 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 pL 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 previously described [14]. In brief,
100 pL of beads previously equilibrated 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* triethanolamine
containing 50 mmol-L ! dimethyl pimelimidate (DMP, Sigma Aldrich, USA) at pH 8.9 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 ethanolamine (Sigma Aldrich) for 15 min. Finally, non-cross-linked 1gGs 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 1IgGs 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 recognized 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™* ammonium bicarbonate buffer at pH 8.0 and the protein concentration was quantified using
the Nanodrop 2000C (Thermo Fisher Scientific, USA).

All incubations were performed at room temperature with rotation, and all supernatants were removed by means of centrifugation at 13 200 rpm 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).
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2.8. LC-MS/MS

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~* ammonium bicarbonate (ABC)/50% acetonitrile (ACN), dehydrated with ACN, and dried. The samples were
then reduced with 10 mol-L™* dithiothreitol (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, USA) 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 uL 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 analysis by nano LC-MS/MS in the Proteomics and Genomics Facility of the Center for
Biological Research (CIB-CSIC, Spain)

Peptide separations were carried out on an Easy-nLC 1000 nano system (Thermo Fisher Scientific, USA). For the analysis, the sample was loaded into a precolumn
Acclaim PepMap 100 (Thermo Fisher Scientific) and eluted in a RSLC PepMap C18 that was 50 cm long, with an inner diameter of 75 um, and a particle size of 2 um
(Thermo Fisher Scientific). The mobile phase flow rate was 300 nL-min~t using 0.1% formic acid in water (solvent A) and 0.1% formic acid and 100% acetonitrile
(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 spectrometer (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, and maximum injection times of 100 ms. After the survey scan, the 15 most intense precursor 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, a
resolution of 17 500 (at m/z 200), an intensity threshold of 8e3, 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 exclusion time of 20 s was used to discriminate against previously
selected ions.

2.9. MS 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 fragment mass tolerances were set to 10 ppm and 0.02 Da, respectively, 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 identified 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 autoantigens specific to CRC was performed using the contaminant repository for affinity purification mass
spectrometry data (CRAPome) database [29]. Proteins appearing in more than 15% of the immunoprecipitation experiments reported in this database were discarded
from further analysis. Then, the proteins were analyzed using 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 MCL clustering enrichment 2 and a confidence score
of 0.4.
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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 provide information on dysregulations in gene expression between
CRC and paired healthy tissue samples and genetic alterations identified in tumor tissue samples, respectively. In addition, information from the Human Protein Atlas
[35,36] and GEPIA 2 [37,38] was used to examine whether the identified proteins had been previously associated with CRC patients’ prognosis or survival using the
best cutoff or the quartile, respectively.

2.11. Immunohistochemistry

For the immunohistochemistry analysis, tissue microarrays containing 88 core samples from 72 CRC patients (Table 1 and Table S4 (in Appendix A) were constructed
using the 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 um 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, Denmark). Biopsies were incubated overnight at 4 °C using optimized dilutions of the indicated antibodies (Table S3). Tissues
were incubated with the appropriate anti-lg horseradish peroxidase-conjugated polymer (EnVisionFLEX-HRP, Dako, Denmark) to detect the antigen-antibody reaction.
All antibodies and anti-lg HRP-conjugated antibodies presented 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 conducted according
to established protocols [14,39].

2.12. Gateway cloning and protein expression

Sequence-verified full-length cDNA plasmids containing the TP53, TGM3, ACTR3, PSPH, MT-CO2, SPDL1, HMGCS2, CYB5R1, RAB25, FABP5, SDF2L1, S100A8,
SERPINB12, SERPINB3, 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, ORFs were transferred to the pANT7_cHalo vector for in vitro expression by
LR Clonase reaction (Invitrogen, USA), following the manufacturer’s instructions, to obtain full-length proteins expressed as fusion proteins to Halotag in their C-
terminal end [41,42]. Next, TOP10 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 HelLa cell lysate (Thermo Fisher Scientific, USA), 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, SERPINB12, SERPINBS,
RAB2A, and DEFAL proteins was analyzed by a luminescence Halotag-based beads immunoassay, as previously described [42-45], using Magne Halotag beads (MBs,
Promega, USA) prepared following the manufacturer’s instructions. First, the MBs were equilibrated three times in 500 uL of wash buffer (0.1% Tween 20, 0.05%
Triton X-100, in PBS 1x) for 5 min at room 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 L of protein and 0.5 pL of MBs suspension per reaction, in a final volume of 600 puL 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 rpm. After
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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 supplemented with 3% BSA O/N at 4 °C
and 150 rpm (Table 1 and Table S1). Next, the wells were washed three times and incubated with 50 puL 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 rpm. Finally, the wells were washed three times, and a signal
was developed with the ECL Pico Plus chemiluminescent reagent (Thermo Fisher Scientific) and recorded onto The Spark multimode microplate reader (Tecan Trading
AG, Mannedorf 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 immobilization, Halotag fusion proteins were detected with anti-Halotag
mADb (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.O. 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 H20, mediated by HQ and measured at —0.20 V (vs Ag pseudoreference 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 programs. Nonparametric Mann-Whitney U test
values were calculated 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 complementary 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 immunoprecipitation and
LC-MS/MS, using exosomes and CRC tumor tissue followed by seroreactivity assays [14]. The exosomes used for TAA identification were isolated from the secretome
of SW480 and KM12C CRC cells, as models of a primary tumor, and from the secretome of SW620, KM12SM, and KM12L 4a cells, as models of CRC metastasis to
the lymph nodes, liver, and liver and lung, respectively. CRC tissue samples and exosomes 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 electrochemical immunosensing platform based on
Halotag technology to construct a POC device for differentiating between CRC patients and individuals carrying premalignant lesions, and healthy individuals [41,42].
Fig. 1 depicts the workflow of this study.
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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 |-V were investigated using immunoprecipitation
coupled to mass spectrometry 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 1gGs 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.

3.1. Characterization of exosomes secreted by CRC cell lines
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The extracellular vesicles released by the CRC cells were isolated 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 immunoprecipitation assays, the purified samples were characterized to confirm that appropriate isolation and purification of the exosomes had
occurred (Fig. 2).
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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. (c) 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.

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 exosome 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 KM12L 4a cells and the SW620 cells, respectively. However, the mean size of the vesicles in all the samples
was between 140-200 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. ldentification of potential TAAs by immunoprecipitation coupled with LC-MS/MS

The exosomes secreted by the CRC cells and the CRC tissue samples from patients at stages |-V were examined by immunoprecipitation 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 individuals 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 1gGs from the controls to remove the proteins that were seroreactive to
the controls. Then, the clarified protein extracts were subsequently incubated with the 1gGs from CRC patients to identify TAAs specific to the disease. Proteins that
were seroreactive to the 1gGs 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)).
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Fig. 3. Immunoprecipitation 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 1gGs from healthy individuals and from CRC patients eluted after the three immunoprecipitations carried out in this study. (b) Venn diagrams of the proteins seroreactive
to the IgGs from healthy individuals, those seroreactive to the 1gGs from CRC patients, or those seroreactive to both 1gGs, identified and quantified by LC-MS/MS in each IP. A total of 919
proteins were identified from the three immunoprecipitations, with 235 of them being specifically seroreactive to 1gGs 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 immunoprecipitation experiments registered in the CRAPome database. Thirteen of these proteins were identified in more
than one IP performed in this study.

Next, proteins that were seroreactive to both IgGs were concentrated in 10% SDS-PAGE, in-gel digested with trypsin, and then identified using mass spectrometry.
A total of 919 proteins were identified from the three IP assays (404 proteins from the tissue samples from patients at stages I-I1, 270 proteins from tissue samples from
patients at stages I11-1V, and 245 proteins from exosomes). Among these, 235 proteins were exclusively seroreactive to the 1gGs from CRC patients, 194 were
exclusively 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 immunoprecipitation 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 proteins, 13 had been identified in two or three of the IP assays performed in the
study (Table 2 and Fig. 3(c)). Remarkably, some of the 103 proteins were previously identified as CRC TAAs in previous studies [14], such as the TALDO1, MT-CO2,
or SPCS2 proteins, which supported the accuracy of this approach for the identification of TAAs.

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 biological
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 differentiation (Fig. 4(b)), all of which are processes closely associated with cancer.
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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 10 different clusters of interaction among the proteins closely associated with CRC
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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.

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 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 genetic alterations—mainly mutations—had been previously described for all the identified proteins but one (Fig. 4(d)). Furthermore, 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 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; 3 knowledge about biological processes and cellular localization associated with

these proteins; and @ antibody and cDNA availability.
Table 2
Proteins identified in the three immunoprecipitation assays with potential diagnostic value for CRC that appear in < 15% of the immunoprecipitation experiments in the CRAPome database.

CRAPome
Accession Description Gene ¥ coverage (%)* ¥ Peptides™ Y PSMs* Nump er of Identification
number experiments

(found/total)
A4D1P6 WD repeat-containing protein 91 WDR91 0.94 1 2 0 1P3
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 1.32 1 1 24/411 1P3
075223 Gamma-glutamylcyclotransferase GGCT 117 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
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P00352

P00403

P00488

P01023

P01040

P02008

P02671

P02675

P02751

P02788

P04040

P05089

P05109

P06396

P06703

PO7741

P08134

P08246

P08519

P08559

P09327

P10620

P16520

P18754

Retinal dehydrogenase 1
Cytochrome ¢ oxidase subunit 2
Coagulation factor XIII A chain

Alpha-2-macroglobulin

Cystatin-A
Hemoglobin subunit zeta
Fibrinogen alpha chain
Fibrinogen beta chain
Fibronectin
Lactotransferrin
Catalase
Arginase-1
Protein S100-A8
Gelsolin
Protein S100-A6
Adenine phosphoribosyltransferase
Rho-related GTP-hinding protein RhoC
Neutrophil elastase
Apolipoprotein(a)
Pyruvate dehydrogenase E1 component subunit alpha, somatic form, mitochondrial
Villin-1
Microsomal glutathione S-transferase 1
Guanine nucleotide-binding protein G(1)/G(S)/G(T) subunit beta-3

Regulator of chromosome condensation

ALDH1A1

MT-CO2

F13A1

A2M

CSTA

HBZ

FGA

FGB

FINC

TRFL

CAT

ARG1

S100A8

GSN

S100A6

APRT

RHOC

ELANE

APOA

PDHA1

VIL1

MGST1

GNB3

RCC1

1.6

441

3.28

0.81

19.39

4.93

4.27

13.24

0.88

141

4.55

3.42

7.53

6.01

8.89

6.11

5.7

13.48

6.82

9.74

13.18

10.32

2.94

2.38

4/411
20/411
0
16/411
45/411
0
2/411
9/411
20/411
28/411
37/411
50/411
57/411
26/411
29/411
25/411
35/411
2/411
0
47/411
0
0
39/411

61/411

IP3
IP1, IP3
1P2
IP1
IP1
1P2
1P2
1P2
1P2
1P3
1P3
1P3
1P3
1P2
IP1
1P3
IP1
1P2
IP1, IP2
1P2
1P2
IP1
1P2

1P3
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P20339

P20930

P21796

P22531

p22735

P23490

P27338

P28331

P29508

P30044

P31040

P31930

P37837

P42357

P45880

P49773

P50552

P51148

P51149

P54868

P56134

P57735

P59665

P59998

Ras-related protein Rab-5A RAB5A 5.12 1

Filaggrin FLG 177 3

Voltage-dependent anion-selective channel protein 1 VDAC1 3.89 1
Small proline-rich protein 2E SPRR2E 25 1
Protein-glutamine gamma-glutamyltransferase K TGM1 0.86 1
Loricrin LOR 2.56 1

Amine oxidase [flavin-containing] B MAOB 2.12 1
NADH-ubiquinone oxidoreductase 75 kDa subunit, mitochondrial NDUFS1 413 2
Serpin B3 SERPINB3 3.08 1

Peroxiredoxin-5, mitochondrial PRDX5 8.88 2

Succinate dehydrogenase [ubiquinone] flavoprotein subunit, mitochondrial SDHA 2.86 2
Cytochrome b-c1 complex subunit 1, mitochondrial UQCRC1 25 1
Transaldolase TALDO 2.37 1

Histidine ammonia-lyase HAL 1.22 1
Voltage-dependent anion-selective channel protein 2 VDAC2 9.52 2
Histidine triad nucleotide-binding protein 1 HINT1 7.14 1
Vasodilator-stimulated phosphoprotein VASP 3.42 1
Ras-related protein Rab-5C RAB5C 5.56 1

Ras-related protein Rab-7a RAB7A 531 1
Hydroxymethylglutaryl-CoA synthase, mitochondrial HMGCS2 8.07 4
ATP synthase subunit f, mitochondrial ATP5J2 13.83 1
Ras-related protein Rab-25 RAB25 3.76 1

Neutrophil defensin 1 DEFA1l 19.15 2

Actin-related protein 2/3 complex subunit 4 ARPC4 6.55 1

42/411
43/411
58/411
24/411
34/411
5/411
0
19/411
36/411
26/411
44/411
30/411
41/411
10/411
58/411
27/411
6/411
61/411
63/411
2/411
28/411
1/411
23/411

39/411

1P2
IP3
IP3
IP3
1P3
1P3
1P2
IP1, IP2
1P3
IP1
1P2
1P2
1P3
1P3
1P2
1P3
1P2
1P3
1P3
IP1
IP1
1P2
1P3

IP1, IP2
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P61019
P61088
P61158
P61160
P61626
P62491
P78330
Q01469
Q08188
Q08380
Q08554
Q09666
Q12792
Q13835
Q14019
Q15005
Q16666
Q16851
Q5VU13
Q86516
Q8IXJ6
Q8N7P1
Q8WVV4

Q92954

Ras-related protein Rab-2A
Ubiquitin-conjugating enzyme E2 N
Actin-related protein 3
Actin-related protein 2
Lysozyme C
Ras-related protein Rab-11A
Phosphoserine phosphatase
Fatty acid-binding protein, epidermal
Protein-glutamine gamma-glutamyltransferase E
Galectin-3-binding protein
Desmocollin-1
Neuroblast differentiation-associated protein AHNAK
Twinfilin-1
Plakophilin-1
Coactosin-like protein
Signal peptidase complex subunit 2
Gamma-interferon-inducible protein 16
UTP--glucose-1-phosphate uridylyltransferase
V-set and immunoglobulin domain-containing protein 8
Desmoglein-4
NAD-dependent protein deacetylase sirtuin-2
Inactive phospholipase D5
Protein POF1B

Proteoglycan 4

RAB2A 11.32 2
UBE2N 7.24 1
ACTR3 2.15 1
ARP2 3.55 1
LYz 473 1
RAB11A 3.7 1
PSPH 64 11
FABP5 6.67 1
TGM3 1.88 1
LGALS3BP 1.88 1
DSC1 2.57 2
AHNAK 1.68 1
TWF1 2 1
PKP1 3.08 2
COoTL1 4.93 1
SPCS2 3.98 1
IFI16 1.66 1
UGP2 177 1
VSIG8 2.42 1
DSG4 0.77 1
SIRT2 2.06 1
PLD5 131 1
POF1B 441 2
PRG4 3.42 1

35/411
46/411
41/411
51/411
58/411
47/411
1/411
38/411
37/411
25/411
51/411
62/411
28/411
34/411
1/411
71411
9/411
11/411
3/411
1/411
2/411
0
25/411

0

1P2
IP3
IP1, IP2, IP3
IP1, IP2
1P2
1P3
IP1, IP2, IP3
1P2
IP2, IP3
1P3
1P3
1P3
IP1
IP1, IP3
1P2
1P3
1P2
1P3
IP1
IP1
1P2
1P2
1P3

1P3
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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
Q96P63 Serpin B12 SERPINB12 1.98 1 2 37/411

Q96PK6 RNA-binding protein 14 RBM14 1.79 1 1 52/411 1P3
Q96QA5 Gasdermin-A GSDMA 18 1 1 22/411 IP3
Q99698 Lysosomal-trafficking regulator LYST 0.21 1 1 1/411 1P2
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
Q9HCNS8 Stromal cell-derived factor 2-like protein 1 SDF2L1 19.46 3 4 5/411 1P2
QINWT1L p21-activated protein kinase-interacting protein 1 PAK1IP1 2.3 1 1 22/411 1P2
QINYL9 Tropomodulin-3 TMOD3 5.68 2 2 63/411 IP1
QINZT1 Calmodulin-like protein 5 CALML5 9.59 1 1 53/411 1P3
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 1P2
Q9Y277 Voltage-dependent anion-selective channel protein 3 VDAC3 8.48 2 2 46/411 1P2
Q9Y2Y8 Proteoglycan 3 PRG3 4.89 1 1 0 1P2
Q9Y3A5 Ribosome maturation protein SBDS SBDS 3.2 1 1 13/411 1P2
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 1P2

IP1: Immunoprecipitation with tissue samples from CRC patients at stages | and I1; IP2: Immunoprecipitation with tissue samples from CRC patients at stages |11 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. *Z
coverage, total % protein sequence coverage sequenced by LC-MS/MS. X Peptides, total number of peptides. £ PSMs, total number of peptide spectrum matches.
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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, TGM3, SPDL1, SDF2L1, and RAB25
being upregulated in the tumor samples (Figs. 5(a) and (b)). Interestingly, statistically significant differences 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 | and Il (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)).
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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 staining of nitrocellulose membranes and immune blotting of paired
tumoral and non-tumoral tissue samples from CRC patients with the 12 potential TAAs analyzed. GAPDH was used as the control in the assay. Protein bands quantified with ImageJ 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 | and Il, 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 I: 1,
2,3,4,5,and 14; at stage I1: 6, 7, 10, 17, and 18; at stage I1l: 11, 12, 13, 15, and 16; and at stage 1V: eight were used.)

In human plasma exosomes (n=17), differences at the protein level between the pathological and control samples were found for 10 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, 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-11) and late (CRC stages I11-1V) stages (Fig. 6(c)). Finally, SPDL1 was
downregulated in individuals with premalignant lesions and upregulated in CRC patients, whereas the levels of SERPINB12 increased during the progression of the
disease (Fig. 6(c)).
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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 ImageJ 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 2 1.5) were found for 10 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. (c) Dysregulation of proteins at different stages of the disease was found for 10
of these proteins. TGM3, ACTR3, RAB25, and HMGCS?2 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-I1) and late (CRC I11-1V) 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 Il: 43; stage I1l: 4 and 42; stage 1V:
44 and 45 were used in comparison with exosomes from healthy and premalignant individuals.

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 prognosis 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 statistically 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 recurrence (Fig. 7(b)).
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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 (SL00A8, 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 (COAD and READ) TCGA dataset was surveyed in comparison with breast
cancer (BRCA), prostate adenocarcinoma (PRAD), stomach-gastric adenocarcinoma (STAD), lung adenocarcinoma (LUAD), esophageal cancer (ESCA), liver adenocarcinoma (LIAD), and
pancreatic adenocarcinoma (PAAD) as controls for the specific association of the nine-gene signature with CRC prognosis.

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 mMRNA expression levels. Interestingly, significant association with CRC prognosis in patients was found for S100A8, MT-CO2, CYB5R1,
HMGCS2, FABP5, SDF2L1, ACTR3, SPDL1, and TGM3 with the long-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 prognosis 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 significant 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 (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 mMRNA 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 integration 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 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, subsequently, incubated with the
secondary HRP-anti Human IgG antibody (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 comparison 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 DEFAL were able to statistically discriminate (p < 0.04) between healthy controls and
premalignant subjects, as was p53 (Fig. 8(c)). Furthermore, all but SERPINB12, RAB2A, and FABP5 were able to significantly discriminate (p < 0.04) between healthy
controls and CRC patients (Fig. 8(d)), unlike p53 (p = 0.09).
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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 value = 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), CYB5RL1 (p = 0.003), MT-CO2 (p = 0.004), S100A8 (p = 0.040), SDF2L1 (p
=0.004), ACTR3 (p = 0.007), DEFAL (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, HMGCS?2, 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, DEFAL, 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.

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 seroreactivity with that of the healthy individuals and the CRC groups (Fig. S5(a) in Appendix A). First, both the low- and high-grade adenoma groups
were more seroreactive than healthy individuals. p53, PSPH, RAB2A, TGM3, ACTR3, CYB5R1, MT-CO2, S100A8, 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 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, FABP5, SERPINB3, DEFAL, CYB5R1, TGM3, ACTR3, SDF2L1, S100A8, RAB25, RAB2A, PSPH, MT-CO?2,
and HMGCS?2 are autoantigens whose seroreactivity can distinguish CRC patients and/or premalignant 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%, respectively. Moreover, the autoantibodies against all TAAs but p53 statistically 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 sensitivity and specificity of 74.3% and 76.3%,
respectively, in discriminating between pathological colorectal individuals and controls; an AUC of 79.7% and a sensitivity and specificity of 94.4% and 55.3%,
respectively, in discriminating between premalignant individuals and controls; and an AUC of 76.2% and a sensitivity and specificity of 52.6%, and 94.7%, respectively,
in differentiating CRC patients from healthy individuals.

To further analyze the early diagnostic value of these TAAs, the individual and combined ROC curves of the proteins with differential seroreactivity to low- and
high-grade adenoma in 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



A. Calle et al. / Engineering xxx (2021) XXX-Xxx

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 diagnostic 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.

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 autoantibodies against the identified TAAS
in human plasma was tested. Random plasma samples from two healthy individuals, two premalignant individuals, and two CRC patients were analyzed. Remarkably,
the control individuals showed a significantly lower seroreactivity in comparison with the premalignant and CRC patients. More importantly, as previously observed
via luminescence, most of the CRC and colorectal premalignant patients were reactive to >8 TAAs, apart from p53. All premalignant and CRC individuals possessed
autoantibodies for more than eight CRC autoantigens 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 potential clinical tool for the detection of CRC. More importantly, our results demonstrate
that these TAASs should be included in signature panels for CRC detection by a simple blood test.
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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, United States). 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.

Collectively, these results highlight the usefulness of the followed approach not only to identify TAAs with significant diagnostic ability, but also to find proteins
target of autoantibodies involved in the progression of CRC that are useful as CRC prognostic markers. Moreover, our results showed that the developed luminescence
or biosensing approaches overcome drawbacks regarding the purification, degradation, and immobilization of proteins, and thus have excellent potential for use in the
detection of CRC through a POC device.

4, Discussions

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
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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 comprehensive 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 identifying 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 strategy 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 identify 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 validation of protein biomarkers based on the humoral
response that can be used for the early diagnosis of CRC, as well as on the development 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 exosomes 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
individuals. First, we used a recently developed approach involving immunoprecipitation 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 mMRNA 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 colorectal cancer. 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 validated 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 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 tissue. We hypothesized that, as
the extracellular vesicles circulating in the blood and the lymphatic vessels are key mediators of intercellular 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 analysis 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 cancer cells in culture [14]. Importantly, these sources
have been largely 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 samples 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 colonization, in contrast to the situation
with non-metastatic cell lines [46].



A. Calle et al. / Engineering xxx (2021) XXX-Xxx

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, TGMS3,
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 downregulated 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, proteins 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 premalignant 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 cancer 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, ACTRS3, CYB5R1, TGMS3,
HMGCS2, and DEFAL: 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]. S100A8 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 (EMT) transition and as a poor 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 autoantibodies 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 electrochemical 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 amplification 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 premalignant 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 identified CRC TAAs [11,13,14,60] in order to develop diagnostic platforms 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
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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 specificity and affinity of the antigen-antibody interaction. It should also be mentioned that electrochemical bio-platforms have
recently demonstrated preliminary potential—with a limited number 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 global level without bisulfite treatment and polymerase chain reaction
(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.

5. Conclusions

In this work, we identified a CRC blood-based diagnostic signature based on the identification of non-previously investigated CRC sources (i.e., exosomes and the
TME from CRC frozen tissue) via immunoprecipitation 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 electrochemical biosensing strategy presented here meets the requirements 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 previously 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.

Acknowledgements

This work was supported by the financial support of the P117CI11/00045 and P120CI111/00019 grants from the AES-ISCIII program to R.B. The financial support of
the PID2019-103899RB-100 (Ministerio de Ciencia e Innovacion) Research Project and the TRANSNANOAVANSENS-CM Program from the Comunidad de Madrid
(S2018/NMT-4349) to S.C. are gratefully acknowledged. G.D. acknowledges the financial support of P115/00246 grant of the FIS and Catedra UAM-Roche en Medicina
de Innovacién. The FPU predoctoral contract to A.M-C. is supported by the Spanish Ministerio de Educacién, Cultura y Deporte. G.S-F. is recipient of a predoctoral
contract (1193818N) supported by The Flanders Research Foundation (FWO). M.A-N. was supported by a contract of the Programa Operativo de Empleo Juvenily la
Iniciativa de Empleo Juvenil (YEI) with the participation of the Consejeria de Educacién, Juventud y Deporte de la Comunidad de Madrid y del Fondo Social Europeo.
The predoctoral contract from the Spanish Ministerio de Economia y Competitividad (BES-2016-076606, E.P.) and Talento-Contract from Comunidad de Madrid
(2019-T2/IND-15965, R.M.T-R.) are also gratefully acknowledged.

Compliance with ethics guidelines

AnaMontero-Calle, Itziar Aranguren-Abeigon, Maria Garranzo-Asensio, Carmen Poves, Maria Jests Ferndndez-Acefiero, Javier Martinez-Useros, Rodrigo Sanz,
Jana Dziakova, Javier Rodriguez-Cobos, Guillermo Solis-Fernandez, Eloy Povedano, Maria Gamella, Rebeca Magnolia Torrente-Rodriguez, Miren Alonso-Navarro,



A. Calle et al. / Engineering xxx (2021) XXX-Xxx

Vivian de los Rios, J. Ignacio Casal, Gemma Dominguez-Mufioz, Ana Guzman-Aranguez, Alberto Pelaez-Garcia, José Manuel Pingarrén, Susana Campuzano, and
Rodrigo Barderas declare that they have no conflict of interest or financial conflicts to disclose.

Appendix A. Supplementary data
Supplementary data to this article can be found online.

References

[1] Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA
Cancer J Clin 2018;68(6):394-424.

[2] Siegel RL, Miller KD, Goding Sauer A, Fedewa SA, Butterly LF, Anderson JC, et al. Colorectal cancer statistics, 2020. CA Cancer J Clin 2020;70(3):145-64.

[3] www.cancer.org [Internet]. Atlanta: American Cancer Society; 2020[cited Feb 5, 2021]. Available from: https://www.cancer.org/cancer/colon-rectal-cancer.

[4] Balchen V, Simon K. Colorectal cancer development and advances in screening. Clin Interv Aging 2016;11:967-76.

[5] Lech G, Stotwinski R, Stodkowski M, Krasnodgbski IW. Colorectal cancer tumour markers and biomarkers: recent therapeutic advances. World J Gastroenterol 2016;22(5):1745-55.

[6] Kuipers EJ, Grady WM, Lieberman D, Seufferlein T, Sung JJ, Boelens PG, et al. Colorectal cancer. Nat Rev Dis Primers 2015;1(1):15065.

[7 Ignacio Casal J, Barderas R. Identification of cancer autoantigens in serum: toward diagnostic/prognostic testing? Mol Diagn Ther 2010;14(3):149-54.

[8] Anderson KS, LaBaer J. The sentinel within: exploiting the immune system for cancer biomarkers. J Proteome Res 2005;4(4):1123-33.

[9] Barderas R, Villar-Véazquez R, Fernandez-Acefiero MJ, Babel |, Pelaez-Garcia A, Torres S, et al. Sporadic colon cancer murine models demonstrate the value of autoantibody detection for

preclinical cancer diagnosis. Sci Rep 2013;3(1):2938.

[10] Macdonald IK, Parsy-Kowalska CB, Chapman CJ. Autoantibodies: opportunities for early cancer detection. Trends Cancer 2017;3(3):198-213.

[11] Barderas R, Babel I, Casal JI. Colorectal cancer proteomics, molecular characterization and biomarker discovery. Proteomics Clin Appl 2010;4(2):159-78.

[12] Rodrigo B, Roi V. Colorectal Cancer Circulating Biomarkers. In: Preedy V, Patel V, editors. Biomarkers in Cancer. Amsterdam: Springer Netherlands; 2015. p. 1-21.

[13] Babel |, Barderas R, Diaz-Uriarte R, Martinez-Torrecuadrada JL, Sdnchez-Carbayo M, Casal JI. Identification of tumor-associated autoantigens for the diagnosis of colorectal cancer in serum
using high density protein microarrays. Mol Cell Proteomics 2009;8(10):2382-95.

[14] Garranzo-Asensio M, San Segundo-Acosta P, Povés C, Fernadndez-Acefiero MJ, Martinez-Useros J, Montero-Calle A, et al. Identification of tumor-associated antigens with diagnostic ability of
colorectal cancer by in-depth immunomic and seroproteomic analysis. J Proteomics 2020;214:103635.

[15] Colombo M, Raposo G, Théry C. Biogenesis, secretion, and intercellular interactions of exosomes and other extracellular vesicles. Annu Rev Cell Dev Biol 2014;30(1):255-89.
[16] Vader P, Breakefield XO, Wood MJ. Extracellular vesicles: emerging targets for cancer therapy. Trends Mol Med 2014;20(7):385-93.
[17] Wee I, Syn N, Sethi G, Goh BC, Wang L. Role of tumor-derived exosomes in cancer metastasis. Biochim Biophys Acta Rev Cancer 2019;1871(1):12-9.

[18] Steinbichler TB, Dudas J, Riechelmann H, Skvortsova Il. The role of exosomes in cancer metastasis. Semin Cancer Biol 2017;44:170-81.



A. Calle et al. / Engineering xxx (2021) XXX-Xxx

[19] Syn N, Wang L, Sethi G, Thiery JP, Goh BC. Exosome-mediated metastasis: from epithelial-mesenchymal transition to escape from immunosurveillance. Trends Pharmacol Sci 2016;37(7):606—
17.

[20] Lambrechts D, Wauters E, Boeckx B, Aibar S, Nittner D, Burton O, et al. Phenotype molding of stromal cells in the lung tumor microenvironment. Nat Med 2018;24(8):1277-89.

[21] Vogiazi V, de la Cruz A, Mishra S, Shanov V, Heineman WR, Dionysiou DD. A comprehensive review: development of electrochemical biosensors for detection of cyanotoxins in freshwater.
ACS Sens 2019;4(5):1151-73.

[22] Cui F, Zhou Z, Zhou HS. Measurement and analysis of cancer biomarkers based on electrochemical biosensors. J Electrochem Soc 2020;167(3):037525.

[23] Campuzano S, Barderas R, Pedrero M, Yéfiez-Sedefio P, Pingarrén JM. Electrochemical biosensing to move forward in cancer epigenetics and metastasis: a review. Anal Chim Acta

2020;1109:169-90.

[24] Morikawa K, Walker SM, Nakajima M, Pathak S, Jessup JM, Fidler 1. Influence of organ environment on the growth, selection, and metastasis of human colon carcinoma cells in nude mice.
Cancer Res 1988;48(23):6863-71.

[25] Morikawa K, Walker SM, Jessup JM, Fidler 1J. In vivo selection of highly metastatic cells from surgical specimens of different primary human colon carcinomas implanted into nude mice.
Cancer Res 1988;48(7):1943-8.

[26] Barderas R, Babel I, Diaz-Uriarte R, Moreno V, Suéarez A, Bonilla F, et al. An optimized predictor panel for colorectal cancer diagnosis based on the combination of tumor-associated antigens
obtained from protein and phage microarrays. J Proteomics 2012;75(15):4647-55.

[27] Wisniewski JR, Gaugaz FZ. Fast and sensitive total protein and peptide assays for proteomic analysis. Anal Chem 2015;87(8):4110-6.
[28] Kall L, Canterbury JD, Weston J, Noble WS, MacCoss MJ. Semi-supervised learning for peptide identification from shotgun proteomics datasets. Nat Methods 2007;4(11):923-5.

[29] Mellacheruvu D, Wright Z, Couzens AL, Lambert JP, St-Denis NA, Li T, et al. The CRAPome: a contaminant repository for affinity purification-mass spectrometry data. Nat Methods
2013;10(8):730-6.

[30] Szklarczyk D, Gable AL, Lyon D, Junge A, Wyder S, Huerta-Cepas J, et al. STRING v11: protein-protein association networks with increased coverage, supporting functional discovery in
genome-wide experimental datasets. Nucleic Acids Res 2019;47(D1):D607-13.

[31] Huang DW, Sherman BT, Tan Q, Kir J, Liu D, Bryant D, et al. DAVID bioinformatics resources: expanded annotation database and novel algorithms to better extract biology from large gene
lists. Nucleic Acids Res 2007;35(suppl_2):W169-75.

[32] Dennis G Jr, Sherman BT, Hosack DA, Yang J, Gao W, Lane HC, et al. DAVID: database for annotation, visualization, and integrated discovery. Genome Biol 2003;4(9):R60.

[33] Chandrashekar DS, Bashel B, Balasubramanya SAH, Creighton CJ, Ponce-Rodriguez I, Chakravarthi BVSK, et al. UALCAN: a portal for facilitating tumor subgroup gene expression and
survival analyses. Neoplasia 2017;19(8):649-58.

[34] Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer SO, Aksoy BA, et al. The cBio cancer genomics portal: an open platform for exploring multidimensional cancer genomics data. Cancer Discov
2012;2(5):401-4.

[35] Uhlen M, Oksvold P, Fagerberg L, Lundberg E, Jonasson K, Forsberg M, et al. Towards a knowledge-based Human Protein Atlas. Nat Biotechnol 2010;28(12):1248-50.

[36] Uhlén M, Fagerberg L, Hallstrom BM, Lindskog C, Oksvold P, Mardinoglu A, et al. Tissue-based map of the human proteome. Science 2015;347(6220):1260419.

[37] Tang Z, Kang B, Li C, Chen T, Zhang Z. GEPIAZ2: an enhanced web server for large-scale expression profiling and interactive analysis. Nucleic Acids Res 2019;47(W1):W556-60.

[38] Tang Z, Li C, Kang B, Gao G, Li C, Zhang Z. GEPIA: a web server for cancer and normal gene expression profiling and interactive analyses. Nucleic Acids Res 2017;45(W1):W98-102.



A. Calle et al. / Engineering xxx (2021) XXX-Xxx

[39] Garranzo-Asensio M, San Segundo-Acosta P, Martinez-Useros J, Montero-Calle A, Fernandez-Acefiero MJ, Haggmark-Manberg A, et al. Identification of prefrontal cortex protein alterations in
Alzheimer’s disease. Oncotarget 2018;9(13):10847-67.

[40] Seiler CY, Park JG, Sharma A, Hunter P, Surapaneni P, Sedillo C, et al. DNASU plasmid and PSlI:biology-materials repositories: resources to accelerate biological research. Nucleic Acids Res
2014;42(D1):D1253-60.

[41] Garranzo-Asensio M, Guzman-Aranguez A, Povés C, Fernandez-Acefiero MJ, Torrente-Rodriguez RM, Ruiz-Valdepefias Montiel V, et al. Toward liquid biopsy: determination of the humoral
immune response in cancer patients using haloTag fusion protein-modified electrochemical bioplatforms. Anal Chem 2016;88(24):12339-45.

[42] Garranzo-Asensio M, Guzman-Aranguez A, Povedano E, Ruiz-Valdepefias Montiel V, Poves C, Fernandez-Acefiero MJ, et al. Multiplexed monitoring of a novel autoantibody diagnostic
signature of colorectal cancer using HaloTag technology-based electrochemical immunosensing platform. Theranostics 2020;10(7):3022-34.

[43] Montero-Calle A, San Segundo-Acosta P, Garranzo-Asensio M, Rabano A, Barderas R. The molecular misreading of APP and UBB induces a humoral immune response in Alzheimer’s disease
patients with diagnostic ability. Mol Neurobiol 2020;57(2):1009-20.

[44] Garranzo-Asensio M, Guzmén-Aranguez A, Povés C, Fernandez-Acefiero MJ, Montero-Calle A, Ceron MA, et al. The specific seroreactivity to ANp73 isoforms shows higher diagnostic ability
in colorectal cancer patients than the canonical p73 protein. Sci Rep 2019;9(1):13547.

[45] San Segundo-Acosta P, Montero-Calle A, Fuentes M, Rabano A, Villalba M, Barderas R. Identification of Alzheimer’s disease autoantibodies and their target biomarkers by phage microarrays. J
Proteome Res 2019;18(7):2940-53.

[46] Guo Y, Ji X, LiuJ, Fan D, Zhou Q, Chen C, et al. Effects of exosomes on pre-metastatic niche formation in tumors. Mol Cancer 2019;18(1):39.

[47] Sato K, Masuda T, Hu Q, Tobo T, Kidogami S, Ogawa Y, et al. Phosphoserine phosphatase is a novel prognostic biomarker on chromosome 7 in colorectal cancer. Anticancer Res
2017;37(5):2365-71.

[48] Kawaguchi K, Senga S, Kubota C, Kawamura Y, Ke Y, Fujii H. High expression of fatty acid-binding protein 5 promotes cell growth and metastatic potential of colorectal cancer cells. FEBS
Open Bio 2016;6(3):190-9.

[49] Duan L, WuR, Ye L, Wang H, Yang X, Zhang Y, et al. SI00A8 and S100A9 are associated with colorectal carcinoma progression and contribute to colorectal carcinoma cell survival and
migration via Wnt/B-catenin pathway. PL0oS One 2013;8(4):62092.

[50] Zheng XF, Liu KX, Wang XM, Zhang R, Li X. MicroRNA-192 acts as a tumor suppressor in colon cancer and simvastatin activates miR-192 to inhibit cancer cell growth. Mol Med Rep
2019;19(3):1753-60.

[51] Goldenring JR, Nam KT. Rab25 as a tumour suppressor in colon carcinogenesis. Br J Cancer 2011;104(1):33-6.
[52] Otsubo T, Iwaya K, Mukai Y, Mizokami Y, Serizawa H, Matsuoka T, et al. Involvement of Arp2/3 complex in the process of colorectal carcinogenesis. Mod Pathol 2004;17(4):461-7.

[53] Mendes M, Pelaez-Garcia A, Lopez-Lucendo M, Bartolomé RA, Calvifio E, Barderas R, et al. Mapping the spatial proteome of metastatic cells in colorectal cancer. Proteomics
2017;17(19):1700094.

[54] Chen SW, Chou CT, Chang CC, Li YJ, Chen ST, Lin IC, et al. HMGCS2 enhances invasion and metastasis via direct interaction with PPARa to activate Src signaling in colorectal cancer and
oral cancer. Oncotarget 2017;8(14):22460-76.

[55] Woischke C, Blaj C, Schmidt EM, Lamprecht S, Engel J, Hermeking H, et al. CYB5R1 links epithelial-mesenchymal transition and poor prognosis in colorectal cancer. Oncotarget
2016;7(21):31350-60.

[56] Feng Y, Ji D, Huang Y, Ji B, Zhang Y, Li J, et al. TGM3 functions as a tumor suppressor by repressing epithelial-to-mesenchymal transition and the PI3K/AKT signaling pathway in colorectal
cancer. Oncol Rep 2020;43(3):864-76.



A. Calle et al. / Engineering xxx (2021) XXX-Xxx

[57] Radeva MY, Jahns F, Wilhelm A, Glei M, Settmacher U, Greulich KO, et al. Defensin alpha 6 (DEFA 6) overexpression threshold of over 60 fold can distinguish between adenoma and fully
blown colon carcinoma in individual patients. BMC Cancer 2010;10(1):588.

[58] Luo H, Zhao Q, Wei W, Zheng L, Yi S, Li G, et al. Circulating tumor DNA methylation profiles enable early diagnosis, prognosis prediction, and screening for colorectal cancer. Sci Transl Med
2020;12(524):eaax7533.

[59] Palmqvist R, Engaras B, Lindmark G, Hallmans G, Tavelin B, Nilsson O, et al. Prediagnostic levels of carcinoembryonic antigen and CA 242 in colorectal cancer: a matched case-control study.
Dis Colon Rectum 2003;46(11):1538-44.

[60] Babel |, Barderas R, Diaz-Uriarte R, Moreno V, Suarez A, Salazar R, et al. Identification of MST1/STK4 and SULF1 proteins as autoantibody targets for the diagnosis of colorectal cancer by using
phage microarrays. Mol Cell Proteomics 2011,10(3):M110.001784.

[61] Povedano E, Montiel VR, Valverde A, Navarro-Villoslada F, Yéafiez-Sedefio P, Pedrero M, et al. Versatile electroanalytical bioplatforms for simultaneous determination of cancer-related DNA 5-
methyl- and 5-hydroxymethyl-cytosines at global and gene-specific levels in human serum and tissues. ACS Sens 2019;4(1):227-34.



Constructed Wetlands

Phragmites Root-inhabiting microbiome

« Compositions of bacterial, archaeal, and
fungal communities

« Special functions

« Fe-Mn plaques

« Contributions to the removal of organic

matters, metal ions and nutrient elements

Bioaugmentation applications

« Synthesizing rhizosphere microbiomes
(SynComs)

«Bio-genic Fe-Mn oxides

Phragmites
Other weland plant

Bio-genic
Fe-Mn
oxides >

Mn amending

Mn(iI) Mn(1y)



