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There is a mounting evidence of the existence of autoan-
tibodies associated to cancer progression. Antibodies are
the target of choice for serum screening because of their
stability and suitability for sensitive immunoassays. By
using commercial protein microarrays containing 8000
human proteins, we examined 20 sera from colorectal
cancer (CRC) patients and healthy subjects to identify
autoantibody patterns and associated antigens. Forty-
three proteins were differentially recognized by tumoral
and reference sera (p value <0.04) in the protein microar-
rays. Five immunoreactive antigens, PIM1, MAPKAPK3,
STK4, SRC, and FGFR4, showed the highest prevalence in
cancer samples, whereas ACVR2B was more abundant in
normal sera. Three of them, PIM1, MAPKAPK3, and
ACVR2B, were used for further validation. A significant
increase in the expression level of these antigens on
CRC cell lines and colonic mucosa was confirmed by
immunoblotting and immunohistochemistry on tissue
microarrays. A diagnostic ELISA based on the combina-
tion of MAPKAPK3 and ACVR2B proteins yielded spec-
ificity and sensitivity values of 73.9 and 83.3% (area
under the curve, 0.85), respectively, for CRC discrimina-
tion after using an independent sample set containing 94
sera representative of different stages of progression
and control subjects. In summary, these studies con-
firmed the presence of specific autoantibodies for CRC
and revealed new individual markers of disease (PIM1,
MAPKAPK3, and ACVR2B) with the potential to diagnose
CRC with higher specificity and sensitivity than previ-
ously reported serum biomarkers. Molecular & Cellu-
lar Proteomics 8:2382–2395, 2009.

Colorectal cancer (CRC)1 is the second most prevalent
cancer in the western world. The development of this disease
takes decades and involves multiple genetic events. CRC
remains a major cause of mortality in developed countries
because most of the patients are diagnosed at advanced
stages because of the reluctance to use highly invasive diag-
nostic tools like colonoscopy. Actually only a few proteins
have been described as biomarkers in CRC (carcinoembry-
onic antigen (CEA), CA19.9, and CA125 (1–3)), although none
of them is recommended for clinical screening (4). Proteomics
analysis is actively used for the identification of new biomar-
kers. In previous studies, the use of two-dimensional DIGE
and antibody microarrays allowed the identification of differ-
entially expressed proteins in CRC tissue, including isoforms
and post-translational modifications responsible for modifica-
tions in signaling pathways (5–8). Both approaches resulted in
the identification of a collection of potential tumoral tissue
biomarkers that is currently being investigated.

However, the implementation of simpler, non-invasive
methods for the early detection of CRC should be based on
the identification of proteins or antibodies in serum or plasma
(9–13). There is ample evidence of the existence of an im-
mune response to cancer in humans as demonstrated by the
presence of autoantibodies in cancer sera. Self-proteins (au-
toantigens) altered before or during tumor formation can elicit
an immune response (13–19). These tumor-specific autoanti-
bodies can be detected at early cancer stages and prior to
cancer diagnosis revealing a great potential as biomarkers
(14, 15, 20). Tumor proteins can be affected by specific point
mutations, misfolding, overexpression, aberrant glycosyla-
tion, truncation, or aberrant degradation (e.g. p53, HER2,
NY-ESO1, or MUC1 (16, 21–25)). In fact, a number of tumor-
associated autoantigens (TAAs) were identified previously in
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different studies involving autoantibody screening in CRC
(26–28).

Several approaches have been used to identify TAAs in
cancer, including natural protein arrays prepared with frac-
tions obtained from two-dimensional LC separations of tu-
moral samples (29, 30) or protein extracts from cancer cells or
tissue (9, 31) probed by Western blot with patient sera, cancer
tissue peptide libraries expressed as cDNA expression librar-
ies for serological screening (serological analysis of recombi-
nant cDNA expression libraries (SEREX)) (22, 32), or peptides
expressed on the surface of phages in combination with
microarrays (17, 18, 33, 34). However, these approaches suf-
fer from several drawbacks. In some cases TAAs have to be
isolated and identified from the reactive protein lysate by
LC-MS techniques, or in the phage display approach, the
reactive TAA could be a mimotope without a corresponding
linear amino acid sequence. Moreover, cDNA libraries might
not be representative of the protein expression levels in tu-
mors as there is a poor correspondence between mRNA and
protein levels.

Protein arrays provide a novel platform for the identification
of both autoantibodies and their respective TAAs for diagnos-
tic purposes in cancer serum patients. They present some
advantages. Proteins printed on the microarray are known “a
priori,” avoiding the need for later identifications and the
discovery of mimotopes. There is no bias in protein selection
as the proteins are printed at a similar concentration. This
should result in a higher sensitivity for biomarker identification
(13, 35, 36).

In this study, we used commercially available high density
protein microarrays for the identification of autoantibody sig-
natures and tumor-associated antigens in colorectal cancer.
We screened 20 CRC patient and control sera with protein
microarrays containing 8000 human proteins to identify the
CRC-associated autoantibody repertoire and the correspond-
ing TAAs. Autoantibody profiles that discriminated the differ-
ent types of CRC metastasis were identified. Moreover a set
of TAAs showing increased or decreased expression in can-
cer cell lines and paired tumoral tissues was found. Finally an
ELISA was set up to test the ability of the most immunoreac-
tive proteins to detect colorectal adenocarcinoma. On the
basis of the antibody response, combinations of three anti-
gens, PIM1, MAPKAPK3, and ACVR2B, showed a great po-
tential for diagnosis.

EXPERIMENTAL PROCEDURES

Clinical Information and Serum Collection—For microarray screen-
ing, serum samples from 12 individuals were collected after CRC
diagnosis (Hospital Universitario de Salamanca). Those samples were
selected for having CRC in advanced stages as well as for developing
metastasis to liver (seven patients), liver and lung (four patients), or
liver and bone marrow (one patient). The median age for the CRC
patients was 64.5 years (range, 41–84 years). Eight control serum
samples were obtained from healthy subjects and were selected to
match both the median age of the CRC population and the same

proportion of male and female subjects. Clinical data from the pa-
tients are provided in Table I. For ELISA validations, another set of 52
serum samples from CRC patients representative of the different
Dukes stages (A–D) and 42 control serum samples from healthy
subjects was used for the validation screening (supplemental
Table S1).

All sera were processed using identical procedures. Blood samples
were left at room temperature for a minimum of 30 min (and a
maximum of 60 min) to allow clot formation and then centrifuged at
3000 � g for 10 min at 4 °C. The serum was frozen and stored at
�80 °C until use.

Protein Arrays—Twenty serum samples (12 from the CRC tumor
group and eight from the control group; Table I) were probed in the
Human ProtoArrayTM v4.0 (Invitrogen). These microarrays contained
8000 human GST-tagged proteins expressed in Sf9 insect cells and
spotted in duplicate. ProtoArrays were used according to the recom-
mendations of the manufacturer. Briefly the slides were equilibrated
at 4 °C for 15 min and then incubated with blocking buffer (1% BSA
in 0.1% Tween 20, PBS) for 1 h at 4 °C with gentle agitation. Then 150
�l of human serum (diluted 1:50 in blocking buffer) was overlaid on
the arrays, covered with cover glass (Corning), and incubated for 90
min at 4 °C. The slides were washed three times for 10 min with probe
buffer (1% BSA, 0.5 mM DTT, 5% glycerol, 0.05% Triton X-100 in
PBS). Human bound antibodies were detected after incubation with
Alexa Fluor 647-labeled goat anti-human IgG (Invitrogen; diluted
1:2000 in probe buffer) for 90 min at 4 °C. The arrays were washed
and dried by centrifugation at 1000 rpm for 1 min at room tempera-
ture. As a first control, ProtoArrays v4.0 were probed with goat
anti-GST antibody to check the uniformity of the proteins spotted in
the array followed by incubation with Alexa Fluor 555-labeled anti-
goat IgG. The other control array was only incubated with the sec-
ondary antibody Alexa Fluor 647-labeled anti-human IgG for back-
ground determination. Finally the slides were scanned on a
ScanArrayTM 5000 (Packard BioChip Technologies) to produce red
(Alexa Fluor 647) or green images (Alexa Fluor 555). The Genepix Pro
5.1 (Axon Laboratories) image analysis software was used for the
quantification.

Proteins, Antibodies, and Cell Lines—A cDNA encoding the full-
length human PIM1 was introduced into the pET28a expression vec-
tor (Novagen). The His6-PIM1 fusion protein was then expressed in
Escherichia coli strain BL21(DE3) (Invitrogen) and purified by affinity
chromatography on a HiTrap chelating column (GE Healthcare) fol-
lowed by gel filtration on a Superdex 200 column (GE Healthcare).
Human MAPKAPK3 protein was purchased from GenWay (San Di-
ego, CA). Human ACVR2B cDNA was cloned into the pDEST527 (a
gift from Dr. J. L. Hartley, National Institutes of Health), expressed,
and purified as mentioned above. Human Annexin IV cDNA was
cloned into pTT3 expression vector (kindly provided by Dr. Y. Duro-
chet, Biotechnology Research Institute, Montreal, Canada) and ex-
pressed in HEK293-EBNA cells. The recombinant protein was pro-
duced by the transiently transfected cells and purified by affinity
chromatography on a nickel-chelating resin (GE Healthcare). CEA and
human seroalbumin were purchased from Sigma. Antibodies against
MAPKAPK3 and PIM1 used in ELISA were purchased from Abnova.
Antibodies against MAPKAPK3, PIM1, and ACVR2B used for immu-
noblotting and tissue microarray were purchased from Abcam.

CRC cell lines (RKO, HCT116, HCT15, SW48, SW480, and
Colo205) and control BxPc3 (pancreatic adenocarcinoma) and Molt4
(lymphoblastoid) cells were grown according to established proto-
cols. Neutrophiles (Neut) and lymphocytes (lymph) were isolated from
peripheral blood cells from a healthy individual. Murine embryo fibro-
blasts were immortalized by infecting a primary culture with the
Epstein-Barr virus and grown according to established protocols.
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Western Blot Analysis—Protein extracts from paired tissues from
CRC patients were prepared as described previously (6). Briefly pro-
tein extracts were obtained after lysis with 0.1% SDS, 1% Triton
X-100, 1% sodium deoxycholate in 150 mM NaCl, 5 mM EDTA, 10 mM

Tris-HCl (pH 7.2) containing protease inhibitor mixture (Roche Applied
Science). After clarifying by centrifugation at 12,000 � g for 15 min,
protein concentrations were determined with the 2-D Quant kit (GE
Healthcare). For Western blot, 50 �g of protein extracts were sepa-
rated by 10% SDS-PAGE and transferred to nitrocellulose mem-
branes (Hybond-C Extra) according to standard procedures (37). After
blocking, membranes were incubated overnight at 4 °C with PIM1
(dilution, 1:100), MAPKAPK3 (dilution, 1: 500), and ACVR2B (dilution,
1:200) antibodies. Immunodetection on the membranes was achieved
by using either peroxidase-labeled, anti-goat IgG (Dako Cytomation)
at a dilution of 1:5000 for ACVR2B and 1:20,000 for PIM1 or perox-
idase-labeled anti-chicken IgY (Jackson ImmunoResearch Laborato-
ries) at 1:20,000 for MAPKAPK3. The signal was developed by ECL
(GE Healthcare).

Immunohistochemistry—Tissue microarrays (TMAs) specific for
colorectal cancer with 45 different paired samples (tumoral and nor-
mal) were prepared as described previously (7). Sections were cut at
a thickness of 3 �m and dried for 16 h at 56 °C before being dewaxed
in xylene and rehydrated through graded ethanol series to water. A
heat-induced epitope retrieval step was performed in 0.01 M trisodium
citrate solution with heating for 2 min in a conventional pressure
cooker. After heating, slides were rinsed in cool running water for 5
min and quickly washed in TBS (pH 7.4). TMAs were incubated with
mouse monoclonal anti-PIM1 (dilution, 1:50) and goat polyclonal anti-
ACVR2B (dilution, 1:10). Specific binding was followed by anti-IgG
conjugated with biotin. Visualization of specific interaction was mon-
itored by using the EnVision FLEX system (Dako Cytomation) or Bond
(Vision BioSystems). Diaminobenzidine (DAB�) was used as sub-
strate chromogen after the sections were counterstained with hema-
toxylin. A positive control was included within each staining experi-
ment to ensure consistency between consecutive runs. The
evaluation of the TMA was performed by two independent patholo-
gists according to the following scale: 0, no staining; 1, weak staining;
2, normal staining; and 3, strong staining of the tissue cylinder.

ELISA—An ELISA was developed to test the ability of target pro-
teins to screen for CRC status in sera. Briefly, microtiter plates (Maxi-
sorp, Nunc) were coated overnight with 0.3 �g of the purified recom-
binant proteins, including human seroalbumin as negative control in
50 �l of PBS. After washing three times with PBS, plates were

blocked with 3% skimmed milk in PBS (MPBS) for 2 h at room
temperature. Then serum samples (dilution, 1:50 in 3% MPBS) were
incubated for 2 h at room temperature. After washing, peroxidase-
labeled anti-human IgG (Dako) (dilution, 1:3000 in 3% MPBS) was
added for 2 h at room temperature. Then the signal was developed
with 3,3�,5,5�-tetramethylbenzidine substrate for 10 min (Sigma). The
reaction was stopped with 1 M H2SO4, and absorption was measured
at 450 nm.

Statistical Analysis—Microarrays were analyzed with the Proto-
Array Prospector Analyzer 4.0 (Invitrogen), which relies on Cheby-
shev’s inequality principle (13). After applying quantile normalization,
the algorithm compares the signal from each protein with the signal
from the negative control features among the array and assigns a CI-p
value for each protein. Then the software identifies the significant
signals (those that can be determined as different from the back-
ground) and calculates the Z-scores, which reflect the signal strength
relative to all protein features. Finally the program compares the two
groups and identifies those proteins that exhibit increased signal
values in both groups. In addition, a p value is calculated for each
protein across the hypothesis that there is no signal increase in one
group compared with another. Clusters were performed using Multi
Experiment Viewer (Dana-Farber Cancer Institute, Boston, MA) based
on Pearson’s correlation distant metrics using normalized values in
log10 to visualize the discrimination between the two groups analyzed.

For the analysis of ELISA data sets, a one-tailed Student’s t test
was performed assuming unequal variances to assess whether the
means of normal and tumoral groups were statistically different from
each other. Each individual marker was evaluated by a receiver op-
erating characteristic (ROC) curve, and the corresponding area under
the curve (AUC) was calculated using JMP� 7 (SAS, Cary, NC).
Finally, we fitted logistic regressions using the bootstrap applied to
the complete procedure (i.e. including the variable selection step) to
determine the effect of the combination of the biomarkers (38). All
models were fitted using Harrell’s design library (39) with the R
statistical computing system (40).

RESULTS

Profiling of Colorectal Cancer-specific Autoantibodies—
Twenty serum samples (12 CRC patients and 8 controls) were
probed in the protein microarrays. Clinical data are shown in
Table I. A representative image of the autoantibody response

TABLE I
Clinical information of the CRC patients tested in the high density human protein microarrays

Serum Agea Genderb Outcomec Survival timed Metastasis

VH1 84 F Alive — Liver
MH1 60 F Dead 15 Liver
MHP1 65 M Dead 64 Liver-lung
MHP2 41 M Dead 62 Liver-lung
MH2 55 M Dead 14 Liver
MHP3 62 M Dead 51 Liver-lung
VP1 71 F Alive — Lung-bone
VH2 75 M Alive — Liver
MH3 76 M Dead 31 Liver
MH4 64 M Dead 28 Liver
VHP1 51 M Alive — Liver-lung
VH3 74 M Alive — Liver

a In years.
b M, male; F, female.
c Outcome of the CRC patients after collecting the serum.
d Survival time in months after collecting the serum samples. —, survival time was longer than five years.
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in patients and controls is shown in Fig. 1A. A different pattern
of immunoreactivity was observed between the CRC patients
and the reference sera. After quantifying the spot intensities,
the data were normalized with the method of the quantiles
and processed with ProtoArray Prospector Analyzer. Control
slides indicated a good performance of the ProtoArrays with a
low background and specific reactivity (Fig. 1, B and C).

We investigated the use of autoantibody profiles to discrim-
inate among cancer and normal sera and between different
metastatic progression patterns. An unsupervised clustering
analysis using the Multi Experiment Viewer software failed to
discriminate between tumoral and normal sera (data not
shown) probably due to the heterogeneity in the natural anti-
body response in healthy subjects. However, a good discrim-
ination was obtained in metastatic samples, splitting them
into two main branches corresponding to patients with me-
tastasis in liver or lung; only two samples were misclassified
(Fig. 2, A and B). Supervised analysis offered a correct sep-
aration (Fig. 2C). Prospector analysis of the 12 cancer sera
identified a collection of TAAs with a prevalence higher than
60% associated to either liver (22 proteins) or lung (15 pro-
teins) metastasis (Table II).

Characterization of the Most Prevalent Tumor-associated
Antigens in Colorectal Cancer—Then we searched for individ-
ual autoantibodies able to discriminate between cancer and
normal samples by using the ProtoArray Prospector tool. Data

were sorted according to the calculated p value and the
prevalence of the autoantibodies in each group. A total of 432
proteins of the microarray were reactive with the autoantibod-
ies present in the sera. Only autoantibodies with a prevalence
higher than 50% were selected. From these, 43 proteins
showed a statistically significant p value under 0.04 (Table III).
Among them, 25 exhibited increased autoantibody preva-
lence in CRC patients, and 18 had a lower prevalence with
respect to the controls. A heat map for the visualization of the
autoantibody profile using all proteins with a p value lower
than 0.1 is shown in Fig. 2D.

Six proteins (MAPKAPK3, PIM1, STK4, SRC, FGFR4, and
ACVR2B) showed the highest differential prevalence and sig-
nal intensity obtained from the microarrays between both
groups (Fig. 3A). Five of them were among the most prevalent
in cancer sera according to the Prospector analysis, showing
between 50 and 70% cancer prevalence and less than 20%
prevalence in the reference subjects. Although there were
significant variations in the individual response, MAPKAPK3,
PIM1, STK4, SRC, and FGFR4 were significantly recognized
by the cancer sera. In contrast, ACVR2B was preferentially
recognized by the control sera.

Tumor-associated Antigen Expression in Colorectal Cell
Lines and Tumoral Tissues—We hypothesized that stronger
autoantibody reactivity would be associated to overexpres-
sion of those proteins in CRC tissues, whereas a weaker

FIG. 1. Identification of proteins reactive to autoantibodies. A, ProtoArrays with over 8000 human proteins were probed with 12 sera from
CRC patients and eight sera from control subjects (Table I). A representative array from each group is shown. The same subarray is highlighted
in both images, and the reactive proteins differentially recognized by the autoantibodies of the patients and controls are identified by colored
squares: red, proteins reacting with CRC patient serum; yellow, proteins reacting with control serum. B, control protein microarrays probed with
anti-GST monoclonal antibody and Alexa Fluor 555-labeled goat anti-mouse IgG as protein printing control and with Alexa Fluor 647-labeled
goat anti-human IgG as a negative control to detect false positive spots.
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recognition would indicate a repression of those proteins in
the tumor. Three autoantigens (PIM1, MAPKAPK3, and
ACVR2B) were selected for initial validation. First we analyzed
by immunoblotting the expression in paired normal/tumoral
extracts (Fig. 4A). PIM1 and MAPKAPK3 showed an intense
staining in tumoral tissues with more abundant expression in
late stages. ACVR2B exhibited a weaker expression in the
tumoral tissues, with more abundant expression in earlier
stages. Then extracts from six different colon cancer cell lines
together with five reference cell lines were analyzed (Fig. 4B).
PIM1 and MAPKAPK3 expression was detected in most CRC

cell lines, except MAPKAPK3 in SW480 cells. ACVR2B was
not significantly expressed in colon cancer cells, whereas it
was detected in control cells, including neutrophiles and
lymphocytes.

To determine the mRNA expression levels for the six se-
lected targets, we investigated Oncomine (41), a Web-based
cancer microarray database, for reported gene expression
data. Data were available for FGFR4, MAPKAPK3, SRC, and
STK4 (Fig. 4C). All of them showed an increased expression
level in CRC. No data were available for PIM1 and ACVR2B
gene expression in CRC. Then, to corroborate the differential

FIG. 2. Hierarchical cluster analysis of serum samples. A, a panel representing the unsupervised hierarchical cluster analysis comprising
the complete set of 8000 proteins, when incubated with the sera of CRC patients, shows a good separation between the metastasis in liver
and metastasis in lung CRC patients. Red, immunoreactive protein; green, non-reactive protein. B, the top of the cluster was enlarged to show
the separation between metastasis in liver and metastasis in lung groups. C, supervised hierarchical cluster analysis of the most significant 37
CRC metastasis-associated reactive proteins shows a perfect separation in two branches of the CRC patients according to their metastasis
status. D, heat map representation of the autoantibody signature that distinguishes sera from CRC and healthy individuals (p value �0.1). Red,
higher reactivity in CRC; blue, lower reactivity in CRC.
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expression of ACVR2B and PIM1, we used a CRC-specific
tissue microarray (Fig. 4D). No antibody was available for
MAPKAPK3 immunohistochemistry analysis. Enhanced ex-
pression of PIM1 was observed in the epithelial cells sur-
rounding the crypts of the tumoral tissues. The staining was
mainly cytoplasmic. Infiltrating lymphocytes and macro-
phages were also strongly stained. For PIM1, 36 of 42 CRC
tumoral tissues showed weak to strong staining; 30 of 35
normal adjacent tissues showed no staining. According to the
staining scale applied for the evaluation of the TMA, we found
a mean value of 1.1 (95% CI � 0.94–1.25) and 0.1 (95% CI �

0.009–0.2) for tumoral and normal tissue, respectively, giving
a p value �0.0001, which confirms a statistically significant

higher expression of PIM1 in tumoral tissue (Fig. 5). In con-
trast, ACVR2B expression was down-regulated in cancer pa-
tients (six of 34 patients showed positive staining; mean �

0.46, 95% CI � 0.27–0.64, p value �0.0001), whereas normal
tissues showed significant levels of ACVRB2 expression (18
of 19 patients showed positive staining; mean � 2.74, 95%
CI � 2.48–3). In this case, staining was mainly localized at the
membrane level of the epithelial cells in accordance with the
receptor characteristics of ACVR2B.

PIM1, MAPKAPK3, and ACVR2B as Biomarkers for Colo-
rectal Cancer Screening—We next developed an ELISA test
to study the ability of PIM1, MAPKAPK3, and ACVR2B to
discriminate between diseased individuals and reference sub-

TABLE II
Proteins reacting with autoantibodies associated to metastasis

Name Liver prevalence Lung prevalence p value Function

% %

Increased reactivity in liver metastasis
PHLDB1 88 14 0.0022 Unknown
AKT3 75 14 0.0130 Signal transduction
PRKCH 75 14 0.0130 Signal transduction
MAPKAPK3 88 29 0.0152 Ras protein signal transduction
C9orf43 88 29 0.0152 Hypothetical protein
EGFR 88 29 0.0152 Signal transduction
CAMKV 63 14 0.0455 Kinase, cell signaling
THAP3 63 14 0.0455 Apoptosis
C15orf38 63 14 0.0455 Hypothetical protein
EPB41L5 63 14 0.0455 Cell-cell adhesion
PGAM1 63 14 0.0455 Metabolism, energy pathways
PADI4 63 14 0.0455 Metabolism, energy pathways
UBE2T 63 14 0.0455 Protein metabolism
C9orf78 63 14 0.0455 Hypothetical protein
WDR61 63 14 0.0455 Transcriptional regulation
PRKCB1 63 14 0.0455 Signal transduction
PRKCD 63 14 0.0455 Signal transduction
ZAP70 63 14 0.0455 T cell development and activation
ABL2 63 14 0.0455 Signal transduction
WEE1 63 14 0.0455 Cell cycle
DCAMKL2 63 14 0.0455 Unknown
TRIM21 63 14 0.0455 Transcriptional regulation

Lung prevalence Liver prevalence

% %

Increased reactivity in lung metastasis
PAK1 86 13 0.00216 Cell motility and morphology
HOMER2 86 25 0.01299 Cell growth
IRAK4 86 25 0.01299 Signal transduction
PRKD2 86 25 0.01299 Signal transduction
AK075484 86 13 0.01299 Hypothetical protein
C2orf13 71 13 0.01515 Hypothetical protein
PSCD3 71 13 0.01515 Signal transduction
SH3BGRL2 71 13 0.01515 Unknown
CDK2 71 13 0.01515 Cell cycle
DAPK2 71 13 0.01515 Apoptosis
TRPT1 86 38 0.04545 RNA-binding protein
PDGFRB 86 38 0.04545 Signal transduction
NEK1 86 38 0.04545 DNA repair
SOCS3 86 25 0.04545 Cytokine signaling
EPHA4 86 25 0.04545 Signal transduction, angiogenesis
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jects using a different and wider serum cohort. We used
recombinant PIM1, MAPKAPK3, and ACVR2B purified from
E. coli. CEA and recombinant Annexin IV purified from mam-
malian cells were used as controls. CEA is the most widely
used marker in colorectal malignancy (42), and Annexin IV

was selected as a representative of the proteins overex-
pressed in colorectal cancer tissue (6). This direct ELISA was
used to test 94 serum samples different from those tested
previously in the discovery phase; 52 were from patients with
colorectal cancer in different stages of progression, and 42

TABLE III
Proteins reacting with autoantibodies associated to colorectal cancer

Proteins were classified according to the calculated p values and to the prevalence of the protein in the CRC or control groups.

Name Cancer prevalence Control prevalence p value Function

% %

Increased reactivity in
colorectal cancer

MAPKAPK3 71.4 10 0.0099 Ras protein signal transduction
PIM1 71.4 20 0.0099 Cell proliferation
STK4 71.4 20 0.0099 Cell morphogenesis
FGFR4 71.4 20 0.0099 Fibroblast growth factor receptor signaling pathway
TRIM21 71.4 20 0.0099 Transcription regulation
SRC 57.1 10 0.0102 Ras protein signal transduction
AKT1 57.1 10 0.0102 G-protein-coupled receptor protein signaling pathway
KDR 57.1 10 0.0102 Angiogenesis
PKN1 57.1 10 0.0102 Activation of JNK activity
CSNK1G2 92.9 50 0.0144 Wnt receptor signaling pathway
DAPK1 92.9 50 0.0144 Antiapoptosis
PBK 78.6 30 0.0154 Mitosis
NEK3 85.7 30 0.0181 Cell cycle
PRKCD 85.7 40 0.0181 Intracellular signaling cascade
SALL2 50.0 10 0.0238 Regulation of transcription, DNA-dependent
GRK7 50.0 10 0.0238 G-protein-coupled receptor kinase 1 activity
IRAK4 50.0 10 0.0238 I-�B kinase/NF-�B cascade
MAPKAPK5 50.0 10 0.0238 Ras protein signal transduction
PKN2 50.0 10 0.0238 Signal transduction
ABL2 50.0 10 0.0238 Cell adhesion
RPS6KA1 64.3 10 0.0249 Signal transduction
BMX 64.3 20 0.0249 Intracellular signaling cascade
PDGFRB 64.3 20 0.0249 Platelet-derived growth factor receptor signaling pathway
CDK5/p35 64.3 20 0.0249 Acetylcholine receptor signaling, muscarinic pathway
RPS6KA2 71.4 30 0.0399 Signal transduction

Control prevalence Cancer prevalence

% %

Lower reactivity in
colorectal cancer

RBPJ 60 7.1 0.0036 DNA recombination
ITGA6 80 28.6 0.0099 Cell adhesion
ACVR2B 70 21.4 0.0144 BMP signaling pathway
NFYA 50 7.1 0.0144 Transcriptional regulation
TTLL7 50 7.1 0.0144 Cell differentiation
C9orf43 50 7.1 0.0144 Unknown
ZNF706 50 7.1 0.0144 Unknown
HDAC1 50 7.1 0.0144 Antiapoptosis
TPM4 50 7.1 0.0144 Cell motility
TSLP 70 21.4 0.0154 Cytokine, cell signaling
WBP2 70 21.4 0.0154 Unknown
STAU1 60 14.3 0.0181 RNA-binding protein
PFDN5 60 14.3 0.0181 Protein folding
COASY 60 14.3 0.0181 Biosynthesis of coenzyme A
IGLC1 80 35.7 0.0249 tRNA aminoacylation for protein translation
MFAP2 70 21.4 0.0399 Cytoskeleton
BHMT2 70 21.4 0.0399 Methyltransferase
EFNA3 70 28.6 0.0399 Cell-cell signaling
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were from control subjects (supplemental Table S1). In total,
20 of 52 cancer sera corresponded to early stages A and B.
Autoantibodies to PIM1, MAPKAPK3, and ACVR2B were able
to discriminate between colorectal cancer and control sam-
ples (Fig. 6). In the case of ACVR2B, immunoreactivity was
higher in sera from healthy individuals (mean � 0.86, 95%
CI � 0.74–0.98, p � 0.026) than in sera from patients with
CRC (mean � 0.67, 95% CI � 0.55–0.79). PIM1 immunore-
activity was higher for sera from patients with colorectal can-
cer (mean � 0.61, 95% CI � 0.50–0.71, p � 0.008) than in
control subjects (mean � 0.44, 95% CI � 0.37–0.51). Better

results were found for MAPKAPK3 in cancer (mean � 0.93,
95% CI � 0.83–1.03, p � 0.0001) and controls (mean � 0.65,
95% CI � 0.57–0.72). CEA only showed a weak discriminat-
ing capacity (mean cancer � 0.79, 95% CI � 0.67 to 0.90, p �

0.1; mean control � 0.66, 95% CI � 0.58–0.74). Annexin IV
did not exhibit any difference between tumoral (mean � 0.42,
95% CI � 0.36–0.48, p � 0.16) and control samples (mean �

0.36, 95% CI � 0.31–0.41).
Then, we investigated this humoral response as a predictor

to detect CRC. ROC curves were generated from the antibody
response against ACVR2B, PIM1, and MAPKAPK3 (Fig. 7A).

FIG. 3. Autoantibody response to six
reactive proteins. Signal intensity for
PIM1, SRC, MAPKAPK3, FGFR4, STK4,
and ACVR2B obtained from the microar-
ray analysis for each individual serum
sample after quantile normalization is
shown.
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We found for ACVR2B a specificity and a sensitivity of 76.2
and 60%, respectively (using a cutoff of 0.55) and an area
under the curve of 0.66 (95% CI � 0.56–0.76). For PIM1, the
specificity was 83.3%, the sensitivity was 48.1% (using a
cutoff of 0.53), and the area under the curve was 0.65 (95%
CI � 0.54–0.74). In the case of MAPKAPK3, the specificity
was 74% and the sensitivity 72.7% (for a cutoff of 0.76) with
an area under the curve of 0.73 (95% CI � 0.63–0.82). More-
over, we examined whether different combinations of these
proteins would improve the diagnostic capacity of the candi-
date proteins. By fitting the data to a logistic curve, we per-
formed logistic regressions and produced different models
using different combinations of the potential biomarkers
(Fig. 7B). The initial model included four proteins (PIM1,

MAPKAPK3, ACVR2B, and CEA). CEA and PIM1 did not
improve the fit over MAPKAPK3 and ACVR2B. This was con-
firmed by comparing the complete model including the four
predictors (AUC � 0.85) with a model including only MAP-
KAPK3 and ACVR2B (AUC � 0.85). Then, the combination of
MAPKAPK3 and ACVR2B yielded a specificity and sensitivity
of 73.9 and 83.3%, respectively, with an AUC of 0.85. CEA
autoantibodies gave a lower specificity (59.5%) and sensitivity
(63.5%) (using a cutoff of 0.61) with an area under the curve of
0.61 (95% CI � 051–0.72). Annexin IV showed an AUC of 0.55
(95% CI � 0.45–0.66), confirming the absence of specific
autoantibodies for this protein (Fig. 7C).

Bootstrap Analysis of the Predictor Model—To assess the
predictive ability, we computed the AUC using the bootstrap

FIG. 4. Analysis of the expression of ACVR2B, PIM1, and MAPKAPK3 in cell lines and tumoral tissue. A, Western blot analysis was
carried out with commercial antibodies against ACRV2B, PIM1, and MAPKAPK3 using tubulin as a control. 50 �g of cell extracts from six
different CRC cell lines and five controls were separated by 10% SDS-PAGE and transferred to nitrocellulose membranes. B, 50 �g of protein
extracts from paired normal (N) and tumoral (T) tissues from six CRC patients (Dukes stages A, 211 and 299; B, 699, 700, and 704; and C, 713)
were resolved and transferred onto nitrocellulose membranes and incubated with the specific antibodies. Staining was developed using ECL
(Amersham Biosciences) or SuperSignal Femto (Pierce). C, relative levels of gene expression for FGFR4 (58), MAPKAPK3 (59), SRC (59), and
STK4 (60) were assessed with the use of publicly available DNA microarray data taken from the Oncomine database. The modified box plots
represent the interquartile range, the bars represent the 10–90% range, the dots indicate the minimum and maximum expression. Red, tumoral
tissue; blue, normal tissue. D, analysis of the expression of PIM1 and ACVR2B in CRC tissue using specific TMAs. Images were taken at
different magnifications (100� and 400�). PIM1 expression was observed in the epithelial cells surrounding the crypts of the tumoral tissues,
giving a cytoplasmic staining. ACVR2B staining was mainly localized at the membrane level of the epithelial cells in the normal tissues with a
clear down-regulation in tumoral epithelia.
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(43) with 1000 bootstrap samples. The initial model included
linear terms for all four predictors (ACVR2B, MAPKAPK3,
PIM1, and CEA). The bias-corrected AUC for this model was
0.82. If we allowed for variable selection (backward selection
using Akaike’s information criterion as the stopping rule), the
final model retained only ACVR2B and MAPKAPK3. We again
assessed predictive ability of the models with variable selec-
tion, bootstrapping the complete process; the bias-corrected
AUC was 0.83. Among the bootstrapped models, the vast
majority (776 of 1000) included two variables, 170 included
three variables, and 50 models included the complete set of
four variables. Among all models MAPKAPK3 and ACVR2B
were selected simultaneously in 984 cases. In models with
three variables, PIM1 appeared in 66% of the cases, ACVR2B
appeared in 100% of the cases, and MAPKAPK3 appeared in
99% of the cases.

However, partial residual plots of the original models sug-
gested that the relationship between ACVR2B and tumor
status could be better modeled by including non-linear
terms. We explored this possibility using restricted cubic
splines with three knots (there was no evidence that more
knots were warranted). The model with the non-linear term
fitted the data significantly better (�2 test for differences in

deviances; p � 2.596e�06). The bias-corrected boot-
strapped estimate (using 1000 bootstrap samples and the
0.632 rule) of AUC was 0.89. If we allowed for variable
selection, it was also 0.89. Of the 600 models with two
variables, 599 were made of MAPKAPK3 and ACVR2B; of
the 312 bootstrapped models with three variables,
MAPKAPK3 and ACVR2B were present in 100%, and PIM1
was present in 87%.

In summary, the modeling showed that it was enough to
use only MAPKAPK3 and ACVR2B in predictive models.
Slightly better results could be achieved if ACVR2B was mod-
eled including a non-linear term.

DISCUSSION

Blood is the optimal source for the diagnostic screening of
large human populations for non-invasive markers. Serum
and plasma are easily obtained, and moreover blood circula-
tion facilitates the contact with every body tissue, including
representative tumor antigens. However, tumor leakage anti-
gens are probably present at the very low range of concen-
tration in plasma, and they probably suffer from extensive
proteolysis in a relatively short period (44). Therefore, the
search for tumor-specific antigens in blood is a complicated
task. Approaches based on a peptide search (“peptidom-
ics”), such as SELDI, are prone to artifacts due to variability
issues and require ultraextensive standardization for every
step of the procedure, rendering them unsuitable for routine
clinical use.

Antibodies are very stable serum molecules with a long
tradition of use in immunoassays, which facilitates their
standardization. Autoantibodies present in the serum of pa-
tients appear to be a promising alternative for biomarker
identification. The use of autoantibodies profits from the im-
mune system amplification of the humoral response to low
abundance antigens, making quantification easier. Although
antibodies against reactive autoantigens are not present in
every cancer patient, the use of proteomics platforms has
been shown to be a powerful discovery tool of new TAAs
(12–15, 19, 20). A critical advantage of the protein arrays is the
possibility to customize the content, testing for biologically
relevant molecules, without many of the biases present in
other proteomics approaches. Furthermore, they use a sen-
sitive technique, such as ELISA, for the detection and relative
quantification of proteins printed in the proper conformation.
ELISA is more sensitive than other techniques such as West-
ern blot or immunohistochemistry. This high sensitivity would
explain the significant increase in the number of identified
proteins in this study, why the prevalence of autoantibodies in
cancer patients was higher than observed previously (28), and
why some reactivity in control patients was detected. We
believe that the diagnostic assay should be based on a com-
bination of autoantibodies with the highest possible preva-
lence and complementarity as we did not find autoantigens
with exclusive reactivity to cancer sera.

FIG. 5. Immunohistochemistry analysis of PIM1 and ACVR2B. A,
immunohistochemistry results for PIM1 and ACVR2B in CRC tissue
and the normal adjacent mucosa of 45 CRC patients were quantified
by two independent investigators on different days according to the
following criteria: 0, no staining; 1, weak staining; 2, normal staining;
3, strong staining. Error bars represent the S.D. of the assay. B,
statistical analysis of the TMA results. Sample size, mean, S.D., 95%
CI for the mean, and t test results are shown.
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Although the final goal of this study was the identification of
autoantibodies specific for early cancer stages, we decided to
start with sera from late and advanced stages as a proof of
concept. We hypothesized that advanced cancer stages are
more likely to contain a higher number of protein mutations,
which would cause an increase in the levels of autoantibodies,
facilitating their recognition. Moreover, the identified autoan-
tibodies might be particularly relevant for the detection of
recurrence in CRC, a critical aspect in disease survival and
patient outcome. Subsequent validation studies with an inde-
pendent set of samples, representing the different Dukes
stages, confirmed the validity of this assertion.

Protein microarrays facilitated the detection of tumor-asso-
ciated autoantigens. Most of the detected antigens were
novel. They were involved mainly in cell signaling processes,
transcriptional regulation, and cell growth and differentiation.
In fact, many of the identified biomarkers were kinases, which
are usual targets of therapeutic intervention. From a total of 43
cancer-discriminating proteins, we selected three protein ki-
nases, PIM1, MAPKAPK3, and ACVR2B, to evaluate the per-
formance of an ad hoc designed ELISA test. This ELISA was

developed for further screening of larger cohorts of patients
and potential clinical implementation. We found that the com-
bination of MAPKAPK3 with ACVR2B had the best discrimi-
natory power. Interestingly, we calculated the correlation of
these three proteins and found that the correlation between
PIM1 and MAPKAPK3 was 0.64 indicating that their reactivity
pattern was similar and that the presence of both markers was
redundant in the model. On the other hand, the correlation
between MAPKAPK3 and ACVR2B was 0.34. Both markers
induced a different immunoreactivity pattern among the pa-
tients and when used in combination were more informative
and permitted a better discrimination between groups. In-
deed, the final model with these two markers gave the highest
specificity and sensitivity. MAPKAPK3 and ACVR2B specific-
ity (73.9%) and sensitivity (83.3%) show promising values for
the screening of a widespread disease such as colorectal
cancer. However, we consider that the source of the recom-
binant proteins (baculovirus versus E. coli), the purity level of
the protein, the presence of different tags (GST versus His6),
or the solid support of the assay (nitrocellulose versus poly-
vinyl) might all be relevant for assay optimization as described

FIG. 6. ELISA-based analysis of se-
rum samples using the selected TAAs.
A total of 94 serum samples (52 from
patients with CRC cancer and 42 from
controls) were used for the implementa-
tion and testing of an ELISA based on
the recombinant TAAs. CEA and An-
nexin IV were used as controls. Results
are displayed as the mean of the absorb-
ance values obtained with the cancer
and reference sera populations for
MAPKAPK3, PIM1, ACVR2B, CEA, and
Annexin IV. Error bars represent the S.D.
of the assay.
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previously (19). So there should be further room for specificity
and sensitivity improvements in this diagnostic ELISA based
on recombinant proteins.

PIM1, MAPKAPK3, and ACVR2B participate in the control
of cell growth and differentiation. PIM1 and MAPKAPK3 are
oncogene-like proteins, whereas ACVR2B has shown a sup-
pressor-like activity. There were no previous reports of asso-
ciation between PIM1 and MAPKAPK3 with colorectal cancer.
The proto-oncogene PIM1 is a constitutively active serine/
threonine kinase involved in the control of cell growth and
differentiation (45) that has been described to inhibit apopto-
sis (46). PIM1 has been reported to be overexpressed in
prostate cancer (47), lymphomas (48), and head and neck
carcinomas (49). PIM1 was recently identified as a target of
aberrant somatic hypermutation in non-Hodgkin lymphoma
and B cell lymphoma (50). MAPKAPK3 is a relatively unknown
enzyme that is the target of different mitogen-activated pro-
tein kinases, such as p38�/�24 (51). In vitro studies demon-
strated that ERK, p38 mitogen-activated protein kinase, and
Jun N-terminal kinase were all able to phosphorylate and
activate MAPKAPK3. In a previous report, we found ERK,
MAPK, and Jun to be overexpressed in colorectal cancer (7),
confirming the well known activation of the ERK1/2 MAPK path-
way. There are no previous reports of MAPKAPK3 up-regulation
in other tumors. Regarding ACVR2B, activins are dimeric
growth and differentiation factors that belong to the transform-

ing growth factor-� superfamily. Activins signal through a het-
eromeric complex of receptor serine kinases that include at
least two type I (I and IB) and two type II (II and IIB) receptors.
ACVR2B and its ligand activin can regulate cell differentiation,
proliferation, and apoptosis in a variety of cancer cell types
(52–54). Indeed, the expression of ACVR2B seems to be down-
regulated in CRC cells, CRC-induced xenografts, and primary
colon cancer specimens as a consequence of the mutation
status associated with high frequency microsatellite instability
(55). After restoring its expression, there was a decrease in the
growth of colon cancer cells, which may suggest a role for
ACVR2B as a tumor suppressor (53, 55).

Although Annexin IV has been reported to be overex-
pressed in colorectal cancer (6, 8), our results showed a
complete absence of autoantibodies against Annexin IV.
Therefore, overexpression is not sufficient for the induction of
an immune response. Other factors such as the presence
of mutations should play a more relevant role. Different types
of mutations have been reported for PIM1 and ACVR2B.
Because MAPKAPK3 is hardly characterized, no mutations
have been described yet. Thus, we can speculate that aber-
rant mutations probably also occur in MAPKAPK3. We can
hypothesize that the occurrence of autoantibodies requires
the presence of mutations in tumor-associated proteins in
combination with overexpression. Further research will be

FIG. 7. Validation of the selected TAAs in colorectal cancer. A, performance of MAPKAPK3, PIM1, and ACVR2B in discriminating serum
of CRC patients from reference subjects independently in a validation set with a total of 94 samples (52 from patients with CRC cancer and
42 from controls). B, specificity and sensitivity obtained from ROC curve analysis using a combination of the three proteins or a combination
of MAPKAPK3 and PIM1. C, specificity (Spec) and sensitivity (Sens) obtained using the controls, CEA and Annexin IV, to discriminate CRC
patients from reference subjects independently.
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necessary to correlate the presence of mutations in tumor
proteins with the induction of autoantibodies.

One of the findings of our study was the identification of
several targets for natural autoantibodies in reference sub-
jects. Interestingly autoantibodies against ACVR2B were di-
minished in cancer patients. The presence of natural autoan-
tibodies is common in all individuals (56), and they are
characterized by a low affinity and polyreactivity (57), which
could explain the significant reactivity against many proteins.
It is tempting to speculate that the lower autoantibody reac-
tivity observed in cancer patients against these antigens
could be due to the appearance of deleterious mutations,
truncations, or a significant repression in the protein expres-
sion levels that would abolish or decrease this natural reac-
tivity. In fact, TMA data support this repression in the expres-
sion of ACVR2B in tumors.

Proteins identified in this study were different from previ-
ously identified TAAs in colon cancer probably because
among the 8000 human proteins of our high density microar-
rays there were many low abundance proteins, which in-
creased considerably the chances of finding more CRC-spe-
cific TAAs. Although these potential CRC biomarkers were
initially identified with sera from patients with metastasis, further
ELISA screening with sera representing different stages of CRC
demonstrated the applicability of these TAAs for a global diag-
nosis of CRC. Furthermore, the identified TAAs are not only
good candidates for the diagnosis of CRC but interesting new
targets for therapeutic intervention because they are altered,
and probably mutated, kinase proteins.
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