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A B S T R A C T

Colorectal cancer (CRC) is the third most common cancer and the second leading cause of cancer related death worldwide. Its diagnosis at early stages would
significantly improve the survival of CRC patients. The humoral immune response has been demonstrated useful for cancer diagnosis, predating clinical symptoms up
to 3 years. Here, we employed an in-depth seroproteomic approach to identify proteins that elicit a humoral immune response in CRC patients. The seroproteomic
approach relied on the immunoprecipitation with patient-derived autoantibodies of proteins from CRC cell lines with different metastatic properties followed by LC-
MS/MS. After bioinformatics, we focused on 31 targets of CRC autoantibodies. After WB and IHC validation, ERP44 and TALDO1 showed potential to discriminate
disease-free and metastatic CRC patients, and time to recurrence of CRC patients in stage II. Using plasma samples of 30 healthy individuals, 28 premalignant
individuals, and 32 CRC patients, nine out of 13 selected targets for seroreactive analysis showed significant diagnostic ability to discriminate either CRC patients or
premalignant subjects from controls. Our results suggest that the here defined panel of CRC autoantibodies and their target proteins should be included in CRC blood-
based biomarker panels to get a clinically useful blood-based diagnostic signature for CRC detection.
Significance: Colorectal cancer is one of the deadliest cancer types mainly due to its late diagnosis. Its early diagnosis, therefore, is of great importance since it would
significantly improve the survival of CRC patients. In our work, the in-depth seroproteomic analysis of colorectal cancer using isolated IgGs from colorectal cancer
patients and controls and protein extract of colorectal cancer cells provide the identification of valuable biomarkers with diagnostic and prognostic ability of the
disease.

1. Introduction

Colorectal cancer is the second cause of cancer death in Europe,
mainly due to its late diagnosis. If CRC patients were early diagnosed,
the percentage of treatable cured patients would greatly increase to
80–95% of patients. However, only around 37% of CRC patients are
diagnosed at an early stage, leading to a drop in patient survival from
80 to 95% to 50 or even 6–10% for CRC diagnosis at stage III and IV
respectively [1]. It is vital thus to improve the current scenario for early
CRC detection consequently increasing patient survival. In this sense,

evidence from several studies has shown that CRC screening is effective
and economical in average-risk population [2]. Therefore, the devel-
opment of accurate blood-based biomarker panels is mandatory for the
early diagnosis of the disease.

The humoral immune response has been proven to play an im-
portant role in CRC. Indeed, numerous tumor-associated antigens
(TAAs) target of autoantibodies produced by the immune system of CRC
patients have been identified by protein microarrays-based proteomic
techniques [3]. Since autoantibodies can be detected at early cancer
stages, they can be exploited to increase the percentage of CRC patients

https://doi.org/10.1016/j.jprot.2020.103635
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early diagnosed [4]. However, new biomarkers and diagnostic plat-
forms are needed to reach enough sensitivity and specificity to get a
clinically useful blood-based diagnostic signature of CRC based on au-
toantibodies.

Up to date, CRC TAAs have been mainly identified through protein
microarrays-based proteomic techniques such as natural and re-
combinant protein microarrays and phage microarrays [5,6]. Such
techniques are mainly hindered by the limited identification of dysre-
gulated proteins to those printed onto the array. Unfortunately, the set
of proteins that can be found in commercial microarrays encompasses
only between 50% to 66% of all human proteins without their PTMs
and proteoforms. Then, whether the missing proteins are potential CRC
biomarkers cannot be evaluated.

In our aim to extend the number of identified CRC TAAs, we set up
an immunomic and seroproteomic approach to find protein targets of
CRC patients' autoantibodies (IgGs) using CRC cell lines protein ex-
tracts. Immunoprecipitated proteins bound to CRC IgGs were identified
by LC-MS/MS using a Q-exactive and screened by bioinformatics to find
actual targets of CRC autoantibodies. A total of 13 out of 79 proteins
identified as potential targets of CRC IgGs were selected for validation
by: i) extensive meta-analysis to determine their potential dysregulation
in CRC, ii) WB and IHC to determine if their potential dysregulation
could be associated to prognosis of CRC patients, and iii) seroreactive
analysis to determine their diagnostic effectiveness using a collection of
80 individual plasma samples of healthy individuals, premalignant
subjects with low- and high-grade colorectal adenomas, and CRC pa-
tients. In this sense, it was demonstrated that 9 out of the 13 selected
proteins for validation were actual targets of CRC IgGs, with significant
diagnostic ability to discriminate either CRC patients at late stages or
premalignant subjects from control individuals.

2. Material and methods

2.1. Colorectal cancer cell culture and lysate production

SW480 and SW620 cell lines from the American Type Culture
Collection cell repository, and KM12C and KM12SM cell lines from I.
Fidler's laboratory (MD Anderson Cancer Center), were grown ac-
cording to established protocols. For protein extract preparation, cells
were lysed with RIPA buffer (Sigma) containing protease inhibitors.

2.2. Immunoprecipitation of protein targets of IgGs from CRC patients

Plasma pools (100 μl) containing three and five plasma samples
from CRC patients at stages III and IV, respectively (CRC pool), or eight
plasma from healthy individuals with negative colonoscopy (healthy
pool) were used (Table 1; Supplementary Table S1). For IgG isolation,
plasma pools were separately incubated in 600 μl 20 mM sodium
phosphate pH 7 with 200 μl of protein G agarose beads for 90 min at
room temperature and gentle rotation. After incubation, protein G
agarose beads were washed six times with 600 μl 20 mM sodium
phosphate pH 7. Bound IgGs were then eluted with 300 μl 0.1 M glycine
pH 2.7, and neutralized with 1 M Tris pH 8.8. Isolated IgGs were vi-
sualized by Coomasie Blue staining after SDS-PAGE, and its con-
centration measured.

Next, 200 μg of purified IgGs from healthy and CRC pools were
separately incubated during 2 h with 100 μl of protein G agarose beads
in 600 μl of TBS buffer pH 7.4. Then, beads were washed with 200 mM
triethanolamine pH 8.9 prior to the covalent binding of the IgGs to the
agarose beads with 50 mM DMP for 1 h at room temperature at 25 rpm.
Then, beads were washed with 600 μl of triethanolamine and blocked
with 600 μl of ethanolamine, and non-covalently bound IgGs eluted
with 400 μl of 0.1 M glycine in 2 M urea pH 2.7, and equilibrated
afterwards with 100 μl of TBS buffer pH 7.4. Then, for im-
munoprecipitation of seroreactive proteins, 5 mg of CRC cells protein
extracts were pre-cleaned using 20 μl of Protein G agarose beads

previously equilibrated in RIPA buffer, and then incubated overnight
with the healthy IgGs covalently bound to beads. Next, the pre-cleaned
protein extract was collected and the beads with IgGs from healthy
individuals were washed ten times with 600 μl of washing buffer (TBS-
0.2% triton). Beads were then centrifuged, and bound proteins eluted
with 100 μl 0.1 M glycine pH 2.7 and subsequently neutralized with
20 μl of 2 M ammonium bicarbonate pH 8.8.

Finally, for the identification of proteins seroreactive to CRC pa-
tients IgGs, the pre-cleaned extract was incubated with the agarose
beads covalently bound with the CRC patients IgGs, and proteins were
eluted as above described. For protein identification by LC-MS/MS,
50% of the eluted content was concentrated onto a SDS-PAGE and in-
gel digested with trypsin according to established protocols [7–11].

2.3. LC-MS/MS analysis

All peptide separations were carried out on an Easy-nLC 1000 nano
system (Thermo Scientific). For each analysis, samples were loaded into
a precolumn Acclaim PepMap 100 (Thermo Scientific) and eluted in a
RSLC PepMap C18, 15 cm long, 50 μm inner diameter and 2 μm particle
size (Thermo Scientific). The mobile phase flow rate was 300 nl/min
using 0.1% formic acid in water (solvent A) and 0.1% formic acid in
acetonitrile (solvent B). The gradient profile was set as follows:
0%–35% solvent B for 90 min, 35%–100% solvent B for 4 min, 100%
solvent B for 8 min. Four microliters of each sample were injected.

MS analysis was performed using a Q Exactive mass spectrometer
(Thermo Scientific). For ionization, 2000 V of liquid junction voltage
and 270 °C capillary temperature 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
and MS/MS scans were acquired with a starting mass of m/z 100, AGC
target was 2e5, resolution of 17,500 (at m/z 200), intensity threshold of
8e3, isolation window of 2 m/z units and maximum IT was 100 ms.
Charge state screening was enabled to reject unassigned, singly
charged, and greater than or equal to seven protonated ions. A dynamic
exclusion time of 20s was used to discriminate against previously se-
lected ions.

2.4. MS data analysis

MS data were analyzed with Proteome Discoverer (version 1.4.1.14)
(Thermo Scientific) using standardized workflows. Mass spectra *.raw
files were searched against SwissProt_2016_10.fasta, Homo sapiens
(human) database (20,121 sequences protein entries) using Mascot

Table 1
Summary of the plasma samples used in the study.

Autoantigen Discovery

Sample
number

Age (Median ± SD in years) Male / Female

CRC (Stage III) 3 79 ± 5 3/0
CRC (Stage IV) 5 68 ± 5 1/4
Control 8 41 ± 4 3/5

Autoantigen Validationa

Sample number Age (Median ± SD in years) Male / Female

CRC 32 66 ± 12 15/17
Premalignant 18 59 ± 7 12/6
Control 30 51 ± 10 12/18

a For a full description of these samples see Supplementary Table S1.
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(version 2.6.0, Matrix Science) search engine. Precursor and fragment
mass tolerance were set to 10 ppm and 0.02 Da, respectively, allowing 2
missed cleavages, carbamidomethylation of cysteines as fixed mod-
ification, and methionine oxidation, Acetyl (N-term) and
Phosphorylation (S, T, Y) as variable modifications. Identified peptides
were filtered using Percolator algorithm with a q-value threshold of
0.01 [12].

2.5. Bioinformatics analysis

Identified proteins appearing in> 10% of agarose-based im-
munoprecipitation experiments reported in CRAPome (Contaminant
Repository for Affinity Purification Mass Spectrometry Data) data base
were considered false positives [13]. Bioinformatics analysis of proteins
passing this criterion was performed using STRING and IPA Analysis
(Ingenuity Systems) to identify altered networks and pathways [14].
STRING Version 9.1 and MCL clustering enrichment 2 with the default
0.4 confidence score were used to identify the interacting partners in
the dataset.

To examine whether protein or genetic alterations associated to CRC
had been previously associated with identified proteins out of
CRAPome, we performed extensive meta-analysis using the Oncomine
[15], UALCAN [16], and cBioPortal [17] databases, which give in-
formation on differential protein expression, heatmaps of selected
dysregulated genes, and identified genetic alterations in tumor tissue
samples, respectively. To evaluate whether the identified proteins had
been previously associated with disease prognosis, information was
retrieved from the Human Protein Atlas [18,19].

2.6. Gateway plasmid construction, gene cloning, DNA preparation and
protein expression

Sequence-verified, full-length cDNA plasmid containing selected
targets for validation (Supplementary Table S2) in flexible pDONR221
or pENTR223 vectors was obtained from the publicly available DNASU
Plasmid Repository [20]. The ORFs were transferred by LR clonase
reactions (Invitrogen, Carlsbad, CA) to the pANT7_cHalo expression
vector for in vitro protein expression to get the autoantigens expressed
as fusion proteins to HaloTag in the C-terminal [21–23]. As controls, we
also obtained the expression vectors for producing HaloTag protein. All
donor and expression plasmids were sequence verified prior to a sub-
sequent use.

Proteins were expressed using the 1-Step Human Coupled IVT Kit
HeLa cell lysate (Thermo Fisher Scientific, Waltham, MA) as per man-
ufacturer's recommendations.

2.7. RNA Extraction and semi-quantitative PCR

RNA was extracted from 5 × 107 cells with the RNeasy Mini Kit
(Qiagen) and quantified with a NanoDrop ND-1000 spectrophotometer
(Thermo Fisher Scientific). cDNA was synthesized using the NZY First-
Strand cDNA Synthesis Kit, separate oligos (NZYTech). For semi-
quantitative reverse transcriptase-PCR (RT-PCR), reactions were per-
formed using specific primers (Supplementary Table S3) and the
Phusion High-Fidelity DNA Polymerase (Thermo Fisher Scientific), ac-
cording to the manufacturer recommendations. PCR products were se-
parated on 1.5% agarose gel containing GelRed (Biotium). GAPDH was
used as internal control.

2.8. SDS-PAGE and WB analysis

SDS-PAGE and WB analyses were performed as previously reported
[24]. Alternatively, 0.67 μl of the in vitro protein extracts or 10 μg of
protein extracts were run in 10% SDS-PAGE and transferred to ni-
trocellulose membranes (Hybond-C extra). After blocking, membranes
were incubated with optimized dilutions of indicated specific

monoclonal or polyclonal antibodies (Supplementary Table S4). Im-
munodetection on membranes was achieved by using HRP-conjugated
secondary antibodies (Supplementary Table S4). Chemiluminescence
signal was developed with ECL Western Blotting Substrate (Thermo
Scientific) and detected on an Amersham Imager 680 (GE Healthcare).

2.9. Patient plasma

The Institutional Ethical Review Boards of the Instituto de Salud
Carlos III, Hospital Clínico San Carlos (Madrid), and La Paz Hospital
(Madrid) approved this study on biomarker discovery and validation
(CEI PI 45). Plasma samples were obtained from the biobanks of the
Hospital Clínico San Carlos (IdISSC) and La Paz Hospital (IdIPAZ),
which belongs to the National Biobank Net (ISCIII) cofounded with
FEDER funds, after approval of the Ethical Review Boards of these in-
stitutions. Written informed consent was obtained from all patients.
Plasma samples were collected using a standardized sample collection
protocol and stored at −80 °C until use [4,25–27].

For seroreactive analysis, 32 plasma samples from CRC patients, 18
from premalignant subjects (low- or high-grade adenomas in the colon),
and 30 from control individuals (asymptomatic individuals and nega-
tive colonoscopy individuals, or individuals with fecal occult blood test
-FOBT- positive and negative colonoscopy) were used (Table 1; Sup-
plementary Table S1).

2.10. Seroreactive analysis

HaloTag fusion proteins coupled to Magne HaloTag beads (MBs,
Promega) and ELISA-like immunoassay was previously optimized to
measure autoantibodies [11,22]. Briefly, for each reaction, a relation of
0.67 μL of the in vitro protein expression was incubated with 0.5 μL of
MBs suspension overnight at 4 °C for protein capture to MBs according
to manufacturer instructions. For covalent binding, a mixture of the
required amount of protein and MBs was made taking into account the
number of replicates and measurements to be performed. After three
washing steps with PBS, Triton X-100 0.05%, Tween 20 0.1% rocking
for 5 min at 250 rpm, unbound proteins were removed adding 100 μL of
glycine 0.1 M pH 2.7 for 5 min at RT and 250 rpm shaking. Then,
HaloTag fusion proteins immobilized in MBs were blocked with Su-
perBlock for 1 h and then transferred onto separate wells of Bio-Plex 96-
well plates to perform subsequent incubations overnight with pooled or
individual plasma samples at indicated dilutions in PBS supplemented
with Tween 20 0.1% (v/v) and BSA 3% (w/v). After extensive washing
as above, HRP-conjugated anti-human IgG antibody (Jackson) diluted
1:10000 in PBS supplemented with Tween 20 0.1% (v/v) and BSA 3%
(w/v) was incubated to detect the presence of autoantibodies. Alter-
natively, to verify the TAA-HaloTag immobilization, HaloTag was de-
tected with the monoclonal anti-HaloTag antibody (Promega) diluted
1:1000, followed by 1 h of incubation with HRP- conjugated anti-mouse
IgG diluted 1:2500. To develop the chemiluminescence signal, MBs
were incubated on black Maxisorp 96-well plates (Nunc) with 50 μL of
SuperSignal ELISA Pico Maximum Sensitivity Substrate (Pierce) for
1 min. Then, signal was recorded on The Spark multimode microplate
reader (Tecan Trading AG).

2.11. Tissue Microarrays and immunohistochemistry

Core tumor tissue samples from 50 metastatic and non-metastatic
CRC patients and core tumor tissue samples from 94 recurrent or non-
recurrent CRC stage II patients composed the two TMAs used in the
study. Immunohistochemical staining using optimized antibody dilu-
tions (Supplementary Table S4), visualization and immunoreactivity
was conducted according to established protocols [4,14,25,27].
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2.12. Statistical analysis

Statistical analyses were performed with Microsoft Office Excel. For
the seroreactive and immunohistochemistry analysis, data distribution
using the Shapiro-Wilk test and variance homogeneity using the Bartlett
test was first evaluated. Since data normality was discarded in all cases,
we then assessed whether the means of control individuals, and pre-
malignant individuals and/or CRC patients were statistically different
from each other using the non-parametric U-Mann Whitney test as-
suming unequal variances. p-values< .05 were considered statistically
significant. The diagnostic capacity of each individual protein as well as
their combination was evaluated by a receiver operating characteristic
(ROC) curve. ROC curves and the corresponding area under the curve
(AUC) and the maximized sensitivity and specificity values were ob-
tained with the R program (version 3.2.3) using the R package Epi [28].

3. Results

In the present study, we aimed at developing a methodological
approach to identify tumor-associated antigens through im-
munoprecipitation of potential autoantibody targets using IgGs from
CRC patients at stages III and IV and healthy individuals. The isolated
IgGs were separately incubated with protein extracts from CRC isogenic
cell lines with different metastatic properties and, then, im-
munoprecipitated and subsequently identified by mass spectrometry.
SW480 and KM12C CRC cells were used as model of primary tumor and
SW620 and KM12SM cells as model of metastatic CRC to lymph nodes
and liver, respectively. A schematic representation of the workflow of
the study is depicted (Fig. 1).

3.1. Identification of seroreactive proteins to IgGs from CRC patients by
immunoprecipitation followed by LC-MS/MS

For IgG isolation, plasma samples from healthy individuals with
negative colonoscopy and unknown pathology (control group), and
plasma samples from CRC patients at stages III and IV obtained before
surgery (CRC group) were separately pooled (Table 1).

The analyzed protein extract (10 mg) was obtained by mixing equal
amounts of cell lysates from KM12C, KM12SM, SW480, and SW620
cells. The IgGs obtained from healthy individuals were used to pre-
clean the protein extract, which was then incubated with IgGs from
CRC patients to identify specific CRC seroreactive proteins.

Both protein fractions seroreactive to IgGs from healthy and/or CRC
patients were firstly analyzed by SDS-PAGE followed by silver staining,
and then, by mass spectrometry for the identification of CRC TAAs.

First, by SDS-PAGE and silver-staining, a differential staining at
high- and low-molecular weight was observed when comparing protein
bands from the eluted seroreactive proteins to IgGs from healthy and
CRC patients (Fig. 1). Then, the eluted proteins from both IgGs were
concentrated in parallel by SDS-PAGE and in-gel digested with trypsin
for subsequent mass spectrometry analysis (Fig. 1). In total, 442 pro-
teins were identified in both experiments. From the set of identified
proteins, 203 were found to be common to both control and CRC
conditions, while 160 and 79 were identified only in the control or in
the CRC immunoprecipitation, respectively (Supplementary Table S5).

3.2. Bioinformatics of the seroreactive proteins to CRC IgGs

Next, the set of CRC specific proteins was subjected to an extensive
meta-analysis with different bioinformatic tools to identify those that
were more likely to be actual CRC autoantibody targets, and thus po-
tential disease biomarkers.

First, CRAPome was used to remove false positive seroreactive
proteins target of autoantibodies. Using a cut-off of< 10% of appear-
ance in recorded mass spectrometry analysis of immunoprecipitation
experiments using agarose beads, 31 proteins were found more prone to

be actual CRC autoantibody targets (Table 2). Remarkably, the well-
documented cancer autoantibody p53 appeared among the 31 proteins
[29], suggesting that our approach would be useful for the identifica-
tion of CRC-specific TAAs.

It has been reported that proteins target of autoantibodies are
usually overexpressed and/or mutated. Therefore, we used the
cBioPortal, Oncomine and UALCAN databases to investigate whether
alterations related to these proteins at a genetic and/or protein level
had been previously associated to CRC. We searched for recorded ge-
netic alterations in the TGCA CRC database in cBioPortal. Interestingly,
69% and 80% of the identified targets had genetic alterations (muta-
tion, amplification, deep deletion, and other alteration) in colon and
rectal adenocarcinomas, respectively (Fig. 2A). We then used the On-
comine and UALCAN databases to find any dysregulation in the ex-
pression of the proteins at tissue level in CRC. We found that 22 out of
the 31 identified proteins showed a statistically significant altered ex-
pression (p < .05) in CRC in comparison to adjacent paired healthy
tissue (Fig. 2B), with 17 of them showing upregulation in colorectal
tumoral tissue (Fig. 2B). Moreover, one of the identified proteins,
CTTNBP2NL, was found to be a CRC prognosis marker in the Pathology
Atlas from the Human Protein Atlas (Fig. 2C).

Finally, String database and IPA were used to identify possible al-
tered cell functions and molecular pathways. With String, proteins were
clustered by direct and indirect interactions, obtaining 5 interacting
groups composed of proteins related to i) GTPases and actin-interacting
proteins; ii) transcription, immunity and cell cycle functions; iii) pen-
tose pathway and endoplasmic reticulum; iv) respiratory chain and
caspase activity; and v) respiratory chain and cell messengers
(Supplementary Fig. 1A). These functions, related to immune response,
actin interaction and cell death, have been closely associated to cancer.
Among the networks found to be altered with IPA, some were related to
highly altered processes in cancer such as cell cycle, DNA replication,
recombination, protein synthesis and carbohydrate metabolism
(Supplementary Fig. 1B).

Collectively, these data show that the identified proteins that are
potential targets of CRC autoantibodies are dysregulated at a genetic
and/or protein level in CRC. Furthermore, their dysregulation plays an
important role in the alteration of molecular pathways and cellular
functions related to the pathology.

3.3. Genetic and protein expression verification in CRC cell lines

From the 31 remaining proteins after CRAPome screening, 13 were
selected for validation at mRNA and protein level (Table 2). The criteria
for this selection were antibody and cDNA availability together with
existing information (i.e. whether they had already been described as
TAAs in other cancer types). Plasma or secreted proteins were discarded
for further validation.

We verified the presence of the targets either at mRNA or protein
level in the cell lines used in the study. The presence of all 13 selected
targets for validation was confirmed at mRNA level (Supplementary
Fig. 2A). ERP44, SCGD1B2, TALDO1, and TRIM29 were also found at
the protein level (Supplementary Fig. 2B).

3.4. Evaluation of protein expression dysregulation in CRC tissue samples as
biomarker prognostic assessment

Next, since TAAs are usually highly dysregulated at protein level in
CRC tissue, we evaluated if those proteins validated at protein level in
CRC cells might show any dysregulation in tissue and whether they
show any diagnostic or prognostic ability. To this end, ERP44,
SCGD1B2, TALDO1, and TRIM29 protein abundance was evaluated by
IHC using two different TMAs related to metastasis or recurrence of
CRC. All proteins showed staining in CRC tissue in both TMAs, in-
dicating a clear presence of the proteins in the pathological tissue
samples. TALDO1 showed nuclear staining, while ERP44, SCGD1B2 and
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TRIM29 showed cytoplasmic staining (Fig. 3A). Moreover, both epi-
thelial and stromal staining was observed for TALDO1, ERP44, and
SCGDIB2, while TRIM29 showed only epithelial staining.

Interestingly, ERP44 could statistically discriminate between CRC
liver metastatic patients according to their survival status (p = .049)
(Fig. 3B). In addition, both TALDO1 and ERP44 could significantly
discriminate between stage II CRC patients according to their recur-
rence status (p = .024) or according to the time to recurrence
(p = .039), respectively (Fig. 3B). Next, to evaluate whether these
targets could be useful markers of the disease at protein level, ROC
curves were calculated. For the metastatic TMA, when grouping pa-
tients according to survival status ERP44 showed an AUC of 70% (40%
sensitivity, 100% specificity). For the stage II CRC TMA, when grouping
patients according to recurrence status TALDO1 showed an AUC of
63.4% (56.9% sensitivity, 66.7% specificity). Finally, when grouping
patients according to time to recurrence, the AUC of ERP44 was 61.4%
(59.1% sensitivity, and 65.9% specificity) (Fig. 3C).

Collectively, these results highlight that the dysregulation of pro-
teins seroreactive to IgGs from CRC patients show potential to dis-
criminate metastatic CRC patients, recurrence and time to recurrence of
CRC patients in stage II.

3.5. Cloning, in vitro protein expression and seroreactive analysis of the
potential CRC TAAs

Our research hypothesis relied on the identification of proteins
target of autoantibodies in CRC with diagnostic ability. To address this
question, we evaluated the presence of cancer autoantibodies in plasma
samples from CRC patients, premalignant subjects, and control in-
dividuals, and determine their diagnostic ability.

To this end, the 13 selected targets were cloned in the pANT7_cHalo
expression vector for their in vitro expression as HaloTag fusion proteins
[22]. Then, we confirmed the in vitro expression of the TAAs as fusion
proteins to HaloTag, and the correct covalent immobilization of the
fusion proteins in MBs (Fig. 4A). All proteins were visualized by im-
munostaining after SDS-PAGE at the theoretical molecular mass of the
fusion protein. In addition, all of them were able to covalently bind to
chloroalkane functionalized MBs (data not shown), and thus, they
should be able to be recognized by CRC autoantibodies in an ELISA-like
test [11,22,30].

Next, we analyzed the seroreactivity to these 13 potential TAAs
using 80 individual plasma samples (30 from control individuals, 28
from premalignant subjects, and 32 from stage III and IV CRC patients).
We found that CRC patients possess significantly higher levels of

Fig. 1. Schematic work-flow of the modified SASI approach used for the identification and validation of CRC autoantigens. Immunoprecipitation coupled to mass
spectrometry of a CRC cell protein extract using isolated IgGs from plasma samples was used to identify tumor-associated antigens target of CRC autoantibodies. The
identified potential targets were analyzed using bioinformatics tools and validated through different techniques. Arrows depicted in the SDS-PAGE highlight those
protein bands that seem to differ between the immunoprecipitation using control IgGs and CRC IgGs.
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autoantibodies than control individuals, whose levels were always
lower or undetectable (Fig. 4B). However, only autoantibodies against
CHCHD3, CTTNBP2NL, FKBP4, MGST3, THSD7A, TRIM29 -as well as

p53- showed a statistically significant difference (p-values< .01)
comparing the asymptomatic healthy control group and the CRC group
(Fig. 4C). In addition CTTNBP2NL, FKBP4, and TALDO1 autoantibody
levels were able to significantly discriminate between asymptomatic
healthy controls and premalignant subjects (p-value< .01) (Fig. 4D).
Finally, ERP44, TALDO1, CHCHD3, CTTNBP2NL, FKBP4, MGST3,
THSD7A, and TRIM29 -as well as p53- were able to discriminate be-
tween the asymptomatic healthy individuals and the colorectal patho-
logical group (p-value< .04 (Fig. 4E).

3.6. Evaluation of the diagnostic value of CRC autoantibodies

Finally, the diagnostic value of the CRC TAAs was evaluated by
means of ROC curves. AUC, sensitivity and specificity values were
calculated individually or in combination using those autoantibodies
showing significant levels in above comparisons.

CHCHD3, CTTNBP2NL, FKBP4, MGST3, THSD7A, and TRIM29
showed an individual AUC higher than 70% to discriminate between
CRC patients and control individuals (Supplementary Table S6). In
combination, the AUC increased to 99.7%, with a sensitivity of 96.9%
and specificity of 100% (Fig. 5A). In addition, autoantibodies against
CTTNBP2NL, FKBP4, and TALDO1 could discriminate between control
individuals and premalignant subjects with an individual AUC higher
than 71.9% (Supplementary Table S6), and in combination the AUC
increased to 88.9% with a sensitivity of 83.3% and specificity of 86.7%
(Fig. 5B). Finally, CHCHD3, CTTNBP2NL, ERP44, FKBP4, MGST3,
TALDO1, THSD7A, and TRIM29 showed an individual AUC higher than
59.2% to discriminate between control individuals and the pathological
group, and their combination with p53 led to a combined AUC of
95.3%, with a sensitivity of 92.0% and a specificity of 90.0% (Fig. 5C).

Collectively, these results highlight the usefulness of the followed
approach to identify TAAs with significant diagnostic ability. In addi-
tion, our results suggest that the here defined CRC TAAs should be
included in a CRC blood-based biomarker panel to get a clinically useful
blood-based diagnostic signature for CRC detection.

4. Discussion

Protein microarrays are a highly renowned used technique for

Table 2
Identified proteins as potential autoantibody targets in CRC that appear
in<10% of agarose-based immunoprecipitation registered experiments in
CRAPome.

Accession Protein Name Number of experiments a

(found/total)
Ave SC Max SC Ratio

P07305 H1F0 23/281 5.1 71 0.08
P52434 POLR2H 20/281 2.3 11 0.07
O95969 SCGB1D2b 1/281 1 1 0.00
Q15005 SPCS2 0 1.1 2 0.00
O14880 MGST3b 0 1.7 4 0.00
Q16718 NDUFA5 4/281 1.2 2 0.01
P14174 MIF 25/281 3.9 59 0.09
P49720 PSMB3 13/281 3.1 16 0.05
P61019 RAB2A 15/281 1.9 5 0.05
P52565 ARHGDIA 17/281 2.2 10 0.06
Q14019 COTL1 0 1 1 0.00
P61224 RAP1B 17/281 2.7 11 0.06
P37837 TALDO1b 10/281 2.7 13 0.04
O75489 NDUFS3 1/281 2.3 9 0.00
P00403 MT-CO2 2/281 2.7 14 0.01
P30740 SERPINB1 0/281 1 1 0.00
P04637 TP53 25/281 5.4 31 0.09
Q9NX63 CHCHD3b 3/281 4.6 31 0.01
Q9BS26 ERP44b 0/281 1.3 2 0.00
P61158 ACTR3 10/281 3.1 17 0.04
O43464 HTRA2 1/281 1.5 2 0.00
Q9UBU8 MORF4L1 1/281 1.5 2 0.00
Q02790 FKBP4b 28/281 6.7 52 0.10
Q9UPZ6 THSD7Ab 0 1 1 0.00
P35228 NOS2 1/281 1 1 0.00
Q8N3J5 PPM1K 4/281 2 2 0.01
Q14134 TRIM29b 1/281 1.2 2 0.00
Q9P2B4 CTTNBP2NLb 1/281 1 1 0.00
P33992 MCM5 22/281 5 34 0.08
Q92794 KAT6Ab 0 2 2 0.00
Q9HD67 MYO10b 0 1 1 0.00

a Agarose beads immunoprecipitations.
b Proteins used for validation.

Fig. 2. Bioinformatics analysis of the autoantibody targets. (A) cBioPortal data on CRC showed that 69% and 80% of the identified targets had genetic alterations in
tissue samples from colon and rectal adenocarcinomas, respectively. (B) The Oncomine and UALCAN databases showed that 22 out of the 31 identified proteins had a
statistically significant altered expression (p < .05) in CRC in comparison to adjacent paired healthy tissue. (C) The Human Protein Atlas [18,19] showed that
CTTNBP2NL has been described as a CRC prognosis marker.
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identifying protein-protein interactions, drug and small-molecule
screening, epitope mapping, host-pathogen interactions … [31–34].
However, protein microarrays have been mainly used for the

identification of tumor-associated antigens in cancer malignancies
[31–35]. Although theoretically the whole proteome might be printed
in protein microarrays, the highest density achieved so far is about 75%

Fig. 3. The identified targets of CRC autoantibodies are dysregulated at protein level in tissue samples. (A) IHC analysis showed that indicated proteins were present
in colorectal pathological tissue. (B) TALDO1 and ERP44 could significantly discriminate between stage II CRC patients (p-value< .05). (C) ROC curves analysis of
the IHC data showed that ERP44 had an AUC of 70% (40% sensitivity, 100% specificity) to discriminate CRC patients according to survival status. TALDO1 showed
an AUC of 63.4% (56.9% sensitivity, 66.7% specificity) when grouping patients according to recurrence status. When grouping patients according to disease free
survival, the AUC of ERP44 was 61.4% (59.1% sensitivity, and 65.9% specificity).
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of the human proteome -considering one ORF per protein but without
multiple proteoforms of the same protein- [36–38]. Alternatively, high-
density PrESTs arrays covering approximately the whole proteome has
been produced [38]. However, in this case medium to large peptides of
about 90% of all human ORF proteins are printed in the arrays, with the
limitation that in these arrays 3D non-linear relevant epitopes, and thus
relevant TAAs, might be lost during the screening.

Therefore, although protein microarrays have been demonstrated
highly useful in identifying CRC autoantibodies and their target pro-
teins, new methodologies need to be applied to achieve the completion

in the identification of TAAs. Here, we investigated whether a modified
SASI methodology without SILAC labeling of cells based on mass
spectrometry [39], which have been useful for identifying targets of
IgGs in vaccinated pancreatic cancer patients with a granulocyte-mac-
rophage colony stimulating factor (GM-CSF) secreting pancreatic
cancer vaccine (GVAX) in phase II clinical trials [39], might help in
elucidating new CRC TAAs using IgGs isolated from the plasma of CRC
patients and protein extracts from CRC cell lines.

Previous studies applying mass spectrometry approaches have per-
mitted the identification of autoantibodies against TAAs in different

Fig. 4. Cloning, in vitro protein expression and evaluation of seroreactivity levels of 13 potential autoantibody targets of CRC autoantibodies. (A) Confirmation of the
in vitro protein expression of the 13 selected targets as HaloTag fusion proteins. (B) Seroreactivity levels of the 13 proteins using the indicated 80 individual plasma
samples (Table 1; Supplementary Table S1). (C) Autoantibody levels against CHCHD3 (p-value = 4.57e-05), CTTNBP2NL (p-value = .00074), FKBP4 (p-
value = .00079), MGST3 (p-value = 4.36e-05), THSD7A (p-value = 9.23e-05), and TRIM29 (p-value = .0027) as well as p53 (p-value = .011) could discriminate
with statistical significance between the asymptomatic healthy control group and the CRC group. (D) Autoantibody levels of CTTNBP2NL (p-value = .00028), FKBP4
(p-value = .0014), and TALDO1 (p-value = .010) were able to significantly discriminate between asymptomatic healthy control individuals and premalignant
subjects. (E) Autoantibody levels against ERP44 (p-value = .045), TALDO1 (p-value = .018), CHCHD3 (p-value = .0024), CTTNBP2NL (p-value = 6.68e-05),
FKBP4 (p-value = .00015), MGST3 (p-value = .002), THSD7A (p-value = .014), and TRIM29 (p-value = .0045)-as well as p53 (p-value = .041) were able to
discriminate between the asymptomatic healthy control individuals and the colorectal pathological group.

Fig. 5. Evaluation of the diagnostic value of CRC autoantibodies. (A) The combination of CHCHD3, CTTNBP2NL, FKBP4, MGST3, THSD7A, and TRIM29 showed an
AUC of 99.7%, with a sensitivity of 96.9% and specificity of 100%. (B) Autoantibodies against CTTNBP2NL, FKBP4, and TALDO1 showed an AUC of 88.9% with a
sensitivity of 83.3% and specificity of 86.7% when discriminating asymptomatic healthy control individuals and premalignant subjects. (C) Combined detection of
autoantibodies against CHCHD3, CTTNBP2NL, ERP44, FKBP4, MGST3, TALDO1, THSD7A, TRIM29, and p53 showed an AUC of 95.3%, with a sensitivity of 92.0%
and a specificity of 90.0% when discriminating the asymptomatic healthy control individuals and the pathological group.
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types of cancer, including CRC [40–42]. However, these studies have
been mainly focused on combining immunoblotting of protein extracts
separated by 2DE-gels using patients' sera for identification of reactive
spots and their subsequent protein identification by mass spectrometry,
limiting the identification to medium or highly abundant TAAs. Here,
the SASI modified approach combining immunoprecipitation directly
coupled to LC-MS/MS allowed for the identification of autoantibodies
and their target proteins in colorectal cancer. The use of im-
munoprecipitation to capture the reactive TAAs in solution having the
proteins their a priori 3D conformation instead of blotting them after
their separation by 2DE-gel confers some advantages. Mainly, there is
no limitation on protein isolation by immunoprecipitation for further
identification via LC-MS/MS. All reactive proteins to the immobilized
antibodies are bound independently on their concentration, while 2DE-
MS is not useful to identify low abundant proteins. Moreover, reactive
spots proceeding from 2DE have conformational limitations since they
are bound onto membranes and discontinuous reactive epitopes are
lost. Previous studies have revealed that the immune response against
proteins, apart from being patient specific, is highly polyclonal and
mainly produced against 3D discontinuous epitopes [23,35]. This last
limitation could produce the misidentification of relevant TAAs, which
could be overcome by immunoprecipitation. Here, among the identified
proteins as potential autoantibody targets in CRC (Table 2), we ob-
served the presence of at least one protein containing continuous and
discontinuous epitopes -p53-, as it has been previously demonstrated by
ELISA, WB and protein microarrays [23,29,43], and thus supporting
our approach to identify TAAs avoiding conformational limitations.

Here, we have validated our protein dataset by meta-analysis of
databases related to CRC. Twenty-two out of 31 identified proteins were
observed to present a genetic alteration or altered expression at mRNA
or protein level in the disease. In addition, by IHC, TALDO1 and ERP44
protein abundance in CRC tissue could discriminate between metastatic
and non-metastatic patients and between recurrent and non-recurrent
patients, or according to the time to recurrence. These alterations have
been defined as the ones producing a humoral immune response in
cancer patients to overproduce autoantibodies against them [35].

Of our identified validated dataset, several markers have been found
to play a potential role in cancer. CHCHD3, a component of the mi-
tochondrial inner membrane complex MICOS, plays an important role
in the maintenance of its stability and in mitochondrial morphological
stability [44]. To our knowledge, there is only one study that has linked
its dysregulation with early cancer diagnosis [45], but in pancreatic
cancer. Regarding CTTNBP2NL, it has been shown dysregulated in a
genetic study of oral squamous cell carcinoma [46]. ERP44, a protein
that reportedly regulates calcium release into the endoplasmic re-
ticulum, has shown that it modulates lung cancer cell migration [47],
and that its knock-down inhibited mammosphere growth of breast
cancer cells [48]. On the other hand, MGST3, TALDO1, TRIM29, and
THSD7A had been previously reported as potential cancer markers in
different studies by the evaluation of their expression levels. However,
no studies focusing on them as target of autoantibodies and/or their
potential use as blood-based biomarkers for cancer diagnosis have been
described. Only autoantibodies against THSD7A have been previously
described to classify membranous nephropathy and to be associated to
outcome and treatment response [49]. MGST3, a protein with anti-
oxidant functions by reducing GSH, has been reported as biomarker for
oral squamous cancer [50]. It is highly up-regulated in basal-like breast
cancer cell lines, and thus, makes it a possible triple-negative breast
cancer biomarker [51]. TALDO1, an important protein for the balance
of metabolites in the pentose pathway, has been previously identified
by proteomic techniques to be a potential biomarker in non-small cell
lung cancer [52]. In addition, it has also been identified to be upre-
gulated in pancreatic cancer [53]. However, there is no information on
its possible role in CRC. On the other hand, TRIM29, which plays an
important role on the regulation of macrophage activation against
bacterial and viral infections within the respiratory tract, has been

associated to multiple cancer types [54,55]. Its upregulation has been
described to promote cell proliferation, poor prognosis, and aggres-
siveness in CRC [56]. THSD7A is involved in vascular invasion, me-
tastasis and angiogenesis and plays a role in actin cytoskeleton re-
arrangement [57]. Lastly, the immunophilin protein FKBP4 has been
the only protein identified in this study previously reported in other
studies as CRC serum antigen [58,59].

One of the goals of the study consisted of the discovery of TAAs
useful for CRC detection, which might be used as an effective and ef-
ficient strategy for the blood-based CRC screening for population at risk
(> 50 years old). We used pooled samples from CRC patients to avoid
potential aberrations and biological variations in the humoral immune
response of CRC patients appearing in individual samples, which might
increase the capacity to identify the most significant and consistent
proteins target of autoantibodies between pooled samples from well-
characterized CRC patients in comparison to control individuals.
Interestingly, although most of the identified CRC TAAs have been
described as dysregulated in other cancers, there are no studies focusing
on them as target of autoantibodies (except for FKBP4) and/or their
potential as blood-based biomarkers for cancer diagnosis, including
colorectal cancer. Therefore, we could achieve the specific CRC detec-
tion at early cancer stages by a simple blood test, avoiding at the same
time the detection of other cancer malignancies by integrating them in
a multiplexed panel including (if needed) other CRC-specific TAAs
targets of autoantibodies to increase as much as possible the specificity
and sensitivity of the test, especially for the detection of premalignant
individuals.

Regarding the comparison of the here described panel for CRC de-
tection with that used in clinics, it is worth to remark that there is no
useful blood-based colorectal cancer marker for diagnosis and that the
actual clinical marker is only recommended for recurrence (CEA).
Moreover, the recommended population screening strategies for CRC
are based on stool test (FOBT) followed, if positive, by structural ex-
amination by colonoscopy. While structural exams detect both cancer
and premalignant lesions, stool tests mainly identify cancer because of
their limited sensitivity to detect low- or high-grade adenomas.
Moreover, the relatively low specificity of the initial examination re-
sults by means of FOBT produces a high false-positive rate and leads to
a significant number of unnecessary colonoscopies. Here, with the
identified TAA panel for CRC detection, AUC values of 99.7% and
88.9% were achieved for the detection of CRC patients and pre-
malignant subjects in comparison to healthy control individuals, re-
spectively. Regarding the clinical detection by FOBT followed by co-
lonoscopy, usual clinical AUC values are about 70% for CRC detection
and 60% for premalignant subjects. In addition, in a recent report
performing FOBT and measuring at the same time two miRNAs -not yet
clinically established-, AUC values for detecting CRC and premalignant
subjects increase to 93% and 64% [60], respectively. Remarkably, in
both cases, our approach was able to improve these results. Therefore,
the here described approach might serve for a more accurate detection
of those patients that should undergo colonoscopy or surgery for the
resection of colorectal cancer or premalignant lesions.

On the other hand, although it has been provided the unbiased
discovery of autoantibody biomarkers validated using individual
plasma samples from CRC patients and colorectal premalignant subject
in comparison to control individuals, their diagnostic ability should be
further validated using large number of samples and independent pa-
tient cohorts, including blinded samples and samples from other cancer
types to assure their CRC specificity and establish their utility for the
diagnosis of the disease. In this sense, further research is guaranteed to
try to improve the results for the early diagnosis of the disease by
multiplexing the here described TAAs and by implementing these bio-
markers into a panel containing other previously validated CRC auto-
antigens in multiplexed bio(sensing) platforms (i.e., biosensors [22],
Luminex or protein microarrays) to reach enough sensitivity, specifi-
city, and AUC for the blood-based clinical diagnosis of the disease.
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5. Conclusions

In summary, in this work we propose a CRC blood-based diagnostic
signature based on the identification of non-previously defined CRC
TAAs by immunoprecipitation of proteins from CRC cell lines and IgGs
isolated from plasma of CRC patients followed by LC-MS/MS analysis.
These candidate TAAs should be part of a multiplex biomarker panel for
the blood-based diagnosis of the disease to be further analyzed with
samples obtained from longitudinal studies in subjects at the preclinical
or early clinical stages of the disease to assure its usefulness for early
CRC detection.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jprot.2020.103635.
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SUPPLEMENTARY INFORMATION 

Supplementary Fig. S1. Bioinformatic analysis of the identified targets by String and IPA. (A) 
Clustering of the direct and indirect interactions of the identified autoantibody targets performed with 
STRING db. Direct and indirect clustering of proteins showed five interacting groups formed by proteins 
related to GTPases and actin-interacting proteins, transcription, immunity, and cell  cycle functions; 
pentose pathways and endoplasmic reticulum, respiratory chain and caspase activity, and respiratory 
chain and cell messengers. (B) IPA analysis of the identified targets. Among the identified altered networks 
appeared the cell cycle, DNA replication, recombination, protein synthesis; and cancer, carbohydrate 
metabolism, and cell cycle networks. 



Supplementary Fig. S2. Verification of the presence of the autoantibody targets at mRNA and protein 
level in the CRC cells used in the study. (A) mRNA level. (B) Protein level. GAPDH and tubulin were used 
as loading controls at mRNA and protein level, respectively. 

Supplementary Table S1. Classification of the plasma samples used in the study.
Plasma code Classification I Classification II Group Gender Age CRC stage (TNM)

CRC1 Pathological CRC CRC group/pathological M 62 III

CRC2 Pathological CRC CRC group/pathological M 78 IIIA

CRC3 Pathological CRC CRC group/pathological M 82 IV

CRC4 Pathological CRC CRC group/pathological F 60 IIIA

CRC5 Pathological CRC CRC group/pathological F 74 IV

CRC6 Pathological CRC CRC group/pathological M 85 III

CRC7 Pathological CRC CRC group/pathological M 54 IV

CRC8 Pathological CRC CRC group/pathological F 51 IV

CRC9 Pathological CRC CRC group/pathological F 74 IV

CRC10 Pathological CRC CRC group/pathological F 66 IIIA

CRC11 Pathological CRC CRC group/pathological F 49 IIIB

CRC12 Pathological CRC CRC group/pathological F 52 IIIC

CRC13 Pathological CRC CRC group/pathological F 66 IV

CRC14 Pathological CRC CRC group/pathological F 51 IV

CRC15 Pathological CRC CRC group/pathological F 66 IV

CRC16 Pathological CRC CRC group/pathological M 54 IV

CRC17 Pathological CRC CRC group/pathological M 77 IIIB

CRC18 Pathological CRC CRC group/pathological F 77 IV

CRC19 Pathological CRC CRC group/pathological F 65 III

CRC20 Pathological CRC CRC group/pathological M 56 III

CRC21 Pathological CRC CRC group/pathological M 85 III

CRC22 Pathological CRC CRC group/pathological F 69 IIIB

CRC23 Pathological CRC CRC group/pathological F 83 IIIB

CRC24 Pathological CRC CRC group/pathological M 70 III

CRC25 Pathological CRC CRC group/pathological M 56 III

CRC26 Pathological CRC CRC group/pathological M 84 IV

CRC27 Pathological CRC CRC group/pathological F 58 IV

CRC28 Pathological CRC CRC group/pathological M 84 IV



CRC29 Pathological CRC CRC group/pathological M 63 IIIA

CRC30 Pathological CRC CRC group/pathological M 75 IIIC 

CRC31 Pathological CRC CRC group/pathological F 58 IV

CRC32 Pathological CRC CRC group/pathological F 85 IIIC 

PRE1 Pathological Adenoma Premalignant group/pathological M 65 Not applicable

PRE2 Pathological Adenoma Premalignant group/pathological M 59 Not applicable 

PRE3 Pathological Adenoma Premalignant group/pathological M 57 Not applicable

PRE4 Pathological Adenoma Premalignant group/pathological M 70 Not applicable 

PRE5 Pathological Adenoma Premalignant group/pathological M 59 Not applicable

PRE6 Pathological Adenoma Premalignant group/pathological F 61 Not applicable 

PRE7 Pathological Adenoma Premalignant group/pathological F 50 Not applicable

PRE8 Pathological Adenoma Premalignant group/pathological F 54 Not applicable

PRE9 Pathological Adenoma Premalignant group/pathological M 40 Not applicable

PRE10 Pathological Adenoma Premalignant group/pathological F 62 Not applicable 

PRE11 Pathological Adenoma Premalignant group/pathological M 60 Not applicable

PRE12 Pathological Adenoma Premalignant group/pathological M 67 Not applicable 

PRE13 Pathological Adenoma Premalignant group/pathological M 60 Not applicable

PRE14 Pathological Adenoma Premalignant group/pathological F 57 Not applicable 

PRE15 Pathological Adenoma Premalignant group/pathological F 64 Not applicable

PRE16 Pathological Adenoma Premalignant group/pathological M 60 Not applicable

PRE17 Pathological Adenoma Premalignant group/pathological M 59 Not applicable

PRE18 Pathological Adenoma Premalignant group/pathological M 57 Not applicable

CT1 Asymptomatic Negative colonoscopy Control M 35 Not applicable

CT2 Asymptomatic Negative colonoscopy Control M 41 Not applicable

CT3 Asymptomatic Negative colonoscopy Control M 57 Not applicable 

CT4 Asymptomatic Negative colonoscopy Control F 41 Not applicable

CT5 Asymptomatic Negative colonoscopy Control M 67 Not applicable 

CT6 Asymptomatic Not done Control M 51 Not applicable

CT7 Asymptomatic Not done Control M 41 Not applicable

CT8 Asymptomatic Not done Control F 51 Not applicable

CT9 Asymptomatic Not done Control F 38 Not applicable

CT10 Asymptomatic Not done Control M 42 Not applicable

CT11 Asymptomatic Not done Control F 46 Not applicable

CT12 Asymptomatic Not done Control M 41 Not applicable

CT13 Asymptomatic Negative colonoscopy Control F 64 Not applicable 

CT14 Asymptomatic Negative colonoscopy Control F 59 Not applicable 

CT15 Asymptomatic Negative colonoscopy Control F 61 Not applicable 

CT16 Asymptomatic Negative colonoscopy Control F 53 Not applicable

CT17 Asymptomatic Negative colonoscopy Control F 57 Not applicable 

CT18 Asymptomatic Negative colonoscopy Control F 56 Not applicable

CT19 Asymptomatic Negative colonoscopy Control M 58 Not applicable 

CT20 Asymptomatic Negative colonoscopy Control F 43 Not applicable

CT21 Asymptomatic Negative colonoscopy Control F 46 Not applicable

CT22 Asymptomatic Negative colonoscopy Control F 48 Not applicable

CT23 Asymptomatic Negative colonoscopy Control F 40 Not applicable

CT24 Asymptomatic Negative colonoscopy Control M 36 Not applicable 

CT25 Asymptomatic Negative colonoscopy Control F 42 Not applicable

CT26 Asymptomatic Negative colonoscopy Control F 61 Not applicable 

CT27 Asymptomatic Negative colonoscopy Control F 52 Not applicable

CT28 Asymptomatic Negative colonoscopy Control M 64 Not applicable

CT29 Asymptomatic Negative colonoscopy Control M 70 Not applicable

CT30 Asymptomatic Negative colonoscopy Control F 55 Not applicable

Supplementary Table S2. List of selected genes including TP53 selected for validation.



Accession number DNAsu CloneID Gene Name 
O95969 HsCD00516064 SCGB1D2 
Q15005 HsCD00352343 SPCS2
O14880 HsCD00353113 MGST3 
Q14019 HsCD00399694 COTL1
P37837 HsCD00510011 TALDO1 
P04637 HsCD00001270 TP53

Q9NX63 HsCD00353217 CHCHD3 
Q9BS26 HsCD00511305 ERP44
Q02790 HsCD00512122 FKBP4
Q9UPZ6 MmCD00336622 THSD7A*
Q14134 HsCD00399582 TRIM29
Q9P2B4 HsCD00081874 CTTNBP2NL
Q92794 25181 ID KAT6A**
Q9HD67 HsCD00746161 MYO10

*Due to the high sequence identitiy the available Mus musculus gene was used.
** Obtained from Addgene. 

Supplementary Table S3. Oligonucleotides used for validation of selected targets.

Target name Forward primer sequence Reverse primer sequence 

SCGB1D2 GGAGTGAAGAGATGCACGGATC GAAAGACAGTGGAAACCAGGATG 

SPCS2 ATTTGGCAGCTGTCCTCCAGTC GGACTTTGTGAACTCGGCTTCC 

MGST3 GCCTGGATTGTTGGACGAGTTC AGCACACAGTTGTGCCCACCAA

COTL1 AAATATGACGGCTCCACCATCGT TGGACCTCTTGCTCATGGCATC 

TALDO1 TGCCTGTGCTCTCAGCCAAGG TTCTCCACAGCCATCTGGTCCT 

CHCHD3 CGAAGTCTCAGCGGTATTCTGG TCTCGGTCCAGCTCTTTGGCTT 

ERP44 AGTAGTGTTTGCCAGAGTTGATTG CTGCCAATGCTTTCACTGATCGC 

FKBP4 TGACTCCAGTCTGGATCGCAAG CTGGTTTGCAGGTGATGTGGCA 

THSD7A GTGCCAAAGCTACAGGTGGAAG AGTAATGGCTCTTGCCTGTCGC 

TRIM29 GAGGATGAAGCTGAGAAGTGGC CCTCCTTTTGCTTCTCCAGGTC

CTTNBP2NL GCAAGAACATGCAGGAGCGCAT TCTCCTTCAGCCGTATCCTGTG

KAT6A CTTCAGTGAGAGCAGCGAGGAG GTGGTGTTTGCGCTTTCGGACT

MYO10 CACTCTGCCGTATTTCCACAGC TTTGTGGAGCCAGCCTTGCTTG 

Supplementary Table S4. List of primary and secondary antibodies.
Primary Antibodies 

Antibody target Clonality Source Application Dilution Provider Reference
ERP44 Polyclonal Rabbit WB/IHC 1:1000/ 1:100 Elabscience E-AB-17493

SCGD1B2 Polyclonal Rabbit WB/IHC 1:1000/ 1:100 Elabscience E-AB-16568
TALDO1 Polyclonal Rabbit WB/IHC 1:1000/ 1:100 Elabscience E-AB-17133 
TRIM29 Polyclonal Rabbit WB/IHC 1:1000/ 1:100 Elabscience E-AB-13932
HaloTag Monoclonal Mouse WB/ELISA 1:1000 Promega G921A

HRP-labeled secondary antibodies or HRP-labeled reagents 
Name Clonality Source Application Dilution Provider

HRP anti-mouse Polyclonal Goat WB/ELISA 1:2500 Dako
HRP anti-rabbit Polyclonal Goat WB 1:3000 BioRad

HRP Human-IgG Polyclonal Goat  ELISA 1:10000 Jackson



Supplementary Table S6. AUC, sensitivity and specificity (%) obtained for the discrimination of 
indicated groups according to individual seroreactive levels.

Autoantibody target Group comparison AUC
(%)

Sensitivity/Specificity 
(%/%)

CHCHD3 

CRC vs asymptomatic
individuals

74.2 53.1/96.7 

CTTNBP2NL 73.5 62.5/83.3 

FKBP4 73.7 68.8/76.7

MGST3 76.9 62.5/90.0 

THSD7A 77.6 65.6/96.7

TRIM29 70.9 59.4/100 

CTTNBP2NL Premalignant vs
asymptomatic 

individuals

79.6 77.8/76.7 

FKBP4 76.3 77.8/76.7 

TALDO1 71.9 83.3/63.3

CHCHD3 

Pathological vs
asymptomatic 

individuals

64.9 34.0/96.7

CTTNBP2NL 75.7 72.0/76.7

ERP44 59.2 26.0/93.3 

FKBP4 74.6 72.0/76.7 

MGST3 67.5 44.0/90.0

TALDO1 65.4 48.4/90.0 

THSD7A 65.5 42.0/96.7

TRIM29 68.3 38.0/100 
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The p53 family of genes includes p53, p63 and p73. All three p53-family proteins have a very similar domain 
organization, are expressed in a similar set of alternative isoforms, and are subjected to similar post-translational 
modifications. However, important differences in their biological role have been revealed, showing that 
p53-family paralogs have acquired a high degree of functional specificity since their duplication and divergence 
during evolution1–3.

p53 is a powerful tumor suppressor, as proven by a profusion of in vivo models, which is frequently mutated in 
human cancers1,4,5. In addition, a wealth of data shows that p63 and p73 have a role in tumor suppression. Studies 
with p63+/− and p73+/− heterozygous mice revealed a consistent connection with cancer. p63+/− and p73+/− mice 
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develop spontaneous tumors and show a median survival time a few months longer than that of p53+/− mice6. A 
number of studies have shown that TAp73 and TAp63 can induce cell-cycle arrest, senescence, DNA repair, and 
apoptosis in response to chemotherapeutic drugs, independently of p537–9. In addition, despite p63 and p73 being 
barely mutated in cancer, they are aberrantly expressed in cancer. In particular, ΔN isoforms of p63 and p73 are 
frequently overexpressed in a wide range of tumors, where they are associated with poorer prognosis10. Moreover, 
forced expression of ΔNp73 promotes transformation in experimental models11,12. Thus, upregulation of ΔNp63 
or ΔNp73 isoforms may be a common mechanism to inactivate the respective TA isoforms during tumorigenesis.

p53 autoantibodies are reported in many cancer patients13,14. Indeed, p53 is considered as the main cancer 
autoantigen that should be included in any blood-based cancer diagnostic test because of its specificity for detect-
ing cancer15–17. Moreover, p53 autoantibodies reevaluation in sera of cancer patients has shown a growing interest 
because of their role in early cancer detection17. Beyond the presence of autoantibodies to p53, and despite the 
presence of autoantibodies to p63 and p73 in the sera of cancer patients’ non-seroreactive to p53, the study of the 
roles of p63 and p73 autoantibodies in cancer have been almost dismissed18–22. In addition, no report has been 
focused on the analysis of the seroreactivity of the different proteoforms of the p53-family in cancer patients. This 
is probably because of the numerous protein isoforms encoded by each of these genes.

The three proteins share a common structure consisting of an N-terminal transactivation domain, a central 
highly conserved DNA binding domain and a C-terminal oligomerization domain. However, the three members 
of the TP53-family encode for multiple isoforms containing different protein domains due to alternative splicing 
from P1 and P2 promoters (one intragenic) with one more -P3- detected in silico, and alternative initiation of 
translation23,24. Despite its extensive regulation where different isoforms have a different N- or C-terminal, and 
different intraprotein amino acid sequences derived from the alternative spliced exons, only the canonical refer-
ence proteins p53, p63 and p73 -or point mutated p53- have been tested for autoantibody screening and cancer 
detection14,25.

A major step for the development of immunoassays consists of the production of proteins with good yield, 
purity, stable and integral for functional protein studies. Here, we have just-in-time produced the canonical p73 
protein and two aberrantly overexpressed ∆Np73 isoforms, frequently upregulated in cancer, using a cell-free 
system for its direct use to determine the presence of specific autoantibodies against them (Fig. 1). This sys-
tem is highly efficient, and has succeeded at producing thousands of different proteins for the identification of 
disease-specific antibodies and host-pathogen interaction profiling26–28. Our results, achieved using 145 plasma 
samples from colorectal cancer (CRC) patients, patients carrying premalignant colorectal lesions, and controls, 
demonstrated that ΔNp73 showed a specific seroreactivity different from that of p73 with a higher diagnostic 
ability to discriminate between colorectal cancer patients, and controls, and especially premalignant individuals 
and controls which may have an important impact on cancer prevention to predict premalignant tumours.

The p53-family of proteins has been analyzed as target of specific autoantibodies in cancer patients using the 
canonical proteins, except for p53, whose seroreactivity has been also evaluated using the most frequent p53 point 
mutants found in cancer and different N-terminal and C-terminal deletions of the protein to identify masked 
epitopes of the cancer autoantigen14. However, even though the p53-family is composed of multiple proteoforms 
derived from two different promoters leading to different N- and/or C-terminal primary amino acid sequences, 
none of these proteoforms have been evaluated as potential autoantigens target of autoantibodies in cancer 
patients.

Therefore, due to the fact that these isoforms are highly overexpressed in cancer, we hypothesized that a dif-
ferential seroreactivity to these unique “masked” epitopes could exist in the different isoforms. In addition, the 
fact that the different isoforms carry differential epitopes compared to the canonical proteins could contribute to 
increase the diagnostic ability of the target proteins, or even identify cancer patients with specific autoantibodies 
to any of the isoforms.

To address this question, we have evaluated the seroreactivity to three proteins of the p53-family fused to 
GST by an ELISA-based test using as model the canonical p73 protein and its ΔNp73α, and ΔNp73β isoforms29, 
which carry a different N-terminal and a different N- and C-terminal ends not present in the canonical p73 
sequence, respectively (Fig. 1a,b). To further visualize the putative structural differences that would produce 
masked epitopes, 3D prediction models were obtained for the three proteins. 3D-models showed that the dif-
ferences in the primary sequence produce important changes in the 3D-folding and in the electrostatic surface 
potential at both the N- and C-terminal end of the ∆Np73 proteoforms in comparison to p73 (Fig. 1b).

In vitro For the development of our approach (Fig. 1c), we firstly 
transferred TP73, ΔNp73α, and ΔNp73β genes, and TP53 as control, from the donor vectors to a pANT7_cGST 
vector by means of LR clonase reactions and directly use the purified DNA for in vitro protein expression of the 
corresponding proteins fused to GST (Fig. 1d).

The success of protein expression was determined by probing the IVTT expression by WB and ELISA with 
an anti-GST monoclonal antibody that recognizes the GST tag in the C-terminal end of every fusion protein and 
an anti-p73 monoclonal antibody that specifically recognizes p73 and its ∆N proteoforms (Fig. 1d). 10 ng of GST 
fusion proteins were obtained per 1 μl of IVTT reaction, according to the GST control protein included in the 
assay as control (data not shown).

We 
next used the fusion proteins to determine whether either ΔNp73α or ΔNp73β isoforms of p73 were able to 
induce a specific humoral immune response in cancer patients different from that observed for the canonical p73 
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protein. To this end, we optimized and validated the feasibility of the ELISA approach to determine the specific 
seroreactivity against the fusion proteins using plasma from cancer patients and controls (Fig. 2).

We firstly optimized the protein immobilization to the ELISA plates coated with anti-GST polyclonal anti-
body. We found an optimal IVTT reaction volume of 2.5 μl per ELISA well (data not shown). In a second step, we 
determined the optimal plasma and secondary antibody dilution for the detection of autoantibodies to p73 and its 
∆Np73 isoforms by chemiluminescence (Fig. 2). We tested serial dilutions of a pool of CRC and control plasma 
samples known to be reactive to p5315 from 1:300 to 1:1200 to avoid the “hook” effect due to interferences caused 
by higher plasma concentrations30, and serial dilutions of secondary antibody from 1:2000 to 1:10000 (Fig. 2a). 
Better results were observed at a 1:300, and 1:600 dilutions of human plasma and 1:10000 dilution for the second-
ary antibody. Accordingly, we finally assessed with individual plasma which dilution would be optimal for further 
experiments (Fig. 2b), using EBNA1 as positive control of the seroreactivity for all individual plasma (Fig. 2c). In 
all cases, best results were obtained using a plasma dilution of 1:300. Interestingly, a significant specific differential 
seroreactivity to the ΔNp73 isoforms in comparison to the p73 canonical sequence, different from that observed 
for EBNA1, was observed (Fig. 2b,c).

Figure 1. Scheme of the developed approach to evaluate the humoral immune response to p73 and ∆Np73 
isoforms. (a) The selected p73 isoforms for the study differ from the canonical sequence on their N-terminal 
end (∆Np73α), or in the N- and C-terminal ends (∆Np73β). TA, transactivation domain; OD, oligomerization 
domain. (b) Prediction of the 3D structure of indicated p73 proteoforms and their predicted electrostatic 
potential. Electropositive and electronegative charged regions are colored in blue and red, respectively. Neutral 
regions are colored in white. (c) For the evaluation of autoantibody levels against them, ELISA plates were 
coated with GST pAb to capture GST-tagged p73-family proteins. After incubation with plasma samples 
containing the autoantibodies followed by an anti-Human IgG-HRP antibody, a luminescence substrate is 
added to obtain a quantifiable signal. (d) IVTT protein expression was verified by immunostaining, and ELISA 
using antibodies directed against p73 or the GST-tag. For cropped WB images, expressed proteins were run in 
the same gel under same experimental conditions as the negative controls and processed in parallel.
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Δ α
Δ β Next, we proceeded to investigate their diag-
nostic effectiveness by the ELISA-based test using a total of 145 individual human plasma from CRC and prema-
lignant patients, and controls and to determine whether a specific differential seroreactivity among them could 
exist. We used a total of 43 CRC plasma samples from patients at stages I-IV, 34 premalignant samples (low-grade 
or high-grade adenoma), and 68 healthy control plasma samples (Table 1).

We firstly focused our analysis on the diagnostic effectiveness of the different constructs. A significant differ-
ence in the seroreactivity to all the p73-derived constructs was observed comparing the control plasmas, and the 
CRC and the premalignant individuals’ plasmas (Figs 3, S1, S2).

For the plasma samples from non-pathological control individuals, a mean value of 22299 ± 8909 RLU, 
14155 ± 6426 RLU, and 5889 ± 3264 RLU, was achieved for p73, ∆Np73α, and ∆Np73β, respectively; while the 
colorectal pathological group reached a mean value at least 5 times higher 124577 ± 11469 RLU, 98858 ± 9167 
RLU, and 73951 ± 3264 RLU (Fig. 3a).

Then, the diagnostic value of the fusion proteins was individually and collectively assessed using receiver 
operating characteristic (ROC) curves. p73, ΔNp73α, and ΔNp73β showed individually areas under the curve 

Figure 2. Optimization of the ELISA-based test for the evaluation of the seroreactivity to p73 and ΔNp73 
isoforms. (a) Seroreactivity to p53, p73, ΔNp73α, and ΔNp73β of individual plasma samples either seroreactive 
or negative to p53 was assessed by ELISA at 1:300 and 1:600 dilutions with IVTT expressed proteins diluted 
with PBS and captured in 96-well ELISA plates. Signal ratios were calculated to determine the optimal 
conditions of the assay. (b) To assess the best dilution combination of plasma samples and secondary HRP-
antibody, different secondary antibody dilutions were tested with p53 seroreactive (Tumoral plasma sample) 
and non-seroreactive (Non-tumoral plasma sample) samples diluted 1:300, or 1:600. (c) Seroreactivity to 
EBNA1 was measured as positive control of the assay.

Group
Sample size 
(N)

Overall age 
(mean ± SD) Male (N)

Female 
(N)

Control
Asymptomatic 41 45 ± 7 12 29
Negative colonoscopy 27 53 ± 10 10 17

Premalignant 34 59 ± 7 16 18

CRC
Stage I and II 14 76 ± 9 7 7
Stage III 11 73 ± 10 8 3
Stage IV 18 67 ± 12 6 12

Table 1. Clinical information of the colorectal cancer patients and controls used in the study.
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(AUCs) of 71.1%, 72.4%, and 64.9% respectively, with specificity and sensitivity up to 60.9% and 96.7% (Figs 3b, 
S3). In combination, they showed an AUC of 75.2% and a specificity and sensitivity of 86.7 and 72.5%, respec-
tively, showing that the measurement of the ΔN proteoforms increases the diagnostic potential of the p73 canon-
ical protein alone (Supplementary Fig. S3). More importantly, ΔNp73α showed a higher diagnostic ability than 
either p73 or ΔNp73β.

Interestingly, it was observed that the difference was mostly due to the autoantibody levels observed in the 
premalignant individuals (Supplementary Fig. S1). The premalignant individuals group reached a mean value 
at least 10 times higher than the control group, whereas CRC patients reached a value ranging between 2 and 5 
times higher than the control group (Fig. 3c). Then, we proceed to determine whether the seroreactivity to p73, 
∆Np73α, and ∆Np73β assessed by means of individual and combined ROC curves could predict the presence 
of premalignant colorectal lesions (Fig. 3d). p73, ΔNp73α, and ΔNp73β showed individually AUCs of 78.9%, 
79.1%, and 69.0% respectively, with specificity and sensitivity up to 70% and 96.7% to discriminate premalignant 

Figure 3. The analysis of the seroreactivity to p73, ΔNp73α, and ΔNp73β showed that ΔNp73α possesses 
a significant higher diagnostic ability than the other proteoforms to discriminate colorectal cancer patients, 
or premalignant individuals from healthy controls. (a,b) Analysis of the seroreactivity in comparison to CEA 
concentration in the pathological group (CRC patients and premalignant individuals) vs the control group. 
(c,d) Analysis of the seroreactivity in comparison to CEA concentration for indicated groups. (a) Statistical 
differences (p-value = 7.32e-06) were found comparing the mean value of the luminescence signal obtained 
for p73 in the control group (22299 ± 8909 RLU) and the pathological group –premalignant individuals with 
positive colonoscopy and CRC patients- (124577 ± 11469 RLU). When comparing seroreactivity to ΔNp73α, 
statistical differences (p-value = 1.90e-06) were also found between the control group (14155 ± 6426 RLU) 
and the pathological group (98858 ± 9167 RLU), as well as when comparing seroreactivity to ΔNp73β (p-
value = 0.0016) between the control group (5889 ± 3264 RLU) and pathological subjects (73951 ± 6508 
RLU). On the other hand CEA mean values were 0 for the control group and 4.35 ± 1.13 ng/ml for the 
pathological group (p-value = 2.1e-12). (b) Individual and combined ROC curves values for the seroreactivity 
to p73, ΔNp73α, or ΔNp73β were calculated to assess their predictive value for the pathological colorectal 
group, comparing healthy subjects with premalignant and CRC patients. Similar results were observed 
for the combined ROC curves of the seroreactivity to p73, ΔNp73α, and ΔNp73β than that of CEA. (c) 
Statistically significant differences were found comparing the seroreactivity and CEA among the three groups, 
being the seroreactivity differences between the control and the premalignant groups the higher regarding 
their autoantibody levels and their significance. Seroreactive mean values for p73 were 22299 ± 8909, 
261054 ± 49056, and 52851 ± 10524; for ΔNp73α were 14155 ± 6426, 231933 ± 45282, and 26315 ± 5583, and 
for ΔNp73β were 5889 ± 3264, 160154 ± 34509, and 27796 ± 7821 the control, premalignant individuals and 
CRC groups, respectively. On the other hand, CEA mean values were 0, 0.44 ± 0.19, and 16.01 ± 2.23 ng/ml 
for the same groups. (d) Individual and combined ROC curves values for the seroreactivity to p73, ΔNp73α, 
or ΔNp73β were calculated to assess their predictive value for the detection of premalignant individuals from 
controls. Individual or combined seroreactive results to p73, ΔNp73α, and ΔNp73β to detect premalignant 
individuals were significantly higher than of CEA. All given values correspond to the trimmed mean ± SEM 
to compensate for extreme values. All measurements were taken in duplicate. See Supplementary Fig. S3 for all 
comparisons and data derived from ROC curves.
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individuals from controls. These values were considerably higher than that observed for CRC (Supplementary 
Fig. S3), with AUC values up to 67.4%. In combination, they showed an AUC of 79.7% and a specificity and sen-
sitivity of 73.3 and 93.3%, respectively, to detect premalignant individuals. In contrast, for CRC their combined 
AUC was 61.5%, with a specificity and sensitivity of 90.0 and 59% (Supplementary Fig. S3).

Finally, we proceed to compare the seroreactivity results with the measurement in the same samples of the 
carcinoembryonic antigen (CEA) tumor marker. Importantly, whereas CEA values were able to discriminate CRC 
samples better than the humoral response to p73, ∆Np73α, and ∆Np73β individually or combined, and at similar 
levels the pathological group from the control group, results were significantly better for the humoral response to 
detect premalignant individuals (Figs 3 and S3).

Collectively, these results showed that ΔNp73α possess a higher diagnostic ability than either p73 or ΔNp73β, 
and especially to discriminate premalignant individuals from controls. More importantly, these results suggest 
the great potential of the measurement of the autoantibody responses to ΔNp73 proteoforms for the detection of 
premalignant colorectal lesions, which may have an important impact in clinics for cancer prevention to detect 
those individuals carrying premalignant colorectal tumors.

Δ Next, since ΔNp73 
overexpression is a common hallmark in pathological tissue of colorectal cancer patients, we aimed to evaluate 
whether the differences in the seroreactivity to ΔNp73 could be explained by the overexpression of ΔNp73 in tis-
sue. To address this question, a qPCR analysis of ΔNp73 and TAp73 mRNA expression levels from paired patho-
logical/normal samples from premalignant, and CRC patients, together with controls (Fig. 4a), whose plasma 
samples were previously analyzed by ELISA-based test, was done.

A mean value of 1.05 ± 0.13 relative mRNA expression levels for ΔNp73 was found in the normal tissue, 
whereas in the pathological group a mean value of 2.12 ± 0.35 was found. On the other hand, for TAp73, mean 
relative mRNA expression values of 0.017 ± 0.002 and 1.02 ± 0.27 were found for the normal and pathological 
tissue, respectively. In addition, relative mRNA expression levels were 0.03 ± 0.005, and 4.86 ± 0.40 in the pre-
malignant lesions and in the CRC tumor tissue, respectively. Moreover, although higher values were observed 
for ΔNp73 in the premalignant lesions comparing controls, results were only statistically significant either for 
ΔNp73 or TAp73 comparing CRC vs controls and the pathological group vs controls. In addition, no correlation 
was observed between the relative mRNA expression levels of ∆Np73 or TAp73 isoforms and the specific serore-
activity to either ∆Np73 or p73.

According to the significance of the group comparisons, we next evaluated the usefulness of the relative 
mRNA expression levels to discriminate between the pathological and the control group by ROC curves (Figs 4b 
and S4), to finally determine if the humoral immune response to p73 and its isoforms together with the relative 
mRNA expression levels of TAp73 and/or ∆Np73 would improve the diagnostic effectiveness observed for the 
seroreactivity to p73, and ΔNp73α, and ΔNp73β. In the cohort of colorectal cancer and colorectal cancer pre-
malignant patients used in this study, only TAp73 showed individually a relevant AUC (66.2%). In combination, 
TAp73 mRNA expression levels and the seroreactivity to p73, and ΔNp73α, and ΔNp73β did not improve the 
performance of the seroreactivity to detect CRC and premalignant individuals, showing an AUC of 71.6% and a 
specificity and sensitivity of 81.0% and 59.4% (Fig. 4c).

Collectively, our data suggest that only the deregulation of ∆Np73 seems to be enough to produce a specific 
seroreactivity to ΔNp73α, and ΔNp73β either in premalignant individuals or CRC patients, which shows an 
important diagnostic effectiveness to discriminate between colorectal cancer patients, colorectal premalignant 
individuals and controls using plasma of patients.

Δ α Δ β Since the 
autoantibody levels to ΔNp73α showed a higher diagnostic ability than the reference canonical protein, and due 
to the differential seroreactivity observed among the isoforms, we further investigated whether the differential 
seroreactivity to the isoforms could be associated to the presence of unique epitopes present in the ΔNp73 iso-
forms (Fig. 5a). To this end, the proteins were also produced fused to HaloTag to analyze by WB the specific ser-
oreactivity to the isoforms avoiding any tag-bias in the analysis, and to use the proteins in competitive inhibition 
assays that further assessed this specific seroreactivty.

First, protein purification through Ni-NTA columns was verified by Coomassie Blue staining and WB with 
an α-HaloTag pAb that recognizes the C-terminal tag on every antigen and a α-p73 monoclonal antibody that 
specifically recognizes the presence of p73 and its isoforms fused to HaloTag, respectively (Fig. 5b). The purified 
fusion proteins were transferred to nitrocellulose membranes to probe them with plasma samples selectively reac-
tive to p73, ΔNp73α, or ΔNp73β by luminescence (Fig. 5c), using p53 as control. Interestingly, the differential 
seroreactivity was also detected by WB, where indicated premalignant individuals or colorectal cancer patients 
showed at similar extents the differential seroreactivity found by luminescence ELISA-based tests.

To finally confirm the specific seroreactivity to the ΔNp73 isoforms different from that of the canonical p73 
protein, inhibition experiments were performed using the purified proteins, the IVTT expression of p73 and its 
isoforms fused to GST, and plasma from patients seroreactive in a specific manner to the different isoforms. We 
observed a dose-dependent inhibition of the autoantibody signal specific to ΔNp73α, and ΔNp73β, not able to 
be abrogated by the canonical p73 protein (Fig. 5d,e). On the other hand, the signal of the same plasma samples 
preincubated with the indicated purified proteins remained constant in their recognition to EBNA1. Finally, as 
control and to avoid any concern about the specificity of the assay, the autoantibody signal to p73 was found to be 
fully inhibited using the canonical p73 protein as inhibitor (Fig. 5f). Collectively, these data confirm the presence 
in ΔNp73 isoforms of unique specific epitopes not present in p73.
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Among the vast number of different cancer circulating biomarkers, altered proteins during tumor formation 
and progression that are able to induce a humoral response in cancer patients provide an effective, reliable, and 
noninvasive tool for cancer screening and preclinical diagnosis31–35. Although the molecular mechanisms and 
the subsequent production of autoantibodies against self-proteins of the humoral response in cancer are far from 
being known, it is reported that proteins present alterations, including alternative splicings, punctual mutations, 
truncations, overactivation, aberrant glycosylations, overexpression, and/or aberrant degradation31,32.

Novel high-throughput proteomic approaches have accelerated the identification of these circulating serum 
autoantibodies and their respective target proteins as potential cancer biomarkers. One of the main advantages of 
this approach for cancer diagnosis is that antibodies are highly stable molecules with a long tradition in immu-
noassays, facilitating their standardization in serological assays. In the last years, the development of serologic 
screening of natural and/or recombinant protein microarrays has led to the discovery of hundreds of novel pro-
teins target of autoantibodies in cancer patients16,33–41. As a discovery platform, these technologies hold the prom-
ise to complete the cancer autoantibody immunome once microarrays containing the total proteome become 
available (considering one canonical protein per gene)34,42,43. However, proteins carrying important functions 
in the cells are usually tightly regulated and suffer from an extensive regulation at transcriptional level, and thus 

Figure 4. Evaluation of ΔNp73 and TAp73 relative mRNA expression levels in paired normal and pathological 
tissue samples by qPCR. (a) For ΔNp73, relative mRNA expression 2.12 ± 0.35 (mean ± SEM) was found in 
pathological tissue, while values of 1.05 ± 0.13 (mean ± SEM) were found in normal tissue (p-value = 0.04163). 
For TAp73, relative mRNA expression of 1.02 ± 0.27 (mean ± SEM) was found in pathological tissue, while 
values of 0.017 ± 0.002 (mean ± SEM) were found in normal tissue (p-value 1.916e-5). Trimmed mean was used 
in all cases to compensate for extreme values. All measurements were taken in duplicate. (b) Assessment of 
the predictive value of the relative mRNA expression levels for TAp73 and ΔNp73 in tissue samples of healthy 
individuals vs premalignant and CRC subjects was performed through ROC curves, with only TAp73 a showing 
significant predictive value. (c) Evaluation of the predictive value of the combination of the seroreactivity to p73, 
ΔNp73α, or ΔNp73β, and the mRNA expression levels of TAp73 showed an overall AUC of 71.6%.
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they usually codify for multiple isoforms. Accordingly, by using the canonical sequences of proteins, autoantigens 
produced as a consequence of alternative splicings that could play a key role for cancer diagnosis might be lost as 
autoantibody targets.

Here, we have analyzed the potential different seroreactivity of proteoforms codified by alternative splicing 
of the p73 member of the p53-family. The p53-family composed of p53, p63 and p73, which regulates many 
vital biological processes, including cell differentiation, proliferation, and cell death/apoptosis, is well-known to 
be tightly controlled at transcriptional level44–47. Indeed, about 40 different proteoforms have been theoretically 
described for p73 and at least 20 and 10 for p53 and p63, respectively, due to alternative splicing. Although not 
all of them have been experimentally confirmed, it is surprising that none of the proteoforms different from that 
of the canonical sequences have been tested as target of autoantibodies in cancer patients. To our knowledge, 
the only study where several isoforms of the p53-family have been analyzed was related to oral lichen planus, a 
chronic inflammatory disease of oral mucosa18,20. In that study, the authors analyzed the contribution of the lin-
ear epitopes of several isoforms of p53, p63 and p73 by WB, and found that two patients reacted against the p63 
isoforms tested, with p63β showing the strongest reactivity, and one of these patients reacted also to p73; showing 
these patients the worst lesions.

Importantly, the cancer humoral immune response is a polyclonal response, which recognizes linear and/or 
conformational immunogenic epitopes within the same protein33–35,48,49. In addition, recent advances in native 
protein display technologies suggest that conformational-dependent discontinuous epitopes may represent up 
to 90% of the total B-cell response and are often dependent on the secondary or tertiary structure of proteins50. 
Accordingly, the best alternative to be used for the seroreactivity analysis of p53-family proteoforms should be 
those immunoassays were the proteins are correctly folded at secondary and tertiary level. Here, we have used a 
methodology well-known to be useful for the analysis of either conformational or linear immunogenic epitopes, 

Figure 5. Verification of the selective seroreactivity to ΔNp73 isoforms. (a) The evaluation of the specific 
seroreactivity to the different proteoforms highlight that 22 individuals showed a specific seroreactivity to 
any of the proteoforms. CT58 as control of reactivity to all proteins and CT59 as control of no reactivity to 
any protein were also represented. (b) To verify this selective seroreactivity by WB, proteins were expressed 
fused to the HaloTag and 6xHis-tag at the C-terminal. Coomassie blue staining and immunostaining using 
antibodies directed to the expressed proteins or their Halo- and 6xHis-tags were used to verify protein 
expression. In cropped images, expressed proteins were run in the same gel under same experimental 
conditions and processed in parallel. (c) WB using indicated plasma samples was carried out to verify the 
differential seroreactivity observed by ELISA. Purified proteins were run on a single-well gel and transferred 
into a nitrocellulose membrane. Bands corresponding to integral proteins were cut in same-size bands and 
incubated with indicated individual plasma samples or primary antibodies. Inhibition assays (d–f) showed a 
specific seroreactivity to unique epitopes present in ∆N proteoforms. Pooled plasma samples seroreactive to 
(d) ΔNp73α or (e) ΔNp73β were preincubated with different amounts of indicated proteoforms as inhibitors 
prior to seroreactive analysis. (f) Seroreactivity of a pooled plasma sample seroreactive to p73 inhibited with 
increasing amounts of p73 was used as control of the assay. EBNA1 seroreactivity was determined as internal 
control of the experiment since more than 95% of human possessed antibodies against this protein of the capsid 
of the Epstein-Barr virus. All experiments were performed in duplicate.
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where the proteins are correctly oriented in the assay. More importantly, the proteins are expressed in a mamma-
lian milieu and in situ during the assay, and their folding is equivalent to that observed in cancer cells, avoiding 
at the same time any degradation or precipitation issue during their purification or storage. This methodology 
derived from the NAPPA and RAPID NAPPA methodologies, with minor modifications, allowed to survey for 
the analysis of the seroreactivity with the integral and correctly folded proteins15,26,51.

In this context, we hypothesized that the isoforms of the p53-family might produce a differential seroreactivity 
in cancer patients since they possess important differences in their primary sequences, affecting their 3D folding. 
Thus, these proteoforms should contain both unique linear and conformational epitopes in their structure, which 
might be target of autoantibodies in cancer patients being useful for cancer diagnosis and patient monitoring. 
As a proof of concept of our hypothesis, we focused on the member of the p53 family codifying theoretically for 
more potential isoforms: p73; and specifically in two cancer-associated proteoforms: ΔNp73α and ΔNp73β that 
are specifically overexpressed in colorectal cancer47,52, among other cancers. In addition, these isoforms differed 
in the primary sequence of the protein and consequently in their 3D folding and in the surface electrostatic 
potential compared to the canonical p73 protein as depicted in Fig. 1. In general, the N- and C-terminal ends 
are the most immunogenic regions. However, cancer patients do not elicit a humoral immune response to the 
N-terminal end of p7319, as evaluated by WB. Therefore, as observed by modeling the p73 proteoforms, both the 
N- and C-terminal ends of ΔNp73α and ΔNp73β are located at the protein surface leading to important changes 
in the 3D folding and at electrostatic level, which at least for ΔNp73α and ΔNp73β might produce an immuno-
dominance not observed in p73.

As the most important goals of the study, we unequivocally demonstrated that ∆Np73 proteoforms produced 
a specific seroreactivity in colorectal cancer patients and premalignant individuals different from that observed 
for the p73 canonical protein. We also observed that the N-terminal end of ΔNp73 is an important target of 
autoantibodies in contrast to p73, since several patients showed a specific reactivity against ΔNp73α, which 
possesses a different N-terminal end than that of p73. In addition, we showed that the seroreactive diagnostic 
ability of ∆Np73α is higher than that of either p73 or the ∆Np73β proteoform, and more importantly, this specific 
seroreactivity significantly improved the diagnostic effectiveness of p73 to discriminate colorectal cancer patients 
or premalignant individuals from controls. Furthermore, the autoantibody levels were higher in premalignant 
individuals than in colorectal cancer patients, suggesting that the diagnostic ability of the specific seroreactivity 
to the ΔNp73α proteoform might be associated to early cancer detection. This was confirmed by ROC curve 
analyses, showing that ΔNp73α possess a higher diagnostic ability than either p73 or ΔNp73β for discriminating 
premalignant individuals from controls. In addition, by measuring CEA in the same samples, we have found that 
ΔNp73 seroreactivity is more sensitive and more specific than CEA to predict premalignant lesions. Since the 
identification of ΔNp73 seroreactivity is cheap and easy to assess in clinics, this finding might have an important 
impact due to the fact that the seropositivity to ΔNp73α proteoform would justify intervention to prevent devel-
opment of CRC.

Collectively, we propose an evaluation of the different proteoforms of the p53-family to elucidate which pro-
teoforms should be included in diagnostic panels for cancer beyond the canonical sequences of p53, p63 and 
p73. Moreover, in this study we have increased the complexity of the cancer humoral immune response to the 
p53-family in cancer patients, suggesting that the proteoforms derived from the alternative splicings of p53 and 
p63 might also possess a higher diagnostic ability than the canonical proteins, as occurs with ∆Np73α in compar-
ison to canonical p73. Therefore, an evaluation of the seroreactivity of the multiple proteoforms of the p53-family 
should be particularly valuable to determine whether the cancer diagnostic ability of the different proteoforms 
might be associated to specific cancers or might improve the diagnostic ability of the canonical proteins for can-
cer and early cancer diagnosis. On the other hand, the analysis of independent patient cohorts, larger number 
of samples and samples of different disease, including samples from irritable bowel syndrome and other cancers, 
would be of great interest to establish their actual clinical utility for the early diagnosis of colorectal cancer and 
the detection of individuals carrying premalignant lesions. In this sense, further research is guaranteed to try to 
determine whether ∆Np73 seroreactivity would reflect chronic inflammation (like CEA or CA19-9) or whether 
it is more specific of colorectal premalignant lesions than that of CRC as our results suggest, and more impor-
tantly to assess the actual clinical management utility of ∆Np73 seroreactivity by determining its association with 
clinic-pathological parameters, which might help identifying patients with higher risk of cancer progression and 
also assist in selecting the most efficient personalized treatments.

In summary, this is the first study to demonstrate the utility of the specific ∆Np73α autoantibodies different 
from that of the canonical p73 to discriminate colorectal cancer patients and premalignant patients from healthy 
controls. Remarkably, ∆Np73α seroreactivity showed a higher diagnostic ability than that of the canonical pro-
tein, and in combination both proteoforms were able to improve their diagnostic ability alone either for detection 
of CRC patients or premalignant individuals from controls. Further validation with a larger cohort of samples and 
comprehensive analysis of the multiple different proteoforms of the p53-family is warranted.

The Institutional Ethical Review Boards of the Complutense University of Madrid (UCM), 
ISCIII, Hospital Clínico San Carlos (Madrid), and La Paz Hospital (Madrid) approved this study on biomarker 
discovery (CEI PI 45). Plasma samples were obtained from the Hospital Clínico San Carlos, Hospital La Paz and 
IMDEA-FOOD (Genyal platform) after approval of the Ethical Review Boards of these institutions. All subjects 
in the study gave their written informed consent to participate and all experiments were performed in accordance 
with relevant guidelines and regulations.

For the analysis of the presence of specific autoantibodies to ΔNp73 isoforms different from that of p73 
autoantibodies in plasma samples of cancer patients, a panel of 145 plasma samples from colorectal cancer patients 
and premalignant subjects (low- or high-grade adenomas in the colon), and healthy control individuals (healthy 
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individuals, and FOBT positive and colonoscopy negative individuals) were used (Table 1, and Supplementary 
Table S1). Plasma samples were collected using a standardized sample collection protocol and stored at −80 °C 
until use35,37,38,53.

Tissue samples from the same individuals were histopathologically confirmed and obtained from the Biobanks 
of the IdISSC and IdIPAZ, which belongs to the National Biobank Net (ISCIII) cofounded with FEDER funds, of 
the same Hospitals between June 2015 and March 2016 prior to initiating any treatment.

In silico Structural models in PDB format were generated using the Phyre2 
program54. Final 3D-structure models were obtained with PyMOL (Schrödinger, LCC, New York) and the elec-
trostatic surface potential for the proteins was predicted by the Adaptive Poisson Boltzmann Solver (APBS) 
program55.

 
Sequence-verified full-length cDNA plasmid containing TP53, or TP73 in flexible pDONR221 vector system was 
obtained from the publicly available DNASU Plasmid Repository (https://dnasu.org/DNASU/)56. Alternatively, 
ΔNp73α and ΔNp73β genes were PCR amplified with specific oligonucleotides and the pcDNA3.1 containing 
the full-length ΔNp73α or ΔNp73β cDNAs. PCR products were directly cloned in pDONR221 by a BP clonase 
reaction (Invitrogen) according to manufacturer instructions14,51. The ORFs were transferred by LR clonase reac-
tions (Invitrogen, Carlsbad, CA), alternatively, to a pANT7_cGST vector for in vitro protein expression, or a 
pANT7-cHaloHis vector, developed in the laboratory, for bacterial protein expression15 to get p73 and ΔNp73 
isoforms expressed as fusion proteins to GST or HaloTag in the C-terminal end, respectively51. All donor and 
expression plasmids were sequence verified prior to a subsequent use.

To obtain high-quality supercoiled DNA, plasmids were transformed into TOP10 E. coli cells and grown in 
250 mL Luria Bertani (LB) supplemented with the adequate antibiotic (100 μg/mL for Ampicilin and 40 μg/mL for 
kanamycin). Plasmid DNA was purified using the NucleoBond® Xtra Midi kit (Macherey-Nagel Inc., Bethlehem, 
PA). Proteins were expressed using T7 reticulocyte lysate (Promega Corporation, Madison, WI) per manufactur-
er’s recommendations to carry out the ELISA studies. To validate the specific seroreactivity to ΔNp73, proteins 
were also expressed in bacteria. Briefly, BL21 (DE3) E. coli cells were grown in 250 mL of LB until an OD of 0.6 
was reached, and, then, expression was induced with 0.4 mM IPTG for 48 h at 16 °C and 220 rpm. Then, the bac-
teria were centrifuged for 10 min at 4000 rpm and the pellet resuspended in 5 ml 50 mM phosphate and 300 mM 
NaCl containing 1%-lauroyl-sarcosinate and maintained in ice for 30 min, and further lysed with 1% Triton-X100 
in ice for 20 min before three subsequent cycles of sonication for 30 s. Then, the supernatant was clarified by cen-
trifugation and proteins purified using Ni-NTA resin (CliniSciences) per manufacturer’s instructions57.

SDS-PAGE and western blot analysis to assess protein quality and 
specific protein seroreactivity in selected individuals’ plasma were performed as previously reported57. Briefly, 
2 μl of the in vitro transcription/translation (IVTT) protein extracts or 500 ng of purified p73, ΔNp73α, and 
ΔNp73β proteins were run in 10% SDS-PAGE and transferred to nitrocellulose membranes (Hybond-C extra). 
After blocking, membranes were incubated overnight at 4 °C with optimized dilutions of specific monoclonal 
antibodies against p73, GST tag, HaloTag, or indicated plasma samples. Immunodetection on the membranes 
was achieved by using HRP-conjugated secondary antibodies (Supplementary Table S2). The chemiluminescence 
signal was developed with ECL Western Blotting Substrate (Thermo Scientific) and detected on a Fujifilm LAS-
3000 Imager (Fujifilm).

The IVTT product was diluted 1:10 in PBS and transferred to overnight coated 
Maxisorp plates (Nunc) with 50 μL anti-GST pAb (GE Healthcare) diluted 1:100 in PBS. After washing, plates 
were blocked in blocker casein solution (Pierce) diluted 1:1 in PBS for 2 h, and then incubated for 1 h at room 
temperature with plasma samples at indicated dilutions. After washing, 50 μL of anti-human IgG antibody-HRP 
conjugated (Jackson) diluted at indicated dilutions in PBS, Tween 20 0.1% (PBST) and 3% skimmed milk was 
added per well. Alternatively, GST tagged-proteins were detected with anti-GST (Cell Signaling), or anti-p73 
(Pierce) monoclonal antibodies followed by the incubation with the HRP conjugated-anti-mouse IgG (Sigma 
Aldrich, Missouri, MO) diluted 1:3000. The signal was finally developed with 50 μL per well of SuperSignal ELISA 
Femto Max Sensitivity (Pierce, Rockford, IL) and chemiluminescence recorded on a FLUOstar Optima (BMG 
LABTECH, Ortenberg, Germany). All seroreactive values against p73, ΔNp73α, and ΔNp73β of the samples 
tested in the study are shown in Supplementary Table S1.

CEA concentration (ng/ml) in plasma samples was determined using a specific immunoassay test kit (Sigma 
Aldrich), following the manufacturer’s recommendations. All CEA values of the samples tested in the study are 
shown in Supplementary Table S1.

To avoid any tag-bias concern and to 
verify the specific selective seroreactivity of some of the CRC patients to p73 and its isoforms, a competitive 
inhibition assay of the autoantibody binding was developed. Briefly, 0.5 μl of HaloTag magnetic beads were equil-
ibrated following the manufacturer’s instructions and incubated overnight at 4 °C and constant shaking with 
0.1 μg of purified integral p73, ΔNp73α, and ΔNp73β proteins fused to HaloTag and 6xHisTag for their covalent 
immobilization. After covalent immobilization of the proteins to the magnetic beads, beads were extensively 
washed with PBST containing 0.05% Triton-X100, and finally with 0.1 M glycine, pH 2.7 to remove any unspecific 
protein bound to beads. After elution, the beads coupled with the proteins were blocked with 3%-BSA-PBST, and 
subsequently incubated with pooled plasma of patients seroreactive to either ΔNp73α or to ΔNp73β diluted 
1:200 preincubated with indicated amounts of proteins for 2 h at room temperature, using seroreactivity to p73 
and EBNA1 as controls of the assay.
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∆ Quantitative real-time polymerase chain reaction was performed 
in a Light Cycler apparatus (Roche Diagnostics) using the LightCycler-FastStart DNA Master SYBR Green I Kit 
(Roche Diagnostics). The primer sets for ΔNP73, and the reaction conditions were as described previously58,59. 
The housekeeping gene succinate dehydrogenase complex subunit A (SDHA) was used to normalize gene expres-
sion results.

All statistical analyses were done with Microsoft Office Excel and the R program. For 
the analysis of ELISA and qPCR datasets, data distribution using the Shapiro-Wilk test and variance homogeneity 
using the Bartlett test was first evaluated. Since data normality and homogeneous variances were discarded in 
all cases, we assessed whether the means of control individuals, and premalignant individuals and CRC groups 
were statistically different from each other using the non-parametric U-Mann Whitney test. All given values 
correspond to the trimmed mean ± SEM to compensate for extreme values. p-values < 0.05 were considered sta-
tistically significant. Individual autoantibody against each indicated target was evaluated as marker in plasma of 
premalignant individuals, CRC patients and control individuals by a ROC curve. ROC curves were constructed 
with the R program (version 3.2.3) using the R package Epi60; and the corresponding AUC and the maximized 
sensitivity and specificity values were calculated.

All data generated or analysed during this study are included in this published article (and its Supplementary 
Information Files).
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ABSTRACT: Autoantibodies raised against tumor-associated
antigens have shown high promise as clinical biomarkers for
reliable diagnosis, prognosis, and therapy monitoring of cancer.
An electrochemical disposable biosensor for the specific and
sensitive determination of p53-specific autoantibodies has been
developed for the first time in this work. This biosensor
involves the use of magnetic microcarriers (MBs) modified
with covalently immobilized HaloTag fusion p53 protein as
solid supports for the selective capture of specific autoanti-
bodies. After magnetic capture of the modified MBs onto
screen-printed carbon working electrodes, the amperometric
signal using the system hydroquinone/H2O2 was related to the levels of p53-autoantibodies in the sample. The biosensor was
applied for the analysis of sera from 24 patients with high-risk of developing colorectal cancer and 6 from patients already
diagnosed with colorectal (4) and ovarian (2) cancer. The developed biosensor was able to determine p53 autoantibodies with a
sensitivity higher than that of a commercial standard ELISA using a just-in-time produced protein in a simpler protocol with less
sample volume and easily miniaturized and cost-effective instrumentation.

Cancer was the cause of over 8 million deaths worldwide in
2013 and the second leading cause of death just behind

cardiovascular disease.1 Although substantial progress has been
made in the last years for prevention and treatment of different
cancer types,2 cancer incidence and prevalence is increasing
worldwide due to the continuous growth and aging of the
global population and the maintenance or the increase in
smoking, obesity, and risky dietary patterns.1,2 Therefore, the
implementation of noninvasive massive population screening
programs could help reducing cancer mortality due to the
detection at early stages when the disease can be successfully

treated and cured in more than 90% of patients of the eight
most common cancer types.
The immune system has been largely shown to produce

autoantibodies against altered tumor-associated antigens
(TAAs).3−5 The production of these autoantibodies, related
to TAA overexpression, mutation, altered post-translational
modification, etc.,6 may serve as indicators of tumor initiation,
treatment response, or disease prognosis.7 Remarkably, the
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accurate detection of autoantibodies could be used for early
diagnosis of cancer patients because it has been demonstrated
that the humoral immune response in different cancer types
appears several months or years before the clinical
symptoms.8−12

In addition, unlike other cancer biomarkers released by
cancer cells and related to tumor mass, autoantibodies are
indicative of the presence of a few tumor cells due to
amplification by the immune system.10,13 Despite the
advantages of autoantibody detection for cancer diagnosis, the
fact that patients develop autoantibodies to multiple TAAs is a
major limitation to obtaining clinically validated assays because
on one hand autoantibody signature diagnostic panels should
be accurately identified, and on the other hand, new
immunoassays for multiplexed autoantibody detection should
be developed.
A likely candidate in such autoantibody diagnostic panels

should be p53. Serum p53 autoantibodies are reported in 10−
40% of all cancer patients depending on the cancer type.11,14,15

On the other hand, electrochemical biosensors represent a great
alternative to conventional immunoassays (i.e., ELISA, WB, or
Luminex) for the detection of cancer biomarkers because of
their simplicity of use and their versatility to detect various
types of molecular targets (proteins, miRNAs, or mRNAs)
simultaneously and using the same methodology.16−20

Another major step for the development of immunoassays
consists of the production of proteins with good yield, purity,
and stability for functional studies. A recent very attractive
alternative is to substitute the use of purified expensive cancer
proteins for HaloTag fusion proteins produced just-in-time for
the assay using a cell-free system. HaloTag is an engineered
dehalogenase developed to covalently bind to halogenated
alkanes.21 Therefore, the use of these HaloTag fusion proteins
eliminates the need to express and purify proteins separately,
producing in a mammalian milieu the proteins for the assay,
abrogating potential concerns about protein folding, stability,
and integrity during storage. This in vitro expression system is
highly efficient and has succeeded at producing thousands of
different proteins for the identification of disease-specific
antibodies and host−pathogen interaction profiling.21−23

Although the uses of HaloTag fusion proteins or MB-based
electrochemical bioplatforms have been described separately in
several papers of different fields, these previous works missed
the obvious benefits of the combination of these two attractive
technologies. This is what the strategy reported in this
communication rectifies, demonstrating for the first time that
the use of MBs coupled to in situ expressed HaloTag fusion
proteins allows the efficient and selective scavenging of specific
autoantibodies from sera samples. The further amperometric
transduction permits the implementation of a very attractive,
simple, and rapid electrochemical methodology for autoanti-
body determination. Considering the versatility of the method-
ology for protein immobilization, this novel strategy can be
potentially generalized to other research fields such as the study
of other protein-(bio)molecule interactions, making it readily
applicable to the determination of other (bio)molecules apart
from the relevant clinical application here described for the
detection of autoantibodies for early cancer diagnosis.

■ EXPERIMENTAL SECTION
Apparatus and Electrodes. Amperometric measurements were

performed with a CHI812B potentiostat (CH Instruments) controlled
by software CHI812B. Screen-printed carbon electrodes (SPCEs)

(DRP-110, DropSens) consisting of a 4 mm diameter carbon working
electrode, a carbon counter electrode, and an Ag pseudoreference
electrode were employed as transducers, and a specific cable connector
(DRP-CAC also from DropSens, S.L.) acted as interface between the
SPCEs and the potentiostat. A DynaMag-2 Magnet from Invitrogen
(Spain) and a MixMate microtube mixer from Eppendorf (Germany)
were employed for the magnetic separation and incubation of the
MBs. Capture of the modified MBs onto the working electrode surface
of the SPCE was controlled by a neodymium magnet (AIMAN GZ)
embedded in a homemade casing of Teflon.

Reagents and Solutions. Antihuman IgG antibody HRP
conjugated was from Dako (Barcelona). HaloTag magnetic beads
(HaloTag MBs, 50−80 μm Ø, MBs Magne HaloTag beads, Cat. No:
G7281) were obtained from Promega (Promega Biotech Ibeŕica,
Madrid) and used as received according to the manufacturer
instructions. Tween 20, hydroquinone (HQ), and H2O2 (30% w/v)
were purchased from Sigma-Aldrich. A blocker casein solution (a
ready-to-use, PBS solution of 1% w/v purified casein) from Thermo
Scientific was also used. All other chemicals were of analytical grade,
and ultrapure water (Millipore Milli-Q) was used throughout. A 0.05
M phosphate buffer (pH 6.0) solution was used to perform the
electrochemical measurements.

Patient Sera. The Institutional Ethical Review Board of the
Clıńico San Carlos Hospital (Madrid) approved this study on
biomarkers. Serum samples were obtained from the biobank of the
Clıńico San Carlos Hospital, which belongs to the San Carlos Clinical
Research Institute of health (IdiSSC) and is part of the Spanish
National Biobank Network of the ISCIII, cofunded with FEDER
funds.

A total of 62 individuals who followed up in gastroenterology
outpatient clinics due to a high risk of colorectal cancer (based on
colorectal cancer familial history not linked to a reported inherited
disease and a positive fecal occult blood test) were included in the
study (see details in Table S1). In all cases, one or two different tissue
samples were also obtained from each patient at the Gastroenterology
Unit of the Clıńico San Carlos Hospital and analyzed in the Surgical
Pathology Department of the same hospital (histological data from all
patients are also included in Table S1). The p53 autoantibody
seroreactivity was analyzed to identify those patients that should be
extensively monitored for the presence of neoplastic colorectal lesions.
All samples were obtained from the hospital prior to initiating any
treatment between June 2015 and March 2016. Samples were
collected using a standardized sample collection protocol and stored
at −80 °C until use.10,24−28

Sera samples from 6 patients already diagnosed with colorectal (4)
and ovarian (2) cancer were also obtained from La Paz and Puerta de
Hierro Hospitals (Madrid) after approval of the Ethical Review Board
of the institution. Written informed consent was obtained from all
patients.

In Vitro Optimized Gateway Plasmid Construction, Gene
Cloning, DNA Preparation, and in Vitro Protein Expression.
Sequence-verified, full-length cDNA plasmids containing TP53, TP63,
and TP73 in flexible pDONR221 or pENTR223 vector systems were
obtained from the publicly available DNASU Plasmid Repository
(https://dnasu.org/DNASU/Home.do). ORFs were transferred to
pANT7_cHalo vector by LR recombinase (Invitrogen, Carlsbad, CA)
for in vitro expression of p53, p63, and p73 fusion proteins to HaloTag
at the C-terminal end. For the construction of the Gateway compatible
pANT7_cHalo plasmid, pANT7_cGST plasmid digested with XhoI
and BstBI was used to subclone the HaloTag cDNA amplified by PCR
using the pFN18a plasmid as template and the sense 5′-
AAACTCGAGATGGCAGAAATCGGT-3′ and the antisense 5′-
AAATTCGAATTAACCGGAAATCTC-3′ oligonucleotides (pur-
chased from IDT Integrated DNA technologies). After purification,
the PCR product was digested with XhoI and BstBI, ligated into
digested pANT7_cGST plasmid, transformed into DB3.1 cells, and
grown in Luria−Bertani (LB) supplemented with chloramphenicol
and ampicillin. A schematic representation of the steps followed to
construct the pANT7_cHalo plasmid is displayed in Figure S1. Then,
the plasmid was purified using the NucleoBond Xtra Midi kit
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(Macherey-Nagel Inc., Bethlehem, PA) and used in LR clonase
recombination reactions (Invitrogen) to get the expression vectors
according to the manufacturer instructions.29 All donor and expression
plasmids were sequence verified prior to subsequent use.
To obtain high-quality supercoiled DNA to be used for cell-free

protein expression, expression plasmids were transformed into DH5α
E. coli cells and grown in 250 mL of LB supplemented with ampicillin
(100 μg mL−1). Expression vectors codifying for p53, p63, and p73
HaloTag-fusion proteins were purified using the NucleoBond Xtra
Midi kit (Macherey-Nagel Inc.).
Proteins were expressed using T7 reticulocyte lysate (Promega

Corporation, Madison, WI) pursuant to the manufacturer’s recom-
mendations in 20 μL of volume with 500 ng of indicated expression
DNA plasmids.
Preparation of the HaloTag Fusion Protein Modified MB-

Based Biosensor and Assay Procedure. For in situ protein
expression and selectively captured on the surface of the MBs, 1.8 μL
of the in vitro transcription/translation (IVTT) product was incubated
with 1.0 μL of HaloTag MBs suspension for 2 h at room temperature
and 800 rpm for in situ p53-HaloTag expression and its selective
capture to MBs according to manufacturer instructions. After being
washed, tagged HaloTag fusion protein modified MBs were blocked in
blocker casein solution diluted 1:1 in PBS for 2 h and then incubated
for 1 h at room temperature with serum samples at indicated dilutions
at 800 rpm. After being washed, antihuman IgG antibody HRP
conjugated (Dako) diluted 1:3000 in PBS supplemented with Tween
20 0.1% (v/v) and 3% (w/v) skimmed milk was incubated with the
MBs. For control experiments, HaloTag-protein tags were detected
with anti-HaloTag (Promega), and p53 and p73 with anti-p53 (BD)
and anti-p73 (R&D Systems) antibodies followed by 30 min of
incubation with the HRP conjugated-antimouse IgG diluted 1:1000.
The amperometric measurements were performed using disposable

screen-printed carbon electrodes (SPCEs) by magnetically capturing
the modified MBs on the SPCE working electrode by keeping the
SPCE in a horizontal position after placing it in the homemade magnet
holding block. The ensemble magnet holding block/SPCE with the
captured modified MBs was immersed into an electrochemical cell
containing 10 mL of 0.05 M phosphate buffer (pH 6.0) and 1.0 mM
HQ (prepared just before the electrochemical measurement).
Amperometric measurements in stirred solutions were performed by
applying a detection potential of −0.20 V vs Ag pseudoreference
electrode upon addition of 50 μL of a 0.1 M H2O2 solution. The
amperometric signal was recorded during 60 (for baseline stabiliza-
tion) and 120 s (to reach the steady-state current) before and after
H2O2 solution addition, respectively. This procedure triggered the
electrochemical reactions described in Scheme 1 and gave rise to an

analytical signal which corresponded to the difference between the
steady-state and the background currents and was proportional to the
autoantibody level in the standard/sample analyzed. At least two
replicates were measured for each standard/sample. As positive and
negative controls of the assay, pools of four p53 positive sera and four
p53 negative sera were used.

Alternatively, for comparison purposes, the same modified MBs
used for amperometric detection at SPCEs were carefully collected and
placed on black Maxisorp 96-well plates (Nunc), and 100 μL of
SuperSignal ELISA Femto Maximum Sensitivity Substrate (Pierce,
Rockford, IL) were employed for the detection of luminescence on a
FLUOstar Optima (BMG LABTECH, Ortenberg, Germany).

p53 Autoantibody ELISA Kit. p53 autoantibody ELISA kit was
used following the manufacturer’s recommendations (p53-auto
antibody ELISA-Kit (Human), Dianova GmbH, Hamburg, Germany)
as control of the sensor approach. One hundred microliters of each
control and serum sample were added in duplicate. Serum samples
were diluted 1:100 and incubated for 1 h at room temperature. Bound
IgGs were detected by absorbance at 450 nm using a Biochrom EZ
Read 400 microplate reader (Biochrom, Cambridge, U.K.). As positive
and negative controls, one p53 positive and one p53 negative sera
included in the ELISA kit were tested. Epstein−Barr nuclear antigen 1
(EBNA1), a multifunctional, dimeric viral protein associated with the
capsid of Epstein−Barr virus, was also tested by ELISA instead of p53
as positive control of seroreactivity.25

SDS-PAGE and Western Blot (WB) Analysis. SDS-PAGE and
WB analysis were performed as described30 to assess protein quality.
Briefly, 2 μL of reticulocyte IVTT protein extracts were run in 10%
SDS-PAGE and transferred to nitrocellulose membranes (Hybond-C
extra). After being blocked, membranes were incubated overnight at 4
°C with optimized dilutions of specific monoclonal antibodies against
p53, p73, and HaloTag. Immunodetection on the membranes was
achieved using HRP-conjugated secondary antibodies (Sigma). The
ECL signal was developed with ECL Western Blotting Substrate
(Thermo Scientific) and detected on a Fujifilm LAS-3000 Imager
(Fujifilm). As positive and negative controls, GST-HaloTag protein
and reticulocyte containing pANT7_cHalo (no protein expression)
were included in the assay, respectively.

Statistical Analysis. Biosensing amperometric measurements and
p53 and EBNA1 ELISA analyses in sera were performed in duplicate,
and positive sera were confirmed on repeated experiments. Values
were plotted as mean values ± SEM, and p53 seroreactivity was
previously defined on a commercial ELISA according to the
manufacturer instructions. Analytical signals given through the
manuscript corresponded to the difference between the signals
measured in the presence and in the absence of HaloTag-fusion
protein immobilized onto MBs or ELISA plate. In this latter case,
reticulocyte containing pANT7_cHalo (no protein expression) was
immobilized onto the MBs as negative control of the assay.

In Vitro Protein Expression of HaloTag Fusion Proteins. The
developed approach involved the design and construction of a
pANT7_cHalo vector bearing a Gateway death cassette closed to a C-
terminal fusion HaloTag protein. This optimized vector for in vitro
protein transcription/translation has a T7 promoter and an
encephalomyocarditis virus internal ribosome entry site sequence
upstream of the gene of interest.29,31 We then transferred TP53, TP63,
and TP73 genes from donor vectors to pANT7_cHalo through
Gateway LR reactions and directly used the purified DNA for in vitro
protein expression of the protein fusions to HaloTag (Figure S2).

The success of protein expression was determined by probing IVTT
expression by WB with an anti-HaloTag antibody that recognizes the
C-terminal tag on every antigen and anti-p53 and anti-p73 monoclonal
antibodies that specifically recognize the presence of p53 and p73
fusion proteins, respectively (Figure S2B). Protein expression ranged
between 5 and 10 ng per IVTT μL according to the amount of the
HaloTag-GST protein included in the assay as control.

Scheme 1. Scheme of the HaloTag Fusion Protein Modified
MB-Based Immunosensing Platform for the Amperometric
Determination of p53-Specific Autoantibodies
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■ RESULTS AND DISCUSSION

The fundamentals of the first electrochemical biosensor
involving the use of HaloTag fusion proteins-modified MBs
for the specific and sensitive quantification of p53-specific
autoantibodies in sera and the reactions involved in the
electrochemical transduction are depicted in Scheme 1. This
novel approach makes use of MBs modified by covalent
immobilization of C-terminal-tagged HaloTag fusion in vitro
expressed proteins, as efficient magnetic microcarriers to
selectively capture the autoantibodies against the immobilized
protein present in the sera of patients. Subsequently, the
attached autoantibodies are detected with a secondary HRP
conjugated antihuman IgG. Then, the MBs bearing the
immunocomplexes are magnetically captured on the SPCE,
and the biorecognition event is monitored by amperometric
transduction at −0.20 V (vs a Ag pseudoreference electrode) of
the cathodic current generated by the enzymatic reduction of
H2O2 mediated by HQ.
Remarkably, this approach may be an interesting alternative

for the early detection of tumors in comparison to traditional
approaches, which are still either costly in time of
manufacturing (i.e., traditional methods that use purified
proteins require weeks or months of protein preparation and
optimization prior to the development of the immunoassay) or
in price (i.e., multiplex technologies like Luminex are difficult to
afford in multiple laboratories). In the proposed approach, the
proteins used as selective capture bioreceptors are expressed in
a mammalian microenvironment during the immunoassay by in
vitro transcription/translation, avoiding at the same time the
expression and purification steps regarding bacterial, insect, or
mammalian cells, the concerns regarding to the stability and
integrity of the protein during storage, and the presence of
potentially immunogenic bacterial products in the conventional
immunoassays. Moreover, the use of MBs is known to be a
powerful tool in a variety of bioassays. In particular, they
improve the performance of disposable electrochemical
biosensors in terms of sensitivity, reduced assay time, and
minimization of matrix effects and avoid the need for delicate
electrode preparation to enable control of density and
orientation of recognition probes at the surface.32−34 In
addition, the required instrumentation with MB-based
immunosensing platforms is inexpensive and might be reduced
to pocket-size dimensions ideal for their integration in point-of-
care devices.35

First, covalent immobilization of HaloTag p53, p63, and p73
fusion proteins expressed in vitro to MBs was assessed. The
efficiency of the immobilization onto MBs was evaluated by
using anti-HaloTag, anti-p53, and anti-p73 antibodies.
Amperometric (Figure 1) and luminescence (Figure S3 in the
Supporting Information) measurements were carried out for
this purpose.
Results obtained with both strategies were in full agreement.

Specific responses were only obtained in the presence of anti-
HaloTag to all fusion proteins and with anti-p53 and anti-p73
antibodies when the p53 and the p73 HaloTag fusion proteins
were immobilized, respectively, onto the MBs. These results
demonstrated the great potential of the surface chemistry
involved (HaloTag fusion protein-HaloTag-MBs), suitable for
the efficient immobilization of all proteins with similar yields
without particular optimization parameters and the feasibility of
the so prepared biosensors for the specific detection of
autoantibodies. Subsequent experiments were focused on p53

autoantibodies for their important role in early cancer
detection, reported to be elevated up to 3.8 years before
clinical diagnosis and in stratification according to the cancer
patient risk.11,14 Therefore, the use of a low-cost screening assay
for the detection of p53 autoantibodies should be of worldwide
public health benefit.1,2,11,14 In addition, the detection of p53
autoantibodies is of interest in the follow-up of cancer patients
during or after treatment and to detect recurrences (because it
has been reported that after cancer curation p53 autoantibodies
progressively decline13,36).
The detection of the presence of autoantibodies to p53 was

performed on a noncharacterized population of 62 sera from
individuals at the high-risk program to develop colorectal
cancer (Table S1). ELISA test determined that 32 out of the 62
analyzed sera (mean ± SEM 0.33 ± 0.02 vs 0.13 ± 0.008, p <
0.01) were positive for the presence of p53 autoantibodies with
an absorbance 5 times higher than that of the negative control
(Figure 2 and Table S1 in the Supporting Information). The
seroreactivity to EBNA1 was employed as a control because
90−95% of all human individuals are reactive to that virus. Only
5 individuals in total were found to be nonreactive to EBNA1.
As it can be seen in Figure 2, a similar seroreactivity to EBNA1
was found in p53 reactive and nonreactive patients (mean ±
SEM 0.88 ± 0.08 vs 0.98 ± 0.10, p = 0.414). Therefore, these
data confirmed the selective seroreactivity to p53 in the
analyzed population.
The experimental variables involved in the amperometric

detection of p53 autoantibodies were optimized by comparing
the analytical responses obtained with a pool of p53 positive
and p53 negative sera following the protocol described in
section Preparation of the HaloTag Fusion Protein Modified
MB- Based Biosensor and Assay Procedure. The volume of
IVTT was optimized to be 1.8 μL per 1 μL of functionalized

Figure 1. Specific biosensing detection of HaloTag fusion proteins.
DNA expression plasmids were used to express in vitro p53, p63, and
p73 proteins, which were then covalently immobilized onto HaloTag
MBs and detected by amperometry using (A) an anti-HaloTag pAb,
(B) an anti-p53 mAb, and (C) anti-p73 mAb followed by conjugation
with specific secondary HRP-labeled antibodies. Amperometric traces
recorded with the HaloTag fusion protein modified MB-based
biosensors are shown. pANT7_cHalo DNA (no protein expression)
and HaloTag-GST protein were included as negative and positive
controls, respectively.
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MBs. It is important to note that the one-step protocol for in
situ production and selective capture of the HaloTag fusion
protein is much simpler than the conventional procedure to get
purified p53 produced in bacteria, insect, or mammalian cells,
which usually requires weeks or months. Incubation times of
HaloTag-p53-MBs with serum sample (1 h) and with the
secondary antibody (30 min) were also optimized. Importantly,
the whole protocol took no more than 5.5 h. However, it is
important to mention that HaloTag fusion protein-modified
MBs could be prepared in advance and stored at least during 7
days in filtered PBS at 4 °C (no longer times were assayed)
until the determinations should be performed, reducing the
assay time to only 1.5 h. Moreover, the detection potential used
was previously optimized for the HRP/HQ/H2O2 system at
SPCEs.37

The analytical performance of the electrochemical biosensing
approach was characterized using as standard the calibrator
provided in the commercial ELISA kit (diluted human serum
with a defined p53 autoantibody concentration of 10 U mL−1,
being 1 U defined as p53 binding activity which corresponds to
the binding activity of 100 μL of undiluted calibrator). Under
the selected experimental conditions, the calibration plot
constructed with serial dilutions of this standard (Figure 3)
exhibited a linear relationship (r = 0.999) between 1.1 and 5 U
mL−1 with a slope value of (215.2 ± 0.2) nA mL U1−.
Detection (LOD) and quantification (LQ) limits of 0.34 and
1.1 U mL−1, respectively, were calculated according to the 3 ×
sb/m and 10 × sb/m criteria, respectively, where m is the slope

of the linear calibration plot and sb was estimated as the
standard deviation of ten amperometric signals measured for a
2 times diluted negative control provided by the ELISA kit (a
1:100 dilution of serum containing no p53 autoantibodies). A
relative standard deviation (RSD) value of 6.2% was estimated
from the measurements made with 5 different sensors for the
1.25 U mL−1 p53-autoantibodies standard solution, demon-
strating a great reproducibility of the whole MB-based sensor
fabrication, including in situ expression of the HaloTag fusion
protein and the signal transduction protocols. It is important to
mention also that although the LOD is not included in the
specifications of the ELISA kit, the minimum recommended
dilution of the calibrator is 32 times (∼0.3 U mL), very similar
to the value estimated with the electrochemical bioplatform.
Moreover, the sensitivity of the developed biosensor is 440
higher than the ELISA methodology (215.2 nA mL U1− vs
0.4876 absorbance units mL U1−). As demonstrated below, this
significantly higher sensitivity allows both a better discrim-
ination between p53 reactive and nonreactive serum samples
and the possibility of using serum samples in 2 times larger
dilutions for the analysis.
The applicability of the developed bioanalytical scaffold to

the analysis of real samples was checked by analyzing serial
dilutions (between 1:50 and 1:1200) of raw human sera from a
pool of patients nonreactive to p53 and a pool of seroreactive
individuals to p53 using two detection antibodies: a HRP-
labeled secondary antibody and a biotin-labeled secondary
antibody with further labeling with streptavidin-HRP (Figure
S4). For all sera assayed, the nonspecific amperometric signal
(obtained with MBs modified with reticulocyte containing
pANT7_cHalo (no protein expression)) was subtracted from
each specific signal to p53. Best results for the detection of p53
autoantibodies with biotin labeled anti-human IgG followed by
streptavidin-HRP were observed using a serum 1:600 dilution
(Figure S4). However, the best results in terms of positive/
control signal ratio for the sera pool were achieved by using a
1:200 human serum dilution followed by a 1:600 dilution of
HRP-labeled secondary antibody (Figure S4).
The diagnostic effectiveness of the biosensing approach was

then evaluated by analyzing 24 human sera (12 random p53
seroreactive and 12 random nonseroreactive patients identified
by ELISA, Table S1), and the results were compared with those
obtained by using the ELISA test. In general, both method-
ologies significantly detected higher levels of autoantibodies
against p53 in p53 seroreactive patients in comparison to p53
nonseroreactive patients (Figure 4). However, the results from
sera of CSC16, CSC30, CSC31, CSC36, CSC46, and CSC47
individuals were discordant between ELISA and biosensing
methods involving MBs (both using amperometric and
luminescence detection). In addition, no significant ampero-
metric signal was obtained with the developed immunosensor
for the nonseroreactive patients, whereas ELISA measurements
for these patients always gave OD background values at 450 nm
ranging between 0.05 and 0.2, which can lead to the
misidentification of patients. These discordances can be
attributed to the differences in concentration, type, and
immobilization of bioreceptors (p53 expressed in bacteria in
the ELISA test and HaloTag-p53 expressed in a mammalian
milieu in the MB-based approaches) which certainly affect the
autoantibodies capture efficiency. In addition, the remarkably
lower sensitivity and the lower sera dilution factor required
(100 vs 200 times) by the ELISA kit compared with the
electrochemical biosensor made the conventional methodology

Figure 2. Analysis of the seroreactivity to p53 by ELISA. The specific
autoantibody response to p53 was analyzed in comparison to EBNA1,
a protein of the capsid of the Epstein−Barr Virus.25 Sera from the 62
individuals were analyzed at a 1:100 dilution, and the specific IgGs
bound to either p53 or EBNA1 were detected using a secondary HRP-
labeled antihuman IgG.

Figure 3. Calibration plot constructed for p53 autoantibodies standard
with the developed electrochemical biosensor. Error bars are estimated
as triple of the standard deviation (n = 3).
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more prone to produce false positive results. Moreover, the
presence of bacterial contaminants can produce an IgG
response by ELISA nonrelated to p53.
It is important to remark that better discrimination between

p53 seroreactive patients and p53 nonseroreactive individuals
was achieved with the electrochemical biosensor in comparison
with that achieved with the ELISA test. Mean values (estimated
from data of Figure 4) for p53 seroreactive and nonseroreactive
patients were 404.6 ± 101.4 and 0 ± 0 nA, respectively (p value
<0.001), while the mean ODs with the ELISA test were 0.34 ±
0.045 and 0.11 ± 0.026, respectively (p value <0.001).
Therefore, all p53 seroreactive patients and those discordant
between ELISA and the biosensor will be exhaustively managed
at the hospital because they are considered at very high risk to
develop colorectal cancer.
Quantification of p53 autoantibodies in these complex

biological samples could be accomplished simply by inter-
polation of the amperometric signals measured for the sera
samples diluted 200 times into the calibration graph
constructed with the developed biosensor using as standard
the calibrator provided in the ELISA methodology (Figure 3).
The obtained results (expressed in U per mL) in all sera
analyzed are summarized in Table S2. Mean values (estimated
from data of Table S2) for p53 seroreactive and non-
seroreactive patients were 445.08 ± 105.34 and nondetectable
27.21 ± 1.22 U mL−1 p53 autoantibodies, respectively (p value
<0.001), in good agreement with the cutoff value of 120 U
mL−1 established in the specifications by the commercial ELISA
kit to discriminate between positive and negative samples for
p53 autoantibodies.
Additional data were obtained in the analysis of sera samples

collected from patients already diagnosed with cancer (four
colorectal and two ovarian). Results are summarized in Table
S3 and demonstrated again the reliability of the developed
electrochemical biosensor to also perform selective determi-
nation of the p53 autoantibodies in sera samples from different
cohorts of patients.

■ CONCLUSIONS
To our knowledge, this work reports the first electrochemical
biosensor to monitor the humoral immune response of cancer
patients through the determination of p53 autoantibodies using
HaloTag technology. The methodology, involving the use of
MBs modified with HaloTag, in vitro expressed fusion proteins,
and disposable electrodes, exhibits an excellent performance to
provide accurate determination of p53 autoantibodies, which
might serve to monitor patient specific levels of p53 antibodies
during the course of the disease or therapeutic manipulations.
Compared with the conventional ELISA, the developed
biosensor provided more sensitive determination (440 times)
and better discrimination between p53 seroreactive and
nonseroreactive patients and allowed the analysis to be
performed with lower cost and in shorter time. Moreover,
the developed approach substitutes the use of purified
expensive cancer proteins for their just-in-time production for
the assay using a cell-free system, abrogating potential concerns
about stability and integrity of the proteins during storage. All
of these interesting capabilities make the developed approach a
promising tool compared both to the ELISA and also to the
luminescence approach to be readily implemented in low-cost,
simple use, short time analysis and in high-throughput and
multiplexed devices for diagnostics, patient follow-up, and
monitoring of cancer patients alone or in combination with
other biomarkers. Furthermore, given the suitability of the
developed HaloTag surface chemistry-based electrochemical
approach for the immobilization of multiple proteins with
similar yields without particular optimization parameters, the
presented approach could also find widespread interest in the
evaluation and study of other protein-(bio)molecule inter-
actions such as fundamental studies involving protein−protein
or drug−protein interactions.
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Abstract 

Background and Purpose: The humoral immune response in cancer patients can be used for early 
detection of the disease. Autoantibodies raised against tumor-associated antigens (TAAs) are promising 
clinical biomarkers for reliable cancer diagnosis, prognosis, and therapy monitoring. In this study, an 
electrochemical disposable multiplexed immunosensing platform able to integrate difficult- and 
easy-to-express colorectal cancer (CRC) TAAs is reported for the sensitive determination of eight 
CRC-specific autoantibodies. 
Methods: The electrochemical immunosensing approach involves the use of magnetic microcarriers 
(MBs) as solid supports modified with covalently immobilized HaloTag fusion proteins for the selective 
capture of specific autoantibodies. After magnetic capture of the modified MBs onto screen-printed 
carbon working electrodes, the amperometric responses measured using the hydroquinone (HQ)/H2O2 
system were related to the levels of autoantibodies in plasma. 
Results: The biosensing platform was applied to the analysis of autoantibodies against 8 TAAs described 
for the first time in this work in plasma samples from healthy asymptomatic individuals (n=3), and patients 
with high-risk of developing CRC (n=3), and from patients already diagnosed with colorectal (n=3), lung 
(n=2) or breast (n=2) cancer. The developed bioplatform demonstrated an improved discrimination 
between CRC patients and controls (asymptomatic healthy individuals and breast and lung cancer 
patients) compared to an ELISA-like luminescence test. 
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Conclusions: The proposed methodology uses a just-in-time produced protein in a simpler protocol, 
with low sample volume, and involves cost-effective instrumentation, which could be used in a 
high-throughput manner for reliable population screening to facilitate the detection of early CRC patients 
at affordable cost. 

Key words: colorectal cancer; biosensor; early cancer detection; electrochemical bioplatforms; halotag fusion 
proteins; liquid biopsy 

Introduction 
Colorectal cancer (CRC) is the second deadliest 

cancer worldwide because of its late diagnosis. The 
5-year survival rate associated to late diagnosis drops 
to 6-10% [1]. The study of the humoral immune 
response has been demonstrated useful to identify 
tumor-associated antigens (TAAs) in CRC with 
diagnostic ability. Autoantibodies against TAAs 
appear up to three years before clinical symptoms 
because of the immune system amplification, making 
them interesting targets for early cancer detection 
[2-6]. Early CRC diagnosis by population screening 
would increase overall patient well-being, as well as 
have an important impact on overall Health Systems 
since 90% of early diagnosed patients are successfully 
cured. 

By protein and phage microarrays, among other 
approaches, numerous CRC TAAs whose 
autoantibodies have potential diagnostic ability have 
been described [4, 7-12]. However, the detection of 
autoantibodies to some of these TAAs had to be 
discarded because they were difficult-to-express 
and/or purify proteins because of degradation or 
aggregation during purification or storage. These 
problems make it very difficult and time-costly (if 
possible) to include them into multiplexed diagnostic 
panels. Thus, the development of multiplexed 
biosensing strategies coupled to in vitro expression 
systems for autoantibody detection able to overcome 
such problems would be of great interest. On the one 
hand, mammalian cellular extracts would be ideal 
since it would allow the proteins to be expressed in a 
short period of time with correct folding and no 
degradation to ensure its functionality. On the other 
hand, current electrochemical biosensing platforms, 
entailing straightforward processes and capable of 
accurately detecting specific targets in scarcely treated 
biofluids represent an interesting alternative to 
conventional immunoassays. Their versatility, 
amenability to detect numerous molecular targets 
simultaneously with high levels of sensitivity and 
specificity, capacity for automation, affordability, 
portability and minuscule amount of sample 
requirement make them ideal candidates to be 
adapted in clinical routine for point-of-care (POC) 
diagnosis of cancer and other prevalent diseases 
[13-28].  

This work reports the construction of an 
electrochemical immunosensing platform using in 
vitro transcription/translation expressed HaloTag 
fusion proteins self-assembled onto commercial 
magnetic microparticles (MBs). HaloTag is an 
engineered dehalogenase developed to covalently 
bind to halogenated alkanes [29, 30], which in 
addition can improve the solubility of fusion proteins 
providing higher yields, purity and overall recovery 
of the expressed proteins in comparison to other tags 
as FLAG, 3 FLAG or His(6)Tag [30]. Amperometric 
detection at screen-printed carbon electrodes (SPCEs) 
was performed to evaluate the diagnostic potential of 
a novel autoantibody panel composed of eight TAAs 
(GTF2B, MAPKAPK3, PIM1, PKN1, SRC, STK4, 
SULF1, and p53) previously validated or not 
validated for CRC diagnosis because of their difficulty 
to be expressed or purified [7, 9]. It is worth to remark 
that in a previous work, we reported the use of MBs 
coupled to in situ expressed HaloTag fusion proteins 
and electrochemical detection at SPCEs for the 
accurate determination of blood autoantibodies. 
However, this technology was applied only to the 
determination of antibodies against a single TAA 
(p53) [13]. This work showed that the HaloTag fusion 
protein-based electrochemical immunosensing was 
less prone to false results than ELISA involving 
recombinant TAAs produced in bacterial hosts. This 
fact was attributed to the differences in concentration, 
type, and immobilization of bioreceptors (p53 
expressed in bacteria vs HaloTag-p53 expressed in a 
mammalian milieu) which certainly affected the 
autoantibody capture efficiency, and to the 
remarkably higher sensitivity (440 times) and the 
larger sera dilution factor required by the 
electrochemical method compared to the ELISA test. 
Interestingly, the analysis of the difficult-to-express 
TAAs PKN1, SRC, and SULF1 could not be carried 
out by ELISA and/or Luminex methods. Moreover, 
PIM1 forms dimers that can block antibody 
recognition sites and, therefore, if aggregation occurs 
becomes useless for patient diagnosis, as in 
Luminex-based approaches [7]. In addition, 
MAPKAPK3, STK4, and p53 were included as 
controls to evaluate whether these TAAs maintain 
their previously described diagnostic potential [7, 9]. 
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In vitro expressed TAAs coupled to HaloTag were 
immobilized in situ into MBs to avoid protein 
degradation. Then, modified MBs were incubated 
with plasma samples from controls, CRC patients, or 
colorectal individuals carrying premalignant lesions 
to assess the diagnostic ability of the autoantibodies. 
The developed biosensing multiplexed platform can 
be envisioned as a point-of-care (POC) device capable 
of detecting these autoantibodies in plasma.  

Results 
Colorectal cancer tumor-associated antigens 
selection  

Previous studies related to the analysis of the 
humoral immune response in CRC identified 91 
possible TAAs by using protein microarrays. Among 
them, difficult-to-express and difficult-to-purify 
TAAs or autoantigens suffering from extensive 
degradation with high diagnostic potential were 
discarded for analysis and/or validation. Therefore, 
only a panel consisting of 6 TAAs was considered for 
early CRC detection [4, 7, 10, 11].  

In this work, we have developed an 
electrochemical immunosensing strategy based on 
HaloTag technology able to include previously 
discarded proteins, due to their challenging 
production and/or purification, into diagnostic 
panels with the ultimate goal of constructing a POC 
device able to discriminate CRC patients and 
individuals carrying premalignant lesions from 
controls. For such a purpose, eight CRC TAAs were 
selected for the study: GTF2B, MAPKAPK3, PIM1, 
PKN1, SRC, STK4, SULF1, and p53, where PIM1, 
PKN1, SRC, and SULF1 (and p53) are 
difficult-to-express and/or purify proteins and 
GTF2B, MAPKAPK3, and STK4 are easy-to-express 
proteins used as controls to ascertain whether this 
approach maintains their previously described CRC 
diagnostic ability [7, 9]. 

CRC TAAs encoding cDNAs were cloned as 
HaloTag-fusion proteins into vectors optimized for in 
vitro protein expression for subsequent covalent 
immobilization of the proteins onto MBs for direct 
evaluation of autoantibody levels in plasma of 
patients and controls (Table 1 and Table S1) to avoid 
any degradation or precipitation during purification 
and storage, compulsory steps for other techniques 
(i.e. ELISA, Luminex…) [13]. Once verified the correct 
protein expression and established the diagnostic 
signature by luminescence [31], a multiplexed 
electrochemical immunoassay capable of detecting 
autoantibody presence as a POC device for CRC 
detection was developed (Figure 1). 

Cloning and in vitro protein expression 
To evaluate whether the proposed system of in 

vitro protein expression and immobilization of the 
autoantibody targets onto MBs could successfully 
render all TAA fusion proteins, we evaluated their 
correct in vitro expression. Figure S1A shows as 
immunostaining of the expression product exhibited a 
correct expression. Next, to verify that the HaloTag 
fusion proteins were functional for their covalent 
binding to functionalized chloroalkane MBs, and thus, 
could be used for selective capture of autoantibodies 
against them, we immobilized them onto MBs 
through the HaloTag and incubated the resulting 
HaloTag fusion protein-MBs with, alternatively, a 
specific antibody against the tag or against the 
indicated TAAs. A specific luminescence signal was 
obtained for all proteins using the anti-HaloTag mAb 
(Figure S1B) or for the indicated TAAs using their 
specific antibodies (Figure S1C). These results 
confirmed the successful immobilization of functional 
HaloTag fusion proteins on the MBs and the great 
potential of the protocols applied to any protein 
without particular optimization.  

Table 1. Samples used in the study. 

Classification Age (years) 
± SD 

Sample size 
(Male/Female) 

Control Negative 
colonoscopy/asymptomatic 

44±7 11/19 

Other cancers 58±12 16/24 
Pathological Premalignant 60±7 16/9 

CRC 70±11 13/13 

Evaluation of autoantibody seroreactivity 
levels by luminescence beads immunoassay 

Once established the optimal working 
conditions, we evaluated the optimal plasma dilution 
to be used by luminescence beads immunoassay to 
compare the results with those previously reported 
for GTF2B, MAPKAPK3, and STK4 [7, 9]. Figure S1D 
shows as better discrimination between the tumor and 
control group for the determination of autoantibodies 
a 1:300 dilution. Next, we proceeded to evaluate the 
seroreactivity levels of 125 individuals -31 
asymptomatic healthy individuals, 20 lung cancer 
patients, 20 breast cancer patients, 28 premalignant 
individuals, and 26 CRC patients- to determine 
whether autoantibody presence could discriminate 
between groups, and to assess whether the developed 
methodology was successful to be used with 
difficult-to-express and easy-to-express CRC TAAs 
proteins for diagnostic purposes (Figure 2).  
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Figure 1. Schematic design of the strategy. Autoantibody targets were identified using protein microarrays incubated with plasma samples from CRC patients. Targets 
were then in vitro expressed as HaloTag fusion proteins for their subsequent immobilization onto MBs for evaluation of their diagnostic potential and development of a 
multiplexed electrochemical immunosensing platform for CRC early diagnosis. 

 
Overall, we found that the evaluated 

autoantigens target of autoantibodies -except p53- 
could discriminate with statistical significance 
(p<0.05) among the pathological individuals (CRC 
patients and premalignant individuals) and all control 
groups, as well as all controls vs CRC patients (Figure 
3A, B). However, when comparing the control and 
premalignant patients, GTF2B and p53 failed to 
distinguish between groups with statistical 
significance even though the premalignant group 
showed higher autoantibody levels (Figure 3C). When 
comparing the autoantibody levels in asymptomatic 
individuals and the pathological group, all the 
autoantibody targets except SRC could significantly 
discriminate between groups, while all autoantibody 

targets could discriminate between them with 
statistical significance when comparing the 
asymptomatic individuals with the CRC patients 
(Figure 3D, E). However, GTF2B, SRC, SULF1 and p53 
could not discriminate between the asymptomatic 
and premalignant subjects with statistical significance 
although the premalignant group showed higher 
autoantibody levels (Figure 3F). To evaluate whether 
autoantibodies were CRC specific, we compared 
levels between the asymptomatic subjects and breast 
and lung cancer individuals. Autoantibodies against 
p53 could discriminate with statistical significance 
(p<0.05) between both groups but none of the CRC 
TAAs (Figure 3G).  
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Figure 2. Autoantibody measurement by luminescence of the plasma samples. Evaluation of autoantibody presence showed that the luminescence signal obtained for 
the premalignant and CRC groups was considerably higher than the signal obtained for the control groups.  

 
Figure 3. Statistical analysis of autoantibody levels according to patients’ groups. Autoantibodies against the eight targets could discriminate between the control and 
pathological group (A) and between controls and CRC patients (B). However, GTF2B and p53 could not discriminate between the control and premalignant subjects (C). All the 
autoantibodies but SRC could discriminate between the asymptomatic subjects and the pathological group (D). Moreover, the 8 autoantibodies could discriminate between the 
asymptomatic individuals and CRC patients (E). However, only MAPKAPK3, PIM1, PKN1, and STK4 could discriminate between asymptomatic and premalignant subjects (F). 
Furthermore, just p53 could differentiate between the asymptomatic individuals and breast and lung cancer patients (G). EBNA-I seroreactivity was analyzed as a test for the 
specificity of the assay, showing similar levels in all groups (H). Since >95% of the human population has been infected with the Epstein Barr virus, antibodies specific against 
EBNA1 would serve as specific control of the seroreactivity among all the analyzed groups. All controls: asymptomatic individuals, and breast and lung cancer patients. 

 
EBNA1 seroreactivity was analyzed as control of 

the specific CRC seroreactivity. A no clear pattern of 
seroreactivity to EBNA1 was observed among all 
groups with non-significant p-values. These results 
clearly confirmed that the seroreactivity observed for 
the indicated CRC-specific autoantibodies was 
characteristic of the analyzed groups (Figure 3H). 

Evaluation of the diagnostic potential of 
selected autoantibodies  

Next, ROC curves were obtained to search for 
the optimal TAA combination to discriminate 

between patients and controls (Table S2). The optimal 
AUC values were achieved with those autoantibodies 
that could discriminate patients with statistical 
significance, with a value of 92.4% (sensitivity 76.0%, 
specificity 96.7%) when comparing the asymptomatic 
group vs the CRC patients, and 91.8% (sensitivity 
76.0% and specificity 98.6%) when factoring in the 
breast and lung cancer subjects with the 
asymptomatic group against the CRC subjects (Figure 
4A, B).  
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Figure 4. Diagnostic potential of the simultaneous detection of the TAAs. The diagnostic potential was analyzed by ROC curves comparing the asymptomatic vs CRC 
group (A), all controls vs CRC subjects (B), asymptomatic individuals vs premalignant subjects (C), and all controls vs the premalignant group (D). All controls: asymptomatic 
individuals, and breast and lung cancer patients. 

 
To evaluate whether the proposed markers 

could also detect premalignant subjects, ROC curves 
comparing the asymptomatic group with the 
premalignant subjects as well as the control group 
(with the breast and lung cancer subjects) with the 
premalignant subjects were constructed. AUC values 
of 78.4% (sensitivity 72%, specificity 80%) and 83.0% 
(sensitivity 84%, specificity 75.7%) were found, 
respectively (Figure 4C, D). These AUC values, 
although lower than those obtained for discriminating 
the CRC subjects, also indicated that the markers are 
useful for the early detection of premalignant 
individuals. 

These data were compared with those 
previously reported for GTF2B, STK4, MAPKAPK3, 
and p53 to ascertain whether this approach keeps 
their previously reported CRC diagnostic values 

(Table S2, and Table S3). Our data showed that the 
here proposed approach is suitable for 
difficult-to-express and difficult-to-purify TAAs as 
well as for those easy-to-produce. In this sense, 
GTF2B, STK4, MAPKAPK3 and p53 showed a similar 
or even higher diagnostic ability using the here 
described approach than that previously reported 
(Table S3), which may be attributed to the lower false 
positives and the high sensitivity demonstrated by the 
HaloTag technology compared to ELISA [4, 7, 9, 11, 
13]. 

Development of an electrochemical 
multiplexed immunosensing platform as a tool 
for early and affordable diagnostic test 

The CRC autoantibody targets were also tested 
by means of a multiplexing electrochemical 
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immunosensing platform as a proof-of-concept of a 
POC device that could be used in a clinical setting for 
CRC detection (Figure 5A).  

Under the optimized conditions described in the 
Experimental Section, the ability of the developed 
platform to detect the presence of autoantibodies 
against GTF2B, MAPKAPK3, PIM1, PKN1, SRC, 
STK4, SULF1, and p53 in human plasma was tested. 
Three asymptomatic plasma samples, samples from 
three premalignant individuals, three CRC patients 
and four breast and lung cancer patients were 
analysed (Figure 5B, C). As it was previously 
observed by luminescence, most CRC patients were 
reactive to most if not all TAAs, while premalignant 
individuals were reactive to >4 TAAs apart from p53. 

We analyzed premalignant individuals, CRC 
patients and control groups according to this 
differential specific seroreactivity as cut-off. 
Remarkably, none of the asymptomatic patients (with 
most values close to background) and breast cancer 
patients showed seroreactivity to four or more 
different CRC autoantigens and were clearly 
discriminated from CRC patients. However, one lung 
cancer patient also presented seroreactivity to 4 out of 
8 different CRC autoantigens. In addition, all 
premalignant and CRC individuals possessed 
autoantibodies for more than four CRC autoantigens 
and showed a clear signal above background, 
indicating the usefulness of the methodology as a 
possible clinical tool for the detection of CRC (Figure 
5D). Furthermore, ROC curve analysis showed that 
the multiplexed simultaneous detection of 
autoantibodies against the eight CRC TAAs has a 
powerful diagnostic ability for CRC and colorectal 
premalignant individuals, with an AUC of 100% 
(Figure 5E). 

Collectively, these results show that the 
developed methodology overcomes the drawbacks 
regarding purification, degradation and 
immobilization of difficult-to-express CRC TAAs so 
that they do not have to be discarded with the 
implicated loss of diagnostic ability. Moreover, the 
use of these TAAs allowed us to find a novel 
diagnostic signature with high potential for the 
detection of CRC through a POC device. 

Discussion 
The humoral immune response has been proven 

useful for early cancer diagnosis [2, 3, 5, 32-34]. 
Through different methodologies, such as ELISA, 
SEREX, SERPA, or other proteomic techniques, 
multiple potential tumor associated targets of the 
immune system have been identified [8, 11, 12, 35-37]. 
However, these methodologies are not ideal for 

validation or to be used in a clinical setting, since they 
require either large volumes of biological samples or 
are expensive and time-consuming when they have to 
detect multiple targets simultaneously, or require a 
high specialized setting. In this work, we have 
optimized a novel methodology based on the in vitro 
expression of CRC-specific autoantibody targets 
coupled to HaloTag that allows their immobilization 
onto MBs and the construction of an electrochemical 
immunosensing platform with multiplexing 
capabilities ideal as a POC device for the analysis in 
serum/plasma. 

In vitro protein expression using mammalian 
cellular extracts offers numerous advantages versus 
the most common bacteria and yeast expression 
systems. As it has been shown in previous studies, 
some TAAs in CRC exhibited expression and 
purification drawbacks which made it hard to 
develop with them a methodology for CRC diagnosis 
[4, 7, 9-11]. The expression of the autoantibody targets 
coupled to the HaloTag using a previously developed 
system for p53 made it possible to obtain the 
difficult-to-express proteins previously discarded 
with their correct folding and no degradation, and in 
less time than with conventional techniques. 
Moreover, through the HaloTag, these functionalized 
proteins were covalently immobilized in situ to carry 
out the assay, so that no storage or dimerization 
problems occurred and autoantibody detection was 
not hindered by their degradation or oligomerization. 
It is important to note also that this protocol for in situ 
production and selective capture of the HaloTag 
fusion proteins onto the MBs is much simpler and 
shorter (just one overnight step) than the conventional 
procedure to get purified TAAs produced in bacteria, 
insect, or mammalian cells, which usually requires 
weeks or months, and sometimes makes it impossible 
to produce difficult-to-express or -purify proteins and 
are more prone to give false positive results due to the 
presence of bacterial contaminants.  

Autoantibody detection in plasma samples is an 
interesting alternative to conventional diagnostic 
techniques for CRC -such as colonoscopy- since it is a 
non-invasive (or low- invasive since blood collection 
is required) approach that can detect the disease at 
either premalignant (low- and high-grade adenomas) 
and CRC at early stages when its treatment get more 
than 90% of curation only with tumor resection. Up to 
date, autoantibody levels have been described to be 
useful for the diagnosis of multiple different diseases 
[35, 38-40], apart from other cancer malignancies [41, 
42], and thus, this methodology could also be applied 
for different diseases. 
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Figure 5. Autoantibody measurement in plasma samples by the multiplexed electrochemical immunosensing platform. (A) Schematic design of the proposed 
strategy. (B, C) Amperometric responses obtained for the TAAs were larger for the premalignant and CRC subjects in comparison to the asymptomatic, where they were 
almost undetectable. (D) Percentage of patients positive to CRC related autoantibodies detected by the biosensor. (E) ROC curve of autoantibody detection against all targets 
using the electrochemical immunosensing platform. Premalignant, premalignant colorectal individuals. 

 
In this work, we found that the simultaneous 

detection of autoantibodies against GTF2B, 
MAPKAPK3, p53, PIM1, PKN1, SRC, STK4, and 
SULF1 could discriminate between control 

individuals and CRC patients and premalignant 
subjects with an AUC well above than that for CEA 
(the established clinical marker recommended for 
monitoring recurrent CRC) 90% vs 80%, and 



Theranostics 2020, Vol. 10, Issue 7 
 

 
http://www.thno.org 

3030 

especially for the comparison between control 
individuals and premalignant patients 91% vs 57%. 
Moreover, this autoantibody panel was specific of 
CRC, since it could not discriminate individuals with 
breast and lung cancer patients, indicating their great 
potential in a clinical setting. 

Electrochemical biosensors are attractive 
potential diagnostic tools, since they offer numerous 
advantages in comparison to other techniques such as 
ELISA or Luminex [13, 43, 44]. They have a great 
multiplexing capability, with ability to detect different 
biomarkers in nature in a single measurement and 
directly in complex biological matrices [43]. This 
characteristic makes this type of biosensors ideal for 
CRC diagnosis since it would allow for the 
simultaneous autoantibody detection against the 
eight TAAs using a minimal plasma sample volume. 
The multiple detection of autoantibodies is needed for 
a more specific and sensitive diagnosis of the disease, 
and to discriminate CRC patients from other cancer 
patients. As shown in this work, the ROC curves of 
the biosensing approach demonstrated that this 
methodology could be successfully used in clinics to 
detect CRC patients. In addition, the developed 
methodology meets better the requirements of 
hospital routine and POC testing since it greatly 
reduces assay time and production costs. In 
comparison to other techniques, the simultaneous 
detection of the autoantibody presence takes up to 3.5 
hours after protein immobilization on chloroalkane 
MBs. This assay time is much shorter than that 
required by using ELISA or Luminex for testing the 
same number of TAAs (about 6 hours after protein 
immobilization without considering the overnight 
immobilization of the TAAs by ELISA or the 3 days 
required after protein immobilization by Luminex 
prior to seroreactive analysis). Importantly, the 
multiplexed electrochemical biosensing for 8 TAAs 
detection is about 3 euros per patient that would be 
10-20 times less expensive than other conventional 
immunoassays. In addition, the TAAs used for 
selective capture of the autoantibodies are expressed 
just-in-time using a cell-free expression system, 
allowing for the first time the determination of 
autoantibodies against TAAs difficult to express 
and/or purify. Furthermore, this methodology avoids 
the expensive and time demanding protocols required 
to express and purify cancer recombinant proteins in 
bacterial, insect, or mammalian cells and the concerns 
regarding the stability and integrity of the protein 
during storage, as well as the presence of potentially 
immunogenic bacterial products that can be a source 
of false positives in ELISA or Luminex assays.  

Besides the use of HaloTag technology, the 
proposed electrochemical immunosensing platform 

possesses unique features, in comparison with ELISA, 
derived from the use of MBs as solid supports to 
perform the bioassay and the electrochemical 
transduction at disposable electrodes. MBs have 
demonstrated to be a powerful and versatile tool to 
improve the sensitivity of bioassays, minimize matrix 
effect, reduce largely the assay time and make 
analytical procedures more compatible with higher 
sample throughput and automation [45-49]. 
Screen-printed electrodes (SPEs), can be massively 
and inexpensively produced from a variety of 
materials, in different geometries and in miniaturized 
and multiplexed formats and allow working with 
small sample volumes [47, 50]. Moreover, the 
developed technology is amenable to automate and 
implement using cost-effective and low-power 
requirement instrumentation, which make it 
applicable in both diagnostic and outpatient routines 
and even in limited-resource settings [23]. All these 
interesting features and the ability to discriminate 
between patient groups, make the developed 
bioplatform a promising tool compared both to ELISA 
and the luminescence approach to be readily 
implemented in low-cost, simple use, short time 
analysis and in high-throughput and multiplexed 
devices for early diagnostics, patient follow-up, and 
monitoring of cancer patients through reliable 
autoantibodies signatures determination. However, 
the main issue the developed electrochemical 
methodology would have to face might be precisely to 
convince of the potential and these competitive 
advantages to the users of ELISA technology, very 
accustomed with using this methodology long 
adopted in centralized laboratories for this type of 
determinations. 

In conclusion, in this work we have designed 
and optimized a novel and versatile electrochemical 
biosensing strategy compatible with POC demands 
for the detection of multiple TAAs, even those 
difficult-to-be-expressed, based on the use of HaloTag 
fusions proteins obtained by in vitro expression 
systems maintaining or increasing their diagnostic 
ability. The autoantibodies against the described 
TAAs could discriminate CRC and premalignant 
subjects from control individuals with great 
specificity and sensitivity. The capability of the 
developed technology was demonstrated by 
performing 104 and 1,000 determinations using 
electrochemical and chemiluminescence detection, 
respectively. The results obtained using both 
detection techniques were comparable and showed 
that while no seroreactivity was observed against any 
of the tumor antigens selected in asymptomatic 
patients, 100% of patients with premalignant lesions 
or CRC exhibit seroreactivity to at least 4 out of the 8 
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selected antigens. These results confirm the possibility 
of reliably and minimally invasively diagnose CRC by 
analyzing molecular signatures comprising these 
eight autoantibodies. Although further improvements 
could be made by including other CRC TAAs to 
increase the diagnostic ability of the developed 
electrochemical technology, and further validations 
using larger independent patient’s cohorts, the 
capabilities and advantages demonstrated so far 
reveal its potential to integrate difficult- and 
easy-to-express TAAs to contribute to early and 
reliable CRC diagnosis, and thus greatly increasing 
patient income and benefiting the cost associated to 
CRC treatment by Health Systems.  

Materials and methods 
Plasma samples 

The Institutional Ethical Review Boards of the 
Instituto de Salud Carlos III, Hospital Clínico San 
Carlos, and La Paz Hospital approved this study on 
biomarker discovery and validation (CEI PI 45). 
Plasma samples (Table 1 and Table S1) were used 
accomplishing all the ethical issues and relevant 
guidelines and regulations.  

Plasma samples (Table 1 and Table S1) were 
obtained from the biobanks of the Hospital Clínico 
San Carlos and Hospital La Paz after approval of the 
Ethical Review Boards of these institutions. Breast and 
lung cancer samples provided by Hospital 
Universitari de Sant Joan (Tarragona, Spain) were 
used accomplishing all the ethical issues and relevant 
guidelines and regulations. All subjects in the study 
gave their written informed consent to participate and 
all experiments were performed in accordance with 
relevant guidelines and regulations. 

For the analysis of the CRC diagnostic ability of 
autoantibodies, a panel of 125 plasma samples from 
colorectal cancer patients and premalignant colon 
subjects (low- and high-grade adenomas), and control 
individuals (asymptomatic healthy and negative 
colonoscopy individuals, Fecal Occult Blood Test –
FOBT- positive and colonoscopy negative individuals, 
and breast and lung cancer patients) was used (Table 
1, and Table S1). Plasma samples were collected using 
a standardized sample collection protocol and stored 
at 80°C until use [4, 9-11]. 

Gateway plasmid construction, gene cloning, 
DNA preparation and protein expression 

Sequence-verified, full-length cDNA plasmids 
containing selected targets for validation in flexible 
pDONR221 or pENTR223 vector system were 
obtained from the publicly available DNASU Plasmid 
Repository (https://dnasu.org/DNASU/) [51]. The 
ORFs were transferred by LR clonase reactions 

(Invitrogen, Carlsbad, CA), alternatively, to a 
pANT7_cHalo or pJFT7_nHalo vector for in vitro 
protein expression to get the autoantigens expressed 
as fusion proteins to HaloTag in the C-terminal or in 
the N-terminal, respectively [13, 52]. All donor and 
expression plasmids were sequence verified prior to a 
subsequent use.  

To obtain high-quality supercoiled DNA, 
plasmids were transformed into TOP10 E. coli cells 
and grown in 250 mL Luria Bertani (LB) 
supplemented with the appropriate antibiotic 
(100 
Plasmid DNA was purified using the NucleoBond 
Xtra Midi kit (Macherey-Nagel Inc., Bethlehem, PA). 
Proteins were cell-free expressed in vitro using HeLa 
cell lysate from the 1-Step Human Coupled IVT Kit 
(Thermo Fisher Scientific, Waltham, MA) per 
manufacturer's recommendations to carry out the 
ELISA studies. 

SDS-PAGE and western blot analysis  
SDS-PAGE and western blot analysis to assess 

protein quality was performed as previously reported 
[53]. Briefly, 0.67 μL of the in vitro protein extracts 
were run in 10% SDS-PAGE and transferred to 
nitrocellulose membranes (Hybond-C extra). After 
blocking, membranes were incubated overnight at 
4 °C with an anti-HaloTag monoclonal antibody. 
Immunodetection on the membranes was achieved 
using HRP-conjugated goat anti-mouse IgG antibody 
(Table S4). Chemiluminescence signal was developed 
with ECL Western Blotting Substrate (Thermo 
Scientific) and detected on an Amersham Imager 680 
(GE Healthcare).  

EBNA-1 ELISA  
Colorimetric ELISA for EBNA-I antibody 

determination for the evaluation of the CRC 
autoantibody response specificity was accomplished 
by coating 0.05 μg of EBNA-I protein kindly provided 
by Protein Alternatives, S.L. per well in 50 μL of 
phosphate-buffer saline solution (PBS) in 96-well 
Maxisorp plates (Nunc) overnight at 4 ºC. Plates were 
then blocked using a 3% (w/v) skimmed-milk 
solution in PBS supplemented with 0.1% Tween 
(PBST) for 1 h at 37 ºC and then incubated 1 h at 37ºC 
with 50 μL of the 1:300 diluted plasma samples. After 
extensive washing with PBST, plates were incubated 
for 1 h at 37 ºC with 50 μL of an HRP-labeled 
secondary antibody. Colorimetric signal was 
developed as previously described [54, 55]. 

Autoantibody analysis by luminescence beads 
immunoassay 

Protein coupling to Magne HaloTag beads (MBs, 
Promega) was performed overnight at 4 ºC and 
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1000 rpm according to the manufacturer instructions 
using 0.67 μL of IVT expression reaction and 0.5 μL of 
HaloTag MBs per measurement. For covalent binding, 
a mixture of the required amount of protein and MBs 
was made taking into account the number of 
replicates and measurements to be performed [13, 35, 
56]. After extensive washing with PBS, Tween 0.1%, 
Triton X-100 0.05% using a magnet and removal of 
non-covalently bound proteins with 0.1 M glycine, 
pH 2.7, HaloTag fusion proteins immobilized onto 
MBs were blocked with Superblock (Pierce) for 1 h. To 
verify covalent protein immobilization, the HaloTag 
fusion proteins were detected with either 
anti-HaloTag (Promega), or specific antibodies 
against the TAAs followed by 1 h incubation with the 
corresponding diluted HRP conjugated secondary 
antibody (Table S4). Alternatively, they were 
incubated overnight with pooled or individual 
plasma samples at indicated dilutions at 1000 rpm 
and 4 ºC. After washing with PBS, Tween 0.1%, Triton 
X-100 0.05% as above, HRP-conjugated anti-human 
IgG antibody (Dako) 1:10000 diluted in PBS 
supplemented with Tween 20 0.1% (v/v) and 3% 
(w/v) BSA was incubated with the MBs. The MBs 
were collected and placed on black Maxisorp 96-well 

L of 
SuperSignal ELISA Femto Maximum Sensitivity 
Substrate (Pierce, Rockford, IL) for the detection of 
luminescence on The Spark multimode microplate 
reader (Tecan Trading AG, Switzerland). 
Alternatively, plates were also recorded on an 
Amersham Imager 680 (GE Healthcare). 

Autoantibody analysis by electrochemical 
beads immunoassay 

The protocol was previously reported and 
optimized for the determination of p53 autoantibodies 
[13]. The same protocol was followed for the 
determination of CRC-specific autoantibodies against 
GTF2B, MAPKAPK3, PIM1, PKN1, SRC, STK4, 
SULF1, and p53. To verify the correct protein 
immobilization, the HaloTag fusion proteins were 
detected with anti-HaloTag mAb (Promega), followed 
by 1 h incubation with 1:3000 diluted HRP-conjugated 
anti-mouse IgG (Sigma Aldrich). The amperometric 
measurements were performed in the presence of the 
hydroquinone (HQ)/H2O2 system [57] at disposable 
screen-printed carbon electrodes (SPCEs) upon 
magnetic capture of the MBs bearing the 
immunocomplexes on the working electrode [13]. The 
biorecognition event is monitored by the variation in 
the cathodic current generated by the enzymatic 
(HRP) reduction of H2O2 mediated by HQ and 
measured at 0.20 V (vs a Ag pseudoreference 
electrode) [57]. 

The amperometric measurements were carried 
out with a single SPCE for each measurement (that do 
not take more than 3 min) and discarded afterwards. 
However, no significant change in the working 
protocol would be required to measure simultaneous 
signals at arrays of 8 electrodes or even at 
electrochemical plates of 96 electrodes. 

Statistical analysis 
All statistical analyses were done with Microsoft 

Office Excel and the R program. For the analysis of the 
results obtained by luminescence and electrochemical 
beads immunoassays, Mann-Whitney U test was 
performed, and statistically significant levels were 
considered at p < 0.05. The diagnostic capacity of each 
individual protein as well as the combination of 
markers was evaluated by a receiver operating 
characteristic (ROC) curve. ROC curves, their 
corresponding area under the curve (AUC) and 
maximized sensitivity and specificity values were 
calculated using the R package Epi [58]. 

Supplementary Material  
Supplementary figure and tables. 
http://www.thno.org/v10p3022s1.pdf  
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