
Arasawa et al. BMC Cancer          (2023) 23:356  
https://doi.org/10.1186/s12885-023-10845-y

RESEARCH Open Access

© The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

BMC Cancer

Analysis of patients with colorectal cancer 
shows a specific increase in serum anti-ING1 
autoantibody levels
Takahiro Arasawa1,2, Takaki Hiwasa2,3*, Akiko Kagaya1,4, Tetsuro Maruyama1, Masaya Uesato1, Masayuki Kano1, 
Sohei Kobayashi1,5,6, Hirotaka Takizawa7, Katsuro Iwase2, Fumio Nomura8, Kazuyuki Matsushita5 and 
Hisahiro Matsubara1 

Abstract 

Colorectal cancer (CRC) is the third most prevalent cancer in the world, yet the sensitivity and specificity of biomark-
ers for CRC diagnosis are insufficient. In the present study, we performed a protein microarray screening method to 
identify antibody markers for CRC. Inhibitor of growth family 1 (ING1) was identified as a candidate tumor antigen for 
CRC using protein microarrays (ProtoArray). Subsequent amplified luminescence proximity homogeneous assay-
linked immunosorbent assay using recombinant ING1 protein showed that the serum levels of anti-ING1 antibodies 
were increased not only in patients with CRC but also in those with esophageal cancer (EC), gastric cancer (GC), breast 
cancer (BrC), and pancreatic cancer (PC) compared with those of healthy donors (HDs). Antibodies against the ING1 
amino acids between 239 and 253 were present at significantly higher levels in patients with CRC than in those with 
EC, GC, BrC, or PC. Anti-ING1 antibody levels were significantly higher in the patients with CRC at any stages than in 
the HDs. Immunohistochemical staining revealed higher expression of ING1 protein in CRC cells than in the adjacent 
normal tissues. In luciferase reporter assays using a CRC cell line, ING1 augmented p53-mediated NOXA promoter 
activity but attenuated p53-stimulated Bax, p21, and PUMA promoter activities. Consequently, serum anti-ING1 anti-
bodies can be used for sensitive and specific diagnoses of CRC.
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Background
Colorectal cancer (CRC) is one of the most common can-
cers worldwide. Combined CRC occurrence in men and 
women makes it the third most prevalent cancer after 
lung and breast cancers, and the related deaths are the 
second most numerous after those due to lung cancer 
[1]. In its early stages, CRC is confined to mucosal or sub-
mucosal tissues, and endoscopic or surgical resection is 
associated with complete cure and high patient survival 
rates. CRC that has progressed at the time of diagnosis 
requires multidisciplinary treatments by surgical exci-
sion, chemotherapy, and radiation therapy, leading to 
reduced patient longevity and quality of life. Therefore, 
diagnostic technologies for early-stage CRC are eagerly 
sought.

Fecal occult blood tests are noninvasive and conveni-
ent but have low sensitivity and specificity for early-stage 
CRC [2], reflecting the useful qualities of serum tumor 
markers. Traditional CRC serum markers include car-
cinoembryonic antigen and carbohydrate antigen 19–9; 
however, these are not sufficiently detectable during early 
tumor development [3, 4]. Although serum p53 antibody 
tests have demonstrated efficacy in the detection of early-
stage tumors [5, 6], few antibody markers have been 
clinically employed. Given that immunoglobulin G (IgG) 
antibodies are highly stable and reactive to specific anti-
gens, the introduction of novel antibody markers could 
improve specificity and sensitivity.

Serological identification of antigens by recombinant 
cDNA expression cloning (SEREX) and protein microar-
ray (ProtoArray) are comprehensive screening methods 
for identifying antigens recognized by serum IgG anti-
bodies [7, 8]. By analyzing serum antibody levels, some 
novel antibody markers have been selected [9, 10]. For 
example, in our ProtoArray experiments, inhibitor of 
growth protein 1 (ING1) was identified as a candidate 
CRC antigen, and we further showed that serum anti-
ING1 antibody (s-ING1-Ab) levels were significantly 
higher in patients with CRC than in healthy donors 
(HDs).

Methods
Sera from patients with cancer and healthy donors
The study protocol was approved by the ethics com-
mittee of the Graduate School of Medicine, Chiba Uni-
versity, and by the cooperating hospitals. We collected 
patient sera prior to treating cancers and after obtain-
ing written informed consent from patients with CRC 
(n = 192), esophageal cancer (EC, n = 96), gastric cancer 
(GC, n = 96), breast cancer (BrC, n = 93), and pancreatic 
cancer (PC, n = 50) at Chiba University Hospital. CRC 
staging was classified according to the Japanese Classifi-
cation of Colorectal, Appendiceal, and Anal Carcinoma, 

8th edition. We also collected sera from HDs (n = 128) 
at the Port Square Kashiwado Clinic. Immediately after 
collection, we centrifuged the serum samples at 2000  g 
for 5 min and stored the supernatants at -80 °C until use. 
Repeated thawing and freezing of samples was avoided.

Protein microarray screening
We performed the screening using the ProtoArray v5.1 
human protein microarray system (Thermo Fisher Sci-
entific, Waltham, MA), which comprises 9375 protein 
species. We employed Alexa Fluor 647-anti-human IgG 
detection reagent to quantify the fluorescence intensity 
which represented the serum IgG bound to immobi-
lized proteins. Results were analyzed using the Prospec-
tor software (Thermo Fisher Scientific), and a cutoff for 
positivity was calculated for each protein using M-sta-
tistics. For both groups, the proportion of subjects with 
an immune response above the cutoff value was counted. 
The algorithm to select candidate antigens in our study 
determined that the antigen positivity rate in the sera of 
patients with CRC was more than 60%, and the positivity 
rate in the sera of HDs was 0% as described [8, 9].

Reverse transcription polymerase chain reaction
We isolated total RNA from the DLD-1 CRC cell line 
using an AquaPure RNA Isolation Kit (Catalog num-
ber 732–6370, Bio-Rad, Hercules, CA). We performed 
reverse transcription with oligo(dT)20 primers (Thermo 
Fisher Scientific) using a ThermoScript reverse transcrip-
tion polymerase chain reaction (PCR) System (Thermo 
Fisher Scientific) as described previously [7, 10].

We amplified a full-length cDNA insert of ING1 by a 
PCR with ING1 sense (5′-TAG AAT TCT TGA GTC CTG 
CCA ACG GG-3′) and antisense (5′-TTC TCG AGC TAC 
CTG TTG TAA GCC CT-3′) primers and PrimeSTAR GXL 
DNA Polymerase (Takara Bio, Kusatsu, Japan). We per-
formed thermal cycling with an initial denaturation step 
at 98 °C for 1 min, followed by 30 cycles of denaturation 
at 98 °C for 10 s, annealing at 56 °C for 15 s, and exten-
sion at 68 °C for 2 min, with a final extension step at 68 °C 
for 3 min.

Construction of expression plasmid vectors
We constructed expression plasmids for the glutathione-
S-transferase (GST)-fusion protein as described pre-
viously [11, 12]. Briefly, PCR-amplified full-length 
cDNA inserts of ING1 were digested with EcoRI and 
XhoI and were separated using agarose gel electropho-
resis. We then recovered the cDNA fragments using 
a MinElute Gel Extraction Kit (Qiagen, Hilden, Ger-
many), and ligated them into the pGEX-4  T-1 vector 
(GE Healthcare Life Sciences, Pittsburgh, PA) using a 
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Ligation-Convenience Kit (Nippon Gene, Tokyo, Japan) 
after pre-digestion of the plasmid with EcoRI and XhoI.

Purification of recombinant proteins
We transformed ECOS competent Escherichia coli 
JM-109 cells (Nippon Gene) with the recombinant plas-
mid pGEX-4  T-1-ING1 and cultured them for 3  h in 
200-ml Luria broth containing 0.1  mM isopropyl β-D-
thiogalactopyranoside (FUJIFILM Wako Pure Chemical, 
Osaka, Japan). We then harvested the cells, washed them 
with phosphate-buffered saline, and lysed them by sonica-
tion in Y-PER Yeast Protein Extraction Reagent (Thermo 
Fisher Scientific). We centrifuged the lysates at 15,000  g 
for 10 min at 4 °C and purified the GST-fused ING1 pro-
teins in supernatants using affinity chromatography with 
Glutathione-Sepharose columns (GE Healthcare Life Sci-
ences) according to the manufacturer’s instructions. We 
finally concentrated the purified proteins with an Amicon 
Ultra-15 Centrifugal Filter Device (Merck KGaA, Milli-
pore, Darmstadt, Germany) as described [12, 13].

Immunohistochemical staining of ING1
We sectioned and then dewaxed paraffin-embedded CRC 
tumor tissues using graded alcohol and xylene. After anti-
gen retrieval at 98 °C for 40 min in 10 mM citrate buffer (pH 
6.0), we blocked endogenous peroxidase using 3% hydro-
gen peroxide in methanol for 30 min. We then washed all 
Sects.  3 times in wash buffer (S3006; DAKO, Carpinteria, 
CA) for 5 min each and then incubated them for 1 h with 
anti-human ING1 mouse monoclonal Ab (Clone 585,922; 
R&D Systems, Minneapolis, MN) (antibodies are shown in 
Additional file 1: Table S1) at a dilution of 1 to 200 at 37 °C 
for 60 min. Subsequently, we washed the Sects. 3 times with 
wash buffer (S3006; DAKO) for 5 min each and then incu-
bated them with horseradish peroxidase-conjugated anti-
rabbit/mouse secondary antibodies (EnVision™ Detection 
System: K5007; DAKO) at 37 °C for 60 min. We visualized 
the bound antibodies with the chromogen diaminobenzi-
dine in 3% hydrogen peroxidase. Finally, we counterstained 
the sections with hematoxylin and dehydrated and mounted 
them on glass slides as described previously [9, 11].

Western blot analysis
We electrophoresed GST and GST-ING1 proteins (0.3 μg 
per lane) on sodium dodecyl sulfate–polyacrylamide 
(11%) gels followed by western blotting using an anti-
GST antibody (Catalog number 600–101-200, Rockland, 
Gilbertsville, PA), 2 randomly selected sera from HDs, or 
6 sera from patients with CRC diluted at 1/1000-fold with 
a buffer comprising 20 mM Tris–HCl (pH 7.6), 137 mM 
NaCl, and 0.1% Tween 20. After incubation for 20  min 
with 1:30,000-diluted horseradish peroxidase-conjugated 

secondary antibody, immunoreactivity was detected 
using Immobilon Western Chemiluminescent HRP Sub-
strate (WBKLS0500, Merck KGaA) as described previ-
ously [12, 13]. We employed BLUeye Prestained Protein 
Ladder (Catalog number PM007-0500, Bio-Helix, Kee-
lung, Taiwan) as a molecular weight marker.

To examine the expression of ING1 and p53, 10 μg pro-
teins of total cell extracts were electrophoresed, blotted, 
and probed with anti-ING1 (C-19, sc-7566, Santa Cruz 
Biotechnology, Santa Cruz, CA) and anti-p53 (DO-1, 
sc-126, Santa Cruz Biotechnology) antibodies. We also 
used anti-β-actin antibody (C11, sc-1615, Santa Cruz 
Biotechnology) as a loading control.

Amplified luminescence proximity homogeneous 
assay‑linked immunosorbent assay
We performed amplified luminescence proximity homo-
geneous assay-linked immunosorbent assay (AlphaL-
ISA) using 384-well microtiter plates (white opaque 
OptiPlate, PerkinElmer, Waltham, MA) containing 2.5 
μL 1/100-diluted sera and 2.5 μL GST-ING1 or con-
trol GST proteins (10  µg/mL), or biotinylated peptides 
(400  ng/mL) in AlphaLISA buffer containing 25  mM 
HEPES (pH 7.4), 0.1% casein, 0.5% Triton X-100, 1 mg/
mL dextran-500, and 0.05% Proclin-300. We incubated 
the reaction mixtures at room temperature for 6 to 8 h, 
and then incubated them at room temperature in the 
dark for 7 to 21  days with anti-human IgG-conjugated 
acceptor beads (2.5 µL at 40  µg/mL) and glutathione-
conjugated or streptavidin-conjugated donor beads (2.5 
µL at 40 µg/mL). After many AlphaLISA trials, we con-
cluded that an incubation time of 7 to 21 days was most 
suitable to obtain specific, stable, low background, and 
reproducible results. We read the Alpha photon counts 
in microtiter plates using an EnSpire Alpha microplate 
reader (PerkinElmer) as described previously [8, 9, 12–
14]. Specific anti-ING1 antibody levels were obtained 
by subtracting the Alpha counts for the GST and buffer 
controls from those for the GST-ING1 protein and ING1 
peptide, respectively.

Peptide synthesis
Possible epitope sites in the ING1 protein (Accession 
number: NM_198219.2) were predicted using the pro-
gram ProPred [15], which is a tool for predicting MHC 
class II binding regions in antigenic protein sequences 
using matrix based prediction algorithm, employing 
amino-acid/position coefficient table as described previ-
ously [8, 9]. The parameters are as follow; Threshold: 3%, 
Display top scorer: blank, Result Display Format: HTM-
LII, Allele: ALL. Three ING1 peptides were designed 
with the following amino acid sequences:
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bING1-75, biotin-QRALIRSQELGDEKI
bING1-88, biotin-KIQIVSQMVELVENR
bING1-239, biotin-SCVGLNHKPKGKWYC 

Cell lines and culture
We cultured human embryonic kidney 293 cells and 
4 human colorectal cancer cell lines (DLD-1, Caco-2, 
LoVo, and HT-29) in specific culture media. 293, Caco-
2, and LoVo cells were obtained from RIKEN Cell Bank 
(RIKEN BRC, Tsukuba, Japan). DLD-1 cells were from 
the American Type Culture Collection (Manassas, VA). 
HT-29 cells were from Sumitomo Pharma Co., Ltd. 
(Osaka, Japan). We cultured the 293 and DLD-1 cells in 
Dulbecco’s Modified Eagle’s Minimum Essential Medium 
(Catalog number 08456–65, Nacalal Tesque, Kyoto, 
Japan) supplemented with 10% fetal bovine serum (FBS) 
and 100  μg/ml kanamycin. We cultured Caco-2 cells in 
minimum essential medium (Catalog number M4655, 
Sigma–Aldrich, St. Louis, MO) supplemented with 20% 
FBS, 0.1 mM Non-Essential Amino Acids (Catalog num-
ber M7145, Sigma–Aldrich), and 100 μg/ml kanamycin. 
We cultured the LoVo cells in Ham’s F-12 media (Catalog 
number N6658, Sigma–Aldrich) supplemented with 10% 
FBS and 100  μg/ml kanamycin and cultured the HT-29 
cells in McCoy’s 5a modified medium (Catalog number 
16600082, Thermo Fisher Scientific) supplemented with 
10% FBS and 100 μg/ml kanamycin.

Plasmids
The reporter plasmids, pCMV-p53WT, and pBV-PUMA-
Luc [16] were provided by Dr. Bert Vogelstein (Howard 
Hughes Medical Institute). The plasmids pGL3-Bax-Luc 
and pGL3-p21-Luc [17] were provided by Dr. Mian Wu 
(University of Science and Technology of China), and the 
pGV-B2 NOXA-Luc [18] was provided by Dr. Nobuyuki 
Tanaka (Nippon Medical School). The plasmid pcDNA3-
ING1 encoded ING1 and was expressed as described 
previously [19].

Cell culture and luciferase assays
We seeded LoVo CRC cells in 24-well plates and trans-
fected them with pcDNA3-ING1, pCMV-p53WT, 
both, or control empty vector plasmid (pcDNA3) with 
firefly luciferase and Renilla luciferase reporter plas-
mids using LipofectAMINE-Plus (Catalog number 
15338100, Thermo Fisher Scientific). Two days after 
transfection, we measured luciferase activities using 
a Dual Luciferase Assay System (Catalog number 
E1910, Promega) and a luminescence imaging instru-
ment (Atto, Tokyo, Japan). We normalized the firefly 

luciferase activities to those of the Renilla luciferase 
control as described previously [20].

Statistical analysis
We tested the normality of each group with the Shap-
iro–Wilk test and the Kolmogorov–Smirnov test and 
selected non-parametric tests. We examined significant 
differences in Alpha counts with Dunn’s multiple com-
parison test following a Kruscal-Wallis test in compari-
sons between 2 groups selected from 3 or more groups. 
We examined simple comparisons between the 2 groups 
with the Mann–Whitney U test. We employed log-rank 
and generalized Wilcoxon tests to compare overall sur-
vival between the 2 groups.

Results
Isolation of ING1 by ProtoArray screening
ProtoArrays loaded with 9375 antigenic proteins were 
reacted with five each of HD and patient sera. All data 
of the ProtoArray are available in the public Figshare 
database (https:// figsh are. com/ artic les/ datas et/ Prote 
in_ assay_ analy sis_ of_ color ectal_ cancer/ 21510 054). We 
selected 4035 proteins with 0/5 positivity for HD speci-
mens to exclude false positives. among which, we then 
selected 8 antigens with a 4/5 positivity rate and 135 
antigens with a 3/5 positivity rate in patient specimens. 
No antigen with a 5/5 positivity rate was included. ING1 
(Accession number: NM_198219.2), which reacted with 
3/5 serum samples from patients with CRC but with 0/5 
sample from HDs, is of much interest because it was 
related to tumor suppressor p53 [19]. GST-fusion ING1 
protein was expressed in E. coli and then purified using 
affinity chromatography.

Identification of serum s‑ING1‑Ab levels in patients 
with colorectal cancer
To determine the presence of s-ING1-Abs, we performed 
western blotting using sera from HDs and patients with 
CRC. The anti-GST antibody reacted with GST and GST-
ING1 and indicated molecular weights of 28 and 65 kDa, 
respectively (Fig. 1). Although 65 kDa is compatible with 
the calculated molecular weight of GST-ING1 in the pub-
lic database, preparations of GST-ING1 contained some 
degradation products as seen in lane 2 of the blot with 
anti-GST antibody shown in Fig. 1. Reactivity for 65-kDa 
GST-ING1 was limited in HD sera but was strong in sera 
from patients with CRC.

Anti‑ING1 antibody levels are increased in patients 
with gastrointestinal cancers
We determined s-ING1-Ab levels using AlphaLISA 
with purified recombinant GST-ING1 protein. Mean 

https://figshare.com/articles/dataset/Protein_assay_analysis_of_colorectal_cancer/21510054
https://figshare.com/articles/dataset/Protein_assay_analysis_of_colorectal_cancer/21510054
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baseline characteristics of 6 cohort groups (HDs and 
patients with CRC, EC, GC, BrC, and PC) are shown 
in Additional file  1: Table  S2. The s-ING1-Ab levels in 
the patients with CRC, EC, or GC were significantly 
higher than those in the HDs (Fig. 2A, Additional file 1: 
Table S3). Compared with the HDs, the patients with PC 
and BrC showed slight increases in s-ING1-Ab levels. 
Receiver operator characteristic (ROC) curve analysis 
was performed to evaluate the sensitivity and specific-
ity for patients with CRC and HDs. The results showed 
the sensitivity and specificity values of 68.8% and 64.8%, 
respectively, using the cutoff value of 36,567 (Fig.  2B). 
The area under the curve value was 0.713, which sug-
gests moderate accuracy in discriminating CRC when 
employing the s-ING1-Ab marker.

To improve the specificity of reactions, we identi-
fied 3 candidate ING1 epitopes using the program Pro-
Pred and synthesized the corresponding biotinylated 
peptides. Subsequently, we examined antibody lev-
els against these peptides in 48 serum samples from 
HDs and another 48 from patients with CRC using 
AlphaLISA. We observed a significant difference in 
the antibody levels between HDs and patients against 
the bING1-239 peptide but not against bING1-75 or 
bING1-88 (Fig. 3A–C). We then measured serum anti-
body levels in all cancer samples with the bING1-239 
peptide. The results showed that anti-bING1-239 anti-
body levels were significantly higher only in patients 
with CRC but not in those with other cancers, includ-
ing EC, GC, BrC, and PC or in HDs (Fig. 4A, Additional 

file 1: Table S3). ROC analyses of anti-bING1-239 anti-
bodies versus CRC showed sensitivity and specificity 
values of 47.9% and 79.5%, respectively (Fig. 4B).

We then identified relationships between the presence 
of s-ING1-Abs and pathological stages and lymphatic 
and venous invasions. Patients with any stagesof CRC 
showed significantly higher levels of s-ING1-Abs than 
HDs (Fig.  5A), indicating that s-ING1-Ab levels can be 
used to identify the presence of CRC at as early stage. No 
significant differences were observed among the various 
CRC stages. Lymphatic and venous invasions were not 
apparently correlated with s-ING1-Ab levels (Fig. 5B and 
C), and Kaplan–Meier plots showed no significant corre-
lation between s-ING1-Ab levels and survival (Fig. 6).

Expression of ING1 in colorectal cancer tissues 
and colorectal cancer cell lines
We examined expression levels and distributions of ING1 
proteins in CRC specimens using immunohistochemical 
staining with an anti-human ING1 mouse monoclonal 
antibody (R&D Systems). In these analyses of formalin-
fixed tissue specimens containing cancerous and normal 
cells from patients with CRC, more intense staining was 
shown in CRC tissues (Fig.  7A, upper left part) than in 
normal colorectal tissues (Fig.  7A, lower right part), as 
shown in representative tissue sections. ING1 proteins 
were localized predominantly in the nuclei of CRC and 
normal colorectal cells (Fig. 7B and C).

To examine the relationship between ING1 and p53 
protein in CRC, we determined expression levels in 4 

Fig. 1 Presence of anti-ING1 antibodies in sera of patients with CRC. The reactivity of anti-ING1 antibodies against ING1 protein were examined by 
western blot analysis. Glutathione-S-transferase (GST) (lane 1) and GST-ING1 proteins (lane 2) were electrophoresed on sodium dodecyl sulfate–
polyacrylamide gels. Anti-GST antibody (Rockland, Gilbertsville, PA), serum from healthy donors (HDs), or sera from patients with colorectal cancer 
(CRC) (CRC #1 and #2) were used as primary antibodies. One of the 2 independent repeat experiments is shown. Molecular sizes are shown at the 
left. Asterisks represent the degradation products of GST-ING1 protein. The full blot images are shown in Additional file 2: Figure S1
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Fig. 2 Comparison of anti-ING1 antibody levels between HDs and patients with solid cancers. A Serum antibody levels against ING1 protein 
were quantified by amplified luminescence proximity homogeneous assay-linked immunosorbent assay (AlphaLISA), and compared between 
HDs and patients with CRC, esophageal cancer (EC), gastric cancer (GC), breast cancer (BrC), and pancreatic cancer (PC). The Alpha photon counts 
represent the antibody levels, and are shown in a scatter dot plot. Horizontal lines represent the averages, and the error bars represent standard 
deviations (SDs). Differences were examined with Dunn’s multiple comparison test following a Kruscal-Wallis test (p < 0.001). *, p < 0.05; **, p < 0.001; 
ns, not significant. Data are summarized in Additional file 1: Table S3. B CRC detection using s-ING1-Abs was assessed using receiver operating 
characteristic (ROC) analyses. Numbers in the figures indicate cutoff values for Alpha counts, sensitivity, specificity, and area under the curve (AUC)
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CRC cell lines and in 293 cells using western blotting. 
The p33ING1 and p47ING1 isoforms were expressed in 
these lines and p33ING1 was observed in all CRC cell 
lines but not in immortalized HEK293 cells (Fig.  8A). 
Similarly, p53 was highly expressed in the 293, DLD-1, 
CACO-2, and HT-29 CRC cell lines, whereas compara-
tively low expression levels of p53 were observed in the 
LoVo cells (Fig. 8B, C and D). These data are consistent 
with a previous report that LoVo cells but not other CRC 
cells carry the wild-type p53 gene [21, 22]. The expres-
sion levels of ING1 isoforms were independent of p53 
mutations, which is compatible with the report of Hara 
et al. [23].

Functional analysis of ING1 using reporter assays
We transfected LoVo cells with a control vector or vec-
tors encoding ING1 or p53 or both, and quantified trans-
activation of p53 response elements using luciferase 
reporters. NOXA-Luc, Bax-Luc, p21-Luc, and PUMA-
Luc promoters are typical reporters for p53 and were 

highly activated following transfection with p53 con-
struct. Moreover, enforced expression of p53 activated 
the NOXA-Luc promoter, which was further activated 
by co-transfection with ING1 (Fig.  9A), suggesting that 
p53 was activated by ING1, as reported previously [19]. 
Luciferase activities of Bax-Luc, p21-Luc, and PUMA2-
Luc were also elevated by transfection with p53 alone, 
but the levels were attenuated by co-transfection with 
ING1 (Fig. 9B–D).

Discussion
In this study, we performed ProtoArray screening analy-
ses and identified autoantibodies against p33ING1 in sera 
from patients with CRC as a candidate marker. There-
fore, we targeted p33ING1 for subsequent experiments, 
but other ING1 variants, p24 and p47, may also affect 
p33 function. The role of other variants as well as their 
antibodies should also be investigated in future work. 
Another point to consider is that the number of speci-
mens in the first screening was small and there may be 

Fig. 3 Serum antibody levels against ING1 peptides. Serum antibody levels were examined using AlphaLISA with the biotinylated peptides, 
bING1-75 (A), bING1-88 (B), and bING1-239 (C) as antigens. Preliminary experiments were performed after random selection of 48 serum samples 
from HDs and 48 from patients with CRC. The p value was calculated with the Mann–Whitney U test. n.s., not significant
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other candidate markers besides s-ING1-Ab. Other anti-
body marker candidates should be explored in the future 
by conducting ProtoArray screening analyses using more 
serum samples. A subsequent AlphaLISA showed that 
s-ING1-Ab levels against ING1 were markedly elevated 
in sera from patients with CRC compared with those 

in serum from HDs (Fig.  2). Furthermore, experiments 
using the bING1-239 peptide showed that s-ING1-Ab 
levels were significantly elevated in sera from patients 
with CRC, whereas these levels were not significantly 
higher in sera from patients with other cancers (EC, GC, 
BrC, and PC) than in those from HDs (Fig. 4A, Additional 

Fig. 4 Comparison of anti-ING1-peptide antibody levels between HDs and patients with solid cancers. A Serum antibody levels against the 
bING1-239 peptide were compared between HDs and patients with solid cancers. The levels examined by AlphaLISA are shown in a scatter dot 
plot. Horizontal lines represent the averages, and the error bars represent SDs as described in the legends of Fig. 2. The p value was calculated with 
Dunn’s multiple comparison tests following a Kruscal-Wallis test (p < 0.001). Data are summarized in Additional file 1: Table S3. B CRC detection using 
anti-bING1 peptide antibodies was assessed using ROC analysis. Numbers in the figures indicate cutoff values, sensitivity, specificity, and AUC value
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file 1: Table S3). Therefore, s-ING1-Abs have potential as 
a novel and specific biomarker for CRC. Because ING1 
protein between amino acid 239 and 253 is highly con-
served among members of the ING family (ING1-5) [24], 
the antibody levels examined by using ING1 protein and 
bING1-239 peptide as substrates may involve antibod-
ies against other ING family members but not be specific 
for ING1 antibodies. The relationship between s-ING1-
Ab levels and the expression of ING family members 
other than ING1 should be investigated in future studies. 

Although the sensitivity and specificity of s-ING1-Abs 
for CRC were not compelling, s-ING1-Ab levels > 6000 
were almost exclusively observed in sera from patients 
with CRC (Fig. 4), suggesting that the major part, if not 
all, of s-ING1-Ab highly positive subjects are sera from 
CRC patients. Although ING1 has also been identi-
fied as a tumor antigen in BrC [25], s-ING1-Ab levels in 
patients with BrC were not high (Figs. 2A and 4A). Fur-
ther study is necessary to clarify the relationship of the 

Fig. 5 Comparison of s-ING1-Ab levels among stages of CRC. Serum antibody levels against the bING1-239 peptide were compared among 
pathological properties including A pathological stages, B lymphatic invasion (ly), and C venous invasion (v) in 133 patients with CRC. Patients 
treated with chemotherapy and/or palliative colostomy only or with neo adjuvant therapy were excluded. The sample number of each stage and 
invasion status are shown in Additional file 1: Table S4. Comparisons were made using Dunn’s multiple comparison test following a Kruscal-Wallis 
test (p < 0.001). (A), and the Mann–Whitney U test (B, C)
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Fig. 6 Kaplan–Meier overall survival curves for patients with or without serum bING1-239 antibodies. The cutoff value was determined by ROC 
analysis. The p value was calculated using log-rank and generalized Wilcoxon tests

Fig. 7 Immunohistochemical staining of normal and cancer tissues from patients with colorectal cancer. Immunohistochemical staining was 
performed on 6 resection specimens randomly selected from 192 patients with CRC. One representative result is shown. A cancer (upper left) and 
normal (lower right) tissue; B cancer tissue; C normal tissue. Some of typical localizations in nuclei are indicated by arrows in (B)

Fig. 8 The expression of ING1 and p53 proteins in CRC cell lines. The expression levels of ING1 and p53 protein as well as a loading control, β-actin, 
in human embryonic kidney, 293 cells, and CRC cell lines (DLD-1, Caco-2, LoVo, and HT-29) (10 μg protein of total cell extracts) were examined by 
western blotting using anti-human ING1 (C19, sc-7566, Santa Cruz Biotechnology) (A), anti-human p53 (DO-1, sc-126, Santa Cruz Biotechnology) (B), 
and anti-β-actin (C11, sc-1615, Santa Cruz Biotechnology) antibodies (C). The positions of p47-ING1 (ING1-H), p33-ING1 (ING1-L), p53, and β-actin 
proteins are indicated by arrows. D Quantification of the results for ING1-H, ING1-L, and p53 versus β-actin. ING1-H/β-actin and p53/β-actin were 
normalized to 1.0. Values are expressed as the average ± SD of 3 independent experiments. ND, not detectable

(See figure on next page.)
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Fig. 8 (See legend on previous page.)
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levels between ING1 protein expression and s-ING1-Abs 
in CRC and BrC.

Current tumor diagnosis methods employ various 
antigen markers; however, antibody markers have not 
been put into practical use except for anti-p53 antibod-
ies [3, 26]. Repeated tissue destruction of cancer cells 
even at the early-stage induces repeated leakage of small 
amounts of otherwise intracellular antigenic proteins, 
which increases the antibodies to the detectable levels. 
The s-ING1-Ab levels were consistently and significantly 
increased in sera from patients with CRC at any stages 
compared with HDs (Fig.  5A). Thus, the s-ING1-Ab 
marker can detect CRC as early stage. However, the sam-
ple size for stage 0 of CRC is 12 cases, which is fewer than 
the other stages. Therefore, additional experiments with 
more samples should be conducted in the future. In our 
clinical analyses, s-ING1-Ab levels did not increase with 

CRC progression, and Kaplan–Meier plots showed no 
significant differences in survival between positive and 
negative patients (Fig.  6). Early detection of CRC using 
the s-ING1-Ab marker could possibly improve progno-
ses by signaling the need for treatment at earlier stages 
of malignancy. The cause of the development of s-ING1-
Abs remains to be explained. Simple tissue destruction 
may not be sufficient to increase antibody levels, and it is 
possible that destruction of cells with high ING1 expres-
sion results in increased antibody levels. This inference 
should be explored in future experiments.

ING1 is known as a tumor suppressor [27, 28] and 
is mainly localized in the nucleus via a nuclear locali-
zation signal in the middle part [27], as observed in 
Fig.  7A–C. ING1 is involved in the regulation of pro-
liferation, cell cycle, senescence, apoptosis, chromatin 
remodeling, DNA repair, and genome stability [28, 29]. 

Fig. 9 Luciferase assays. LoVo CRC cells were seeded and transfected with the luciferase reporter plasmids NOXA-Luc (A), Bax-Luc (B), p21-Luc 
(C), and PUMA2-Luc (D) with or without the expression plasmids of ING1 and/or p53. Cells were harvested 48 h after transfection and luciferase 
activities in the cell lysates were measured. Relative luciferase activities in cells transfected with ING1 and/or p53 versus those in cells transfected 
with empty vector pcDNA3 are shown. Each column and bar represent the average and SD, respectively, of 3 independent experiments
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Functional cooperation of p53 and ING1 has been asso-
ciated with apoptosis induction and growth inhibition, 
and physical interactions between these proteins have 
been reported [30, 31]. Moreover, enforced expres-
sion of ING1 has been shown to activate the p53 target 
gene in multiple studies [32, 33]. However, induction 
of p53-independent apoptosis by ING1 has also been 
demonstrated, and translocation of ING1 into mito-
chondria was followed by increased Bax levels in mito-
chondrial membranes and consequent induction of 
apoptosis [30, 33–35]. In our luciferase reporter assays, 
the promoter activity of the pro-apoptotic NOXA was 
increased additively by ING1 and p53 (Fig. 9A). These 
data suggest that ING1 activates p53, although it can-
not be ruled out the possibility that ING1 and p53 
activated NOXA promoter via different pathways. In 
contrast, the activation of the promoters of pro-apop-
totic Bax and PUMA and growth-inhibitory p21 by p53 
was attenuated by co-transfection with ING1-encoding 
vectors (Fig.  9B–D). Thus, ING1 does not necessarily 
induce apoptosis but may inhibit cell growth in wild-
type p53 harboring cells. This should be further investi-
gated in the future.

We have reported many EC antibody biomarkers iden-
tified by SEREX screening, most of which were more or 
less responsive to other digestive-organ cancers such 
as GC and CRC [36]. Herein, we show that serum lev-
els of antibodies against the bING1-239 peptide were 
specifically elevated in sera from patients with CRC but 
not elevated in sera from patients with EC, GC, BrC, or 
PC (Fig. 4A). Moreover, elevated s-ING1-Ab levels were 
associated with any CRC stages (Fig. 5A). Therefore, the 
present s-ING1-Ab marker could be especially useful for 
specific and early diagnosis of CRC.
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