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Abstract

AIM: To search for and validate differentially expressed
proteins in patients with gastric adenocarcinoma.

METHODS: We used two-dimensional gel electro-
phoresis and mass spectrometry to search for dif-
ferentially expressed proteins in patients with gastric
adenocarcinoma. A set of proteins was validated with
immunoblotting.

RESULTS: We identified 30 different proteins involved
in various biological processes: metabolism, develop-
ment, death, response to stress, cell cycle, cell com-
munication, transport, and cell motility. Eight proteins
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were chosen for further validation by immunoblotting.
Our results show that gastrokine-1, 39S ribosomal pro-
tein L12 (mitochondrial precursor), plasma cell-induced
resident endoplasmic reticulum protein, and glutath-
ione S-transferase mu 3 were significantly underex-
pressed in gastric adenocarcinoma relative to adjacent
non-tumor tissue samples. On the other hand, sep-
tin-2, ubiquitin-conjugating enzyme E2 N, and transal-
dolase were significantly overexpressed. Translationally
controlled tumor protein was shown to be differentially
expressed only in patients with cancer of the gastric
cardia/esophageal border.

CONCLUSION: This work presents a set of possible
diagnostic biomarkers, validated for the first time. It
might contribute to the efforts of understanding gastric
cancer carcinogenesis.

© 2012 Baishideng. All rights reserved.
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INTRODUCTION

Gastric cancer (GC) is the fourth most common cancer
wortldwide!"!. However, incidence rates have steadily de-
clined; this is largely determined by trends in the fundus
and distal stomach". Gastric cardia cancer, on the other
hand, is on the increase, and is usually of the diffuse
histological typem. However, despite declining incidence
rates, GC is still the second leading cause of cancer
death and thus remains a major health problemm. Radi-
cal surgery still offers the only chance of a cure for GC
that invades the muscular layer, but only half of patients
qualify for this at the time of their diagnosism. The ma-
jority of patients are diagnosed at an advanced stage,
where a systemic spread of the tumor cells has to be an-
ticipated. The 5-year survival rate is very low and despite
consistent improvements the prognosis remains poorm.
On the other hand, the 5-year survival rate exceeds 90%
for patients in an early stage of the disease.

A definitive diagnosis of GC requires a gastroscopic
or surgical biopsym, which means there is a need for a
non-invasive test, e.g., the detection of serum/plasma
biomarkers. The most widely investigated serum markers
include carcinoembryonic antigen, carbohydrate anti-
gen (CA) 19.9, CA 72.4, cytokeratins and the 3 subunit
of human chorionic gonadotropin. However, their low
sensitivity and specificity precludes their use in screening
and early diagnosis. Therefore, a search for more appro-
priate biomarkers is necessary.

One possible source of potential new biomarkers is
the proteome. As opposed to static genomic data, the
proteome is necessary for understanding the dynamic
processes in cells'. Tt is also more complex, e.g., due to
alternative splicing and post-translational modification,
and the protein levels often do not correlate with the
mRNA". Proteomics is a rapidly developing field and is
now applied to all areas of the life sciences”. Gel-based
approaches, for example, belong to the most frequently
used assays in protein separation and analysis”. Two-di-
mensional gel electrophoresis (2-DE) is still the method
of choice for complex protein samples, although, due
to its limitations with hydrophobic and large proteins,
alternative or complementary methods based on mass
spectrometry (MS) are gaining popularity.

2-DE, dating back to the 1970s""" in conjunction
with MS, has allowed the identification of differentially
expressed proteins in various diseases, including G,
However, the process of translating basic proteomic
discoveries to the clinic is very time consuming and ex-
pensive, and despite all the efforts put into biomarker
research, very few diagnostic protein biomarkers have
been approved by the United States Food and Drug
Administration. The lack of specific and sensitive bio-
markers thus creates a persistent need for the expedited
development of biomarkers and their use in improving
the diagnosis and treatment of cancer. Furthermore, the
validity of potential biomarkers, as found by proteome
analysis, needs to be investigated and incorporated as
the second step of the research, e.g., by immunohisto-
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chemical and/or western blot analyses, in order to fulfill
the criterion of a systematic investigation of the protein
biomarkers in GC.

In this study, we used 2-DE and MS to search for dif-
ferentially expressed proteins in patients with gastric ad-
enocarcinoma: a total of 30 different protein alterations
were found. Gastrokine-1 precursor (GKNT1), 39S ribo-
somal protein L.12 (mitochondrial precursor) (MRPL12),
plasma cell-induced resident endoplasmic reticulum pro-
tein (PACAP), glutathione S-transferase mu 3 (GSTM3),
septin-2 (SEPT2), ubiquitin-conjugating enzyme E2 N
(UBE2N), transaldolase (TALDO1), and translationally
controlled tumor protein (TPT1) were further validated
with the immunoblot analysis, making them a set of pos-
sible biomarkers for gastric adenocarcinoma.

MATERIALS AND METHODS

Subjects and tissues

A total of 32 pairs of gastric adenocarcinoma tissues and
adjacent control tissue from 32 patients were obtained from
the tissue bank of the Institute of Oncology Ljubljana after
the National Medical Ethics Committee’s approval. They
were stored at -70 C until further use. The patients’ and
tumors’ parameters are listed in Table 1.

Sample preparation

The tissues were ground with a mortar and pestle in the
presence of liquid nitrogen and then lysed with 7 mol/L.
urea, 2 mol/L thiourea, 40 g/L 3-[ (3-cholamidopropyl)-
dimethylammonio]-1-propane sulfonate (CHAPS), 20
mmol/L dithiothreitol (DTT) and a protease inhibitor
cocktail (Sigma-Aldrich, St. Louis, MO, United States).
For every 10 mg of tissue, 50 pl. lysis buffer was added.
After sonication on ice, three times for 10 s, the samples
were incubated for 1 h on ice with occasional vortexing
and then centrifuged for 1 h at 20 000 X g at 4 'C. The
supernatant was collected and the protein concentration
was determined according to a commercial Bradford
reagent (Thermo Fisher Scientific, Waltham, MA, United
States) with bovine serum albumin as the standard.

2-DE

2-DE was conducted on 12 pairs of tissues and repeated
in triplicate. For the isoelectric focusing, 100 pg protein
was diluted in 450 pL rehydration solution (7 mol/L
urea, 2 mol/L thiourea, 20 g/L CHAPS, 20 mmol/L
DTT, 0.5% immobilized pH gradient (IPG) buffer, pH
4-7), loaded by in-gel rehydration onto IPG strips with
an acidic pH range of 4-7 (GE Healthcare, Stockholm,
Sweden), and focused in an Ettan IPGphor II isoelec-
tric focusing system (GE Healthcare) to a total of 63.5
kVh. Next, the IPG strips were equilibrated for 15 min
in 6 mol/L urea, 30% glycerol, 20 g/L sodium dodecyl
sulfate (SDS), 50 mmol/L Tris-HCl, pH 8.8, with 10 g/L
DTT, and for another 15 min in the same solution with
DTT teplaced by 25 g/L iodoacetamide. The strips were
then transferred to 12% polyacrylamide gels and the
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Table 1 Patient and tumor characteristics

Characteristics n (%)
Sex
Male 19 (59.4)
Female 13 (40.6)
Lauren’s classification
Intestinal 20 (62.5)
Diffuse 11 (34.4)
Mixed 1(3.1)
Location
Corpus 8 (25)
Antrum 7 (21.9)
Cardia/ gastroesophageal border 10 (31.2)
Several parts 7 (21.9)
Grade
Well-differentiated 2(6.2)
Moderately differentiated 12 (37.5)
Poorly differentiated 12 (37.5)
Undifferentiated 6 (18.8)
pT
pTlb 1(3.1)
pT2a 5 (15.6)
pT2b 15 (46.9)
pT3 11 (34.4)
pN
pNO 8 (25)
pN1 16 (50)
pN2 6 (18.8)
pN3 2(6.2)

second dimension was carried out in an Ettan DALTSsix
electrophoresis unit (GE Healthcare) under constant
power in a Laemmli buffer system until the bromophe-
nol blue reached the end of the gel.

Silver staining

The gels were silver stained according to Mortz ef al".
Briefly, they were fixed overnight in 50% methanol, 12%
acetic acid, and 0.05% formalin, washed for 2 X 20 min
with 35% ethanol and sensitized for 2 min with 0.02%
sodium thiosulfate. Next, they were washed for 3 X 5
min with water and stained for 20 min in 0.2% silver ni-
trate and 0.076% formalin. Then they were washed again
for 2 X 1 min with water and developed with 6% sodium
carbonate, 0.05% formalin and 0.0004% sodium thiosul-
fate. The reaction was stopped with 50% methanol and
12% acetic acid and the gels were left in 1% acetic acid
until the scanning,

Image acquisition and analysis

The gels were scanned with an ImageScanner II (GE
Healthcare) at 300 dpi and analyzed with an ImageMas-
ter 2D Platinum v7 (GE Healthcare). The spots were de-
tected, matched and quantified by relative volume. The
normalization of the spot values (relative spot volumes)
was based on the total spot volume. Next, the data were
analyzed with Excel. The spots of interest were deter-
mined using a pair-by-pair comparison. The spots were
considered to be differentially expressed if they matched
the following criteria: at least a twofold change in the
relative spot volume, the occurrence of this change in at
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least three patients, and statistical significance.

In-gel digestion

The enzymatic digestion of the excised spots was per-
formed using a Progest robot (Genomic Solutions,
Holliston, MA, United States). Briefly, the protein spots
were excised from the gel, placed into 96-well plates and
washed with 50 pl. acetronitrile (CH3CN) for 3 min and
then with 50 yuL 25 mmol/L ammonium bicarbonate
(NH4HCO:s) for 3 min. This washing step was repeated
three times to eliminate SDS, Tris and glycine. After the
washing procedure, the excised spots were treated with
100 pL 10 mmol/L DTT for the reduction step and the
reaction was left to proceed at 57 C for 1 h. After DTT
removal, 100 pL 55 mmol/L iodoacetamide was added
for the cysteine carbamidomethylation and the reaction
was left to proceed at room temperature (RT) for 1 h.
After removal of the supernatant, the washing procedure
was repeated three times and the gel slices were dried
with a SpeedVac (5 min). Based on the gel-slice volume,
5-10 uL 12 ng/pL Porcine Trypsin (Promega, Madison,
W, United States) was added. The enzyme was freshly
diluted in 25 mmol/T. NHsHCOs3 and the digestion was
performed overnight at RT. Trypsin was the protease of
choice for the MS protein identification because of its
reliability and its substrate specificity, yielding peptides
with C-terminal basic residues (Arg and Lys), which
facilitated positive ionization and subsequent MS detec-
tion. Finally, 10 puL of 39% H20/60% CHsCN/1%
HCOOH was added and the samples were left for 3 h at
RT to favor the extraction of peptides from the gel.

MS and database search

Trypsin-generated peptide mixtures were analyzed by
matrix-assisted laser desorption ionization coupled with a
time-of-flight analyzer (MALDI-TOF) (Voyager, Applied
Biosystems, Carlsbad, CA, United States). Samples that
provided an ambiguous identification with MALDI-TOF
were analyzed by tandem MS (MS/MS) using nanoliquid-
chromatography electrospray ionization coupled with the
quadrupole and time-of-flight analyzer (nanoL.C-ESI-Q-
TOF) (nanoAcquity, Q-TOF Premier; Waters, Milford,
MA, United States).

For MALDI-TOF MS, the peptide extracts (0.5 L)
were mixed with an equal volume of 2,5-dihydroxy-
benzoic acid (10 mg/mlL; Sigma-Aldrich) dissolved in
20% CHsCN. Trypsin-digested ovalbumin was used for
external calibration. Crystals were obtained using the
dried-droplet method on a 100-spots metallic plate and
approximately 500 MALDI mass spectra were averaged
per spot to optimize the signal-to-noise ratio. The laser
fluency was adjusted to the threshold to achieve the best
resolution and mass accuracy. The MS measurements
were carried out at a maximum accelerating potential of
20 kV, in the positive reflectron mode. The acquisition
range was set to /% 800-3500 with a low-mass gate at
m/z 700. For /% values of about 1500, the mean mass
resolution was 15 000.
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Proteins were identified by peptide mass fingerprint-
ing with two search programs: Mascot and ProFound.
The following search parameters were applied: SWISS-
PROT and NCBI were used as the protein-sequence
databases; a mass tolerance of 50 ppm and one missed
cleavage were allowed; the alkylation of cysteine by carb-
amidomethylation was considered complete; while the
oxidation of methionine was considered as a possible
modification.

For nanoL.C-ESI-Q-TOF MS/MS analysis, peptide
mixtures were SpeedVac-treated for 10 min to elimi-
nate CH3CN, then 25 mmol/L NHsHCO3 was added
before injection into the nanoAcquity/Q-TOF system
equipped with a trapping column (Symmetry C18, 180
um X 20 mm, 5 um particle size) and an analytical col-
umn (BEH130 C18, 75 pm X 100 mm, 1.7-um particle
size) (Waters). The aqueous solvent (buffer A) was 0.1%
formic acid and the organic phase (buffer B) was ace-
tonitrile with 0.1% formic acid. A 2%-40% B gradient
was set for 25 min. The MS parameters were as follows:
positive ion mode; capillary voltage, 3 kV; cone voltage,
40 V; ion-source block temperature, 80 C; and collision
energy ramping from 15 to 40 eV. For the exact mass
measurements, the glufibrinopeptide reference (/3 =
785.8426) was continuously supplied during the nanol.C-
MS/MS experiments using the lockspray device. The
peptide mass measurements were corrected by the PLGS
software (Proteinlynx Global Server; Waters) during data
processing. Peak lists were generated by PLGS and the
processed data were submitted to Mascot searching using
the following parameters: data bank, NCBI; peptide tol-
erance, 15 ppm; fragment tolerance, 0.1 Da; number of
missed cleavages, one; variable modifications, oxidation;
and fixed modifications, catbamido methylation.

Immunoblot analysis

To validate the differential expression from the 2-DE
gels, an immunoblot analysis was performed on an ex-
panded number of samples, on 27 pairs. For TPT1, ad-
ditional four pairs of cardia/gastroesophageal border
adenocarcinoma were used. A total of 30 pg protein per
sample was loaded on 12% or any kD gels (Bio-Rad,
Hercules, CA, United States), transferred onto PDVFE
membranes (Millipore, Billerica, MA, United States),
and blocked in 50 g/L skimmed milk overnight at 4 C.
Primary antibodies were used in the following dilutions:
anti-GKNT1 at 0.5 pg/mL (WH0056287M1; Sigma—
Aldrich), anti-MRPL12 at 1 pg/mL (WHO0006182MT1;
Sigma-Aldrich), anti-PACAP at 1:1000 (ab96308; Abcam,
Cambridge, United Kingdom), anti-GSTM3 at 0.75 ug/
mL (ab74749; Abcam), anti-SEPT2 at 1 ug/mL (ab88657;
Abcam), anti-UBE2N at 0.5 pg/mlL (ab25885; Abcam),
anti-TALDO1 at 1:1000 (ab67467; Abcam), and anti-
TPT1 at 1 pg/mL (WHO0007178M1; Sigma-Aldrich).
Horseradish-peroxidase-conjugated secondary antibodies
were used in the following dilutions: goat anti-mouse at
1:5000 (115-035-062; Jackson ImmunoResearch, New-
market, Suffolk, United Kingdom) and goat anti-rabbit
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at 1:10 000 (111-035-003; Jackson ImmunoResearch).
The proteins were detected chemiluminescently with
an LAS-4000 CCD camera (Fujifilm, Tokyo, Japan) at
10-s intervals. The blots were then quantified with Multi
Gauge software (Fujifilm) and the intensity values were
exported to Excel. Differential expression was deter-
mined after normalization to Ponceau S-stained mem-
branes for loading and transfer differences and statistical
significance was assessed.

Statistical analysis

To assess the statistical significance of differential pro-
tein expression (tumor g5 non-tumor) in 2-DE as well as
in immunoblotting, Wilcoxon signed-rank test was used.
The test was double-sided and values with P < 0.05 and
a 95% CI were considered to be statistically significant.
To assess the correlation of the differential protein ex-
pression from immunoblotting with the histopathologi-
cal parameters, repeated-measures analysis of variance
was used. The values with P < 0.05 and a 95% CI were
considered to be statistically significant. Bonferroni post-
test was used to narrow down where the differences
were significant. All analyses were performed using
Microsoft Office Excel 2007 (Microsoft Corporation,
Redmond, WA, United States) and GraphPad Prism 5
(GraphPad Software, Inc., La Jolla, CA, United States).

RESULTS

Subject parameters

Altogether, we used 32 pairs of human gastric adeno-
carcinoma and adjacent normal tissue samples from 32
patients. The mean age of the patients was 68.3 £ 10.5
(range 40-84) years. The subject group contained pre-
dominantly males (59.4%). According to Lauren’s clas-
sification, the majority of tumors were intestinal (62.5%)
and the largest part was located in the cardia/gastro-
esophageal border (31.2%). The tumors were mainly
moderately (37.5%) and pootly (37.5%) differentiated.
According to the TNM classification, most were pT2b
(46.9%) and pN1 (50%). The data on pM were only
available for some patients and were thus not included in
any further analysis. For more details, refer to Table 1.

2-DE and MS
To determine the differentially expressed proteins in
the gastric adenocarcinoma patients, we first performed
2-DE on 12 pairs of human gastric tissue samples. For
good resolution we used large (24 cm) IPG strips with an
acidic pH gradient (4-7). We performed the experiments
in triplicate, which produced well-resolved spots and re-
producible 2-DE patterns. On average, 1197 £ 150 spots
per gel were detected after silver staining. Figure 1 shows
a typical image of a tumor- and a non-tumor-sample-
derived gel. In the lower part of the figure, one can see
differentially expressed spots from the tumor/non-tumor
pairs, obtained from a pait-by-pair compatison.

After the proteolytic digestion of 32 excised spots,
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Figure 1 Results of two-dimensional gel electrophoresis from gastric adenocarcinoma patients. A: Examples of silver-stained two-dimensional gel electropho-
resis gels for non-tumor and tumor tissue; B: Examples of differentially expressed spots (circled) for the non-tumor and tumor tissue that were chosen for immunoblot
validation. MW: Molecular weight; GKN1: Gastrokine-1 precursor; MRPL12: 39S ribosomal protein L12 (mitochondrial precursor); PACAP: Plasma cell-induced resi-
dent endoplasmic reticulum protein; GSTM3: Glutathione S-transferase mu 3; SEPT2: Septin-2; UBE2N: Ubiquitin-conjugating enzyme E2 N; TALDO1: Transaldolase;

TPT1: Translationally controlled tumor protein.
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100 (Q15019.1) | trypsin 301.2
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0 i i bilageddlli ol IHTICTHRHAPAST I
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Figure 2 An example of mass spectrometry identification results for septin-2.

we identified 30 different proteins by MALDI-TOF MS
or nanoLC-ESI-Q-TOF MS/MS. Eleven proteins wete
found to be underexpressed, while 19 were found to be
overexpressed in the gastric adenocarcinoma relative to
adjacent non-tumor tissue samples. These results are
summarized in Table 2 and an example of the MS iden-
tification is shown in Figure 2.

The identified differentially expressed proteins could
be classified into eight groups according to the biological
process in which they are involved (Figure 3), by infor-
mation from the GO Classification for Homo sapiens from
European Molecular Biology Laboratory - European
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Bioinformatics Institute (http://www.ebi.ac.uk/integr8/
GOAnalysisPage.dororgProteomelD=25). These groups
were: metabolism (HPGD, ECHS1, MRPL.12, ACADS,
NDUF12, PBL.D, PACAP, ATP5H, GSTM3, PGK1,
ACTB, HSPA1, CBX3, UBE2N, TAILLDO1, MTPN,
ENOT1, NNMT, EIF281, NMET), development (HPGD,
NDUFU2, GSTM3, SEPT2, SERPINBS, ACTB, NGFR,
MTPN, NMET), death (PACAP, PKM2, NGFR, CTSD,
ANXA4, TPT1, ANXA5, NMET), response to stress
(ACTB, HSPAT1, UBE2N, ENOT1, EIF251, ANXA5),
cell cycle (GKN1, HPGD, SEPT2, NGFR, HSPAT,
NMET), cell communication (GSTM3, ACTB, NGFR,
ANXA4, ANXAS), transport (ATP5H, TTR, SEPT2,
TPTT), and cell motility (SERPINBS, ACTB).

Immunoblot analysis

In order to validate the results from the 2-DE and to in-
vestigate the possibility of the identified proteins becom-
ing relevant biomarkers, we performed an immunoblot
analysis on an expanded group of samples: 11 that were
used for 2-DE as well as an additional 16 (» = 27). The
selection of proteins subjected to the analysis was based
on their putative relevance. GKIN1 was the most abun-
dantly underexpressed protein and was already validated
at the protein level™ | so it was chosen as a general con-
trol in our 2-DE and immunoblot experiments. MRPL12
has, to the best of our knowledge, not yet been found
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Table 2 Results of mass spectrometry identification

Protein name

Gene name Swiss-Prot ID pl/MW

Down-regulated

Gastrokine-1 precursor GKN1
15-hidroxyprostaglandin dehydrogenase isoform 1 HPGD
Enoyl CoA hydratase, mitochondrial precursor ECHS1
39S ribosomal protein L12, mitochondrial precursor MRPL12
Acyl-CoA dehydrogenase ACADS
NADH dehydrogenase (ubiquinone) flavoprotein 2, NDUFV2
mitochondrial precursor
Phenazine biosynthesis-like domain-containing protein PBLD
isoform a
Plasma cell-induced resident endoplasmic reticulum PACAP
protein
ATP synthase subunit d, mitochondrial ATP5H
Glutathione S-transferase mu 3 GSTM3
Transthyretin TTR
Up-regulated
Septin-2 SEPT2
Maspin SERPINB5
Phosphoglycerate kinase 1 PGK1
Pyruvate kinase, muscle PKM2
Actin, cytoplasmic 1 ACTB
Tumor necrosis factor receptor superfamily member 16 NGFR
Pprecursor
Heat shock 70 kDa protein 1A /1B HSPA1
Heterochromatin-like protein 1 CBX3
Ubiquitin-conjugating enzyme E2 N UBE2N
Transaldolase TALDO1
Cathepsin D precursor CTSD
Annexin A4 ANXA4
Myotrophin MTPN
Enolase 1 variant ENO1
Nicotinamide N-methyltransferase NNMT
Eukaryotic translation initiation factor 2 subunit 1 EIF2S1
Translationally-controlled tumor protein TPT1
Annexin A5 ANXA5
Nucleoside diphosphate kinase A isoform a NMEI1

Frequency'  Fold®> P value Coverage® No. of pep.*
QINS71 5.3/21.0 75% (9/12) 15.17 0.000 16% 6
P15428 5.6/25.2 66% (8/12)  3.85 0.016 23% 5]
P30084 5.8/27.9 66% (8/12)  3.38 0.001 49% 15
P52815 51/20.6 58.3% (7/12) 10.95 0.016 16% 4
P16219 6.1/39.9 583% (7/12) 4.94 0.005 12% 5]
P19404 5.7/24.2 50% (6/12)  2.26 0.027 58% 16
P30039 6.1/31.8 50% (6/12)  3.60 0.007 25% 5
Q8WU39  52/22.0 41.6% (5/12) 4.41 0.042 39% 5
075947 52/205 41.6% (5/12) 2.40 0.012 26% 5
P21266 5.3/263 33.3% (4/12) 3.35 0.042 29% 4
02766 54/16.4 25% (3/12) 2.74 0.027 53% 7
Q15019 6.0/41.0 75% (9/12)  4.58 0.009 34% 7
P36952 5.6/40.2 583% (7/12)  4.99 0.007 14% 5
00558 6.0/40.1 58.3% (7/12)  6.46 0.016 22% 6
P14619 6.0/38.8 58.3% (7/12) 5.25 0.021 20% 8
P60709 4.8/322 583% (7/12) 7.77 0.005 44% 12
P08138 5.2/35.5 50% (6/12)  3.94 0.002 17% 5
P08107 5.1/36.9 50% (6/12)  4.77  0.009 14% 8
Q13185 5.2/22.0 50% (6/12) 412  0.027 19% 8]
P61088 57/164 41.6% (5/12) 4.94  0.001 40% 5
P37837 59/385 41.6% (5/12) 312  0.003 18% 5
P07339 53/284 41.6% (5/12) 3.49 0.034 27% 11
P09525 5.6/31.3 41.6% (5/12) 13.31 0.027 54% 26
P58546 51/135 41.6% (5/12) 2.45 0.000 22% 4
P06733 55/42.6 41.6% (5/12) 3.95 0.034 19% 7
P40261 54/285 41.6% (5/12) 4.24 0.000 9% 8]
05198 49/335 41.6% (5/12) 6.61 0.042 24% 8
P13693 4.8/20.7 25% (3/12)  2.50 0.002 18% 4
08758 5.0/32.4 25% (3/12) 3.24 0.005 70% 25
P15531 5.7/19.0 25% (3/12)  3.11 0.016 33% 5]

'Frequency shows the number of patients where the protein was differentially expressed in two-dimensional gel electrophoresis analysis; Fold stands for the av-

erage fold change in the relative spot volume between non-tumor and tumor (downregulated) or tumor and non-tumor (upregulated) tissue; *Coverage stands

for the sequence coverage in mass spectrometry (MS) analysis; “No. of pep. stands for the number of matched peptides in MS analysis. MW: Molecular weight.

Development 15% Metabolism 34%

Cell communication
8%

Cell cycle 10%

Transport 7%
Response to stress 10%

ili 0,
Cell motility 3% Death 13%

Figure 3 Distribution of differentially expressed proteins according to the
biological processes in which they are involved.

to be associated with gastric cancer, while SEPT?2 (as the
most abundantly overexpressed), UBE2N, TALDOI1,
TPT1, PACAP, and GSTM3 were already found to be
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associated with gastric adenocarcinoma, but were not
previously validated at the protein level.

Our results (Figure 4) show that GKN1 (P = 0.0007),
MRPL12 (P = 0.0033), PACAP (P = 0.0015), and
GSTM3 (P = 0.0002) were significantly underexpressed
in gastric adenocarcinoma. SEPT2 (P = 0.0001), UBE2N
(P = 0.0017), and TALDO1 (P = 0.0006), on the other
hand, were significantly overexpressed. The immunoblot
results confirmed our results from the 2-DE analysis.
TPT1, on the other hand, did not appear as generally dif-
ferentially expressed in the tumor samples compared to
the non-tumor samples. However, we also checked for a
correlation of the differential expression with the histo-
pathological parameters. We observed (Figure 5) signifi-
cant differences in the MRPL12 expression and tumor
location (P = 0.017), as well as in TPT1 expression and
tumor location (P = 0.011). TALDO1 expression was ob-
served to correlate with pN status (P = 0.036). A higher
rate of MRPL12 overexpression was found in the antrum
(P < 0.001) and a higher rate of TPT1 overexpression
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Figure 4 Examples of immunoblotting results on four pairs of non-tumor and tumor tissue for eight differentially expressed proteins (A) and densitometric
results from immunoblotting for the same eight proteins (B). The x-axis represents non-tumor (N) and tumor (T) tissues and the y-axis represents relative band
density. The P values are from the Wilcoxon signed-rank test. GKN1: Gastrokine-1 precursor; MRPL12: 39S ribosomal protein L12 (mitochondrial precursor); PACAP:
Plasma cell-induced resident endoplasmic reticulum protein; GSTM3: Glutathione S-transferase mu 3; SEPT2: Septin-2; UBE2N: Ubiquitin-conjugating enzyme E2 N;
TALDO1: Transaldolase; TPT1: Translationally controlled tumor protein.
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Figure 5 Densitometric results from immunoblotting for three proteins describing potential associations of differential protein expression and clinical
parameters. The x-axis represents different clinical parameters and the y-axis represents relative band density. The P values are from the repeated measures
analysis of variance. °P < 0.01 and °P < 0.05 are from the Bonferroni post-test. MRPL12: 39S ribosomal protein L12 (mitochondrial precursor); TPT1: Translationally
controlled tumor protein; TALDO1: Transaldolase; N: Non-tumor; T: Tumor.

was found in the cardia/gastroesophageal border (P <
0.01). A higher rate of TALDOT1 overexpression was
found in pNO (P < 0.05) and pN3 (P < 0.01) tumors.
Due to the interesting results of TPT1 and cardia/
gastroesophageal border correlation, we used additional
tissue samples from four patients with cardia/gastro-

troesophageal border adenocarcinoma (six from before
and four additional), Wilcoxon signed-rank test con-
firmed the differential expression (Figure 06).

DISCUSSION

esophageal border adenocarcinoma to confirm it. The
trend remained the same: TPT1 was upregulated. When
combining tissues from all 10 patients with cardia/gas-
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General observations
Using a gel-based proteomic approach, we aimed to find
and validate the differentially expressed proteins in a set
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Figure 6 Densitometric results from immunoblotting of 10 pairs of non-
tumor and tumor tissue from cardia/gastroesophageal border adenocarci-
noma patients. The x-axis represents non-tumor (N) and tumor (T) tissues and
the y-axis represents relative band density. The P value is from the Wilcoxon
signed-rank test. TPT1: Translationally controlled tumor protein.

of gastric adenocarcinoma patients. A total of 30 differ-
ent proteins were identified in the study. They belonged
to different biological processes, including metabolism,
development, death, response to stress, cell cycle, cell
communication, transport, and cell motility. The largest
group, metabolism, contained 20 proteins with at least
some role in cell metabolism.

A set of these proteins has already been found in
similarly conducted experiments for GC. Among those
downregulated in the tumor, enoyl CoA hydratase, mi-
tochondrial precursor™?, acyl-CoA dehydrogenase'™,
NADH dehydrogenase (ubiquinone) flavoprotein 2,
mitochondrial precursorm}, phenazine biosynthesis-
like domain-containing protein isoform alzz], and ATP
synthase subunit d, mitochondrial® have been reported
with the same alterations as in our study. In contrast to
our observation, ATP synthase subunit d was reported
to be upregulated in another studylzz]. Among the pro-
teins upregulated in the tumor, phosphoglycerate kinase
1" pyruvate kinase isozymes M1/ M2 heat shock
70 kDa protein 1A/ 1B[24’25], cathepsin D precursorlzz’%’zc],
annexin A47%, alpha—enolase[24’25], nicotinamide N-meth-
yltransferaselzo’ﬂ’zg], annexin A5 and actin, cytoplas-
mic 1 in rat GC metastases” have been found elsewhere
with the same trend as in our study. However, other
studies have reported that pyruvate kinase™, alpha-
enolase™, and actin®”" have the opposite expression
patterns compared to our results. This discrepancy could
perhaps result from the heterogeneity that is often pres-
ent in studies of human tumor tissue. In this paper, we
present and discuss eight putative biomarkers for gastric
carcinogensis that were identified in our study, among
which seven were validated for the first time by means
of immunoblotting.

Specific protein alterations
GKNT1 has already been identified as a downregulated
gene in GC™. Tt is suggested to maintain gastric mu-
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cosal integrity and mediate repair after injurylm. The
protection of the mucosal barrier is thought to be due to
the ability of GKINI1 to alter the distribution of specific
tight-junction proteins and to stabilize perijunctional
actin”". It was later demonstrated to bind with F-actin in
smooth muscle cells, suggesting a role in cell-cell adhe-
sion and the assembly of actin stress fibers™. Recently,
GKNT1 has been shown to be a modulator of apoptotic
signalsm. It has been confirmed as a secreted protein
and as being present in native and metaplastic gastric
epithelium, but absent from the gastric carcinoma and
the precursor lesion of intestinal metaplasia, making it a
possible tumor suppressor in gastric carcinogenesism.

GKNT1 expression is downregulated in Helicobacter-
pylori-positive patients”™. In another study, a loss of
GKNT1 occurred, especially in the diffuse-type tumort,
but was associated with a significantly worse outcome in
the intestinal typem]. It has been found to be downregu-
lated in GC, using 2-DEP? and these results have
been validated at the protein and mRNA levels™”. Con-
sistently, we found that GKN1 was underexpressed in
tumor tissue, using 2-DE, and we also validated the re-
sults by immunoblotting. Our result is in agreement with
other reports and, like other research groups, we were
also unable to find any correlation with histopathological
parameters at the protein level. The overlapping of both
steps of the biomarker identification with a number of
other studies in this case contributed to the confidence
in the approach for the analysis of additional biomarkers
found in our proteomic analysis.

MRPL12 is the first cloned and characterized mam-
malian mitochondrial ribosomal protein encoded by
the nucleus™”. It accumulates in cells at the mRNA and
protein levels upon growth-factor stimulation. The en-
hanced expression later contributes to transcriptional
activation™". MRPL.72 mRNA levels have been detected
in different organs, being especially high in the colon
and skeletal muscle*. Besides being a component of the
mitochondrial ribosome (its dimers bind the large ribo-
somal unit), MRPL12 binds to mitochondrial RNA poly-
merase and enhances transcription 7z vitrd™. Tt has been
speculated that it may either directly couple transctiption
and translation by binding simultaneously to polymerase
and ribosomes, or alone bind to polymerase and activate
its transcriptional activity in some way'"”. However, Lito-
nin ¢t al*" have observed no such stimulation, so further
experiments are necessary to clarify the possible role of
this protein in transcription.

MRPLI12 is differentially expressed, and it has previ-
ously been observed by 2-DE to be overexpressed in
prostate cancer'™ and in hepatitis B virus (HBV)-asso-
ciated hepatocellular carcinoma'™”. This is not in accor-
dance with our results because we showed that MRPI.12
was downregulated in gastric adenocarcinoma. We also
observed it correlation with location: higher rates of un-
derexpression were found in the antrum. In the context
of cancer, the knockdown of MRPL12 dectreases mi-
tochondrial activity, increases glycolysis and accelerates
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tumor growth™), We speculate that it may also be the case
in gastric adenocarcinoma.

PACAP was found as an expressed sequence tag from
a microarray analysis where it exhibited downregulation
in intestinal-type GC™. The protein was found in the
endoplasmic reticulum of lymphocytes, where it exhibited
upregulation in the course of B-cell differentiation™". Tt
was found to assist in the oxidative folding of Ig domains;
however, both research groups were uncertain as to
whether it acted as an oxidoreductase ot as a chaperone.
In a very recent report”’, PACAP was described as help-
ing to diversify peripheral B-cell functions by regulating
Ca”" stores, antibody sccrction and integrin activation.

A patent application® has disclosed the use of PACAP
as a universal marker of different types of cancer, GC in-
cluded. However, they claim that increased concentrations
of the protein and/or its fragments are associated with
cancer, whereas we discovered just the opposite for GC.
The same was reported by Huang ez @V in a 2-DE experi-
ment (although this was without validation), by Hasegawa
et al™ and Katoh e al””. However, in the latter two cases,
this was at the non-protein level. We validated our results
by immunoblotting. Due to its downregulation in the tu-
mor, we strongly support the previous speculation that
PACAP might be a candidate tumor-suppressor gcncm].

GSTM3 is a glutathione S-transferase (GST) that be-
longs to the mu class™. Tt is rather unusual; it is not only
about 70% identical in its protein sequence to the other
mu-class transferases, but it is also considerably shorter
and transcribed in the reverse orientation™,

Several polymorphisms have been found in GSTs,
which can alter the susceptibility to carcinogens and tox-
ins and influence the toxicity and efficacy of drug treat-
ment”™, They have been studied in relation to several can-
cers, GC included. For example, Martinez and colleagues
have found no association with the GSTM3 genotype and
GC risk™, whereas Tatemichi and co-workers have de-
scribed a possible association between GSTM3 polymot-
phisms and Ig titer levels in serum against H. pylor!””

GSTM3 is found in several normal tissues, including
the stomach®™. A comparison of the differential GSTM3
expression in cancers is made rather difficult by the fact
that many studies have focused on the whole GST family
or class, but not on individual isoforms. For instance, an-
tral GST enzyme activity has been found to be significantly
lower in the stomach of H. pylori-infected patients™, but
the contributions of separate isoforms has not been stud-
ied. For GSTM3 specifically, the gene is highly expressed
in a subgroup of patients with head and neck squamous
cell carcinoma I The protein is upregulated in neuroblas-
toma and in polycystic ovary syndrome®. We found
that GSTM3 was downregulated in gastric adenocarci-
noma. Our results are in agreement with a study reporting
downregulation in the seminomatous germ cell tumor,
where the changes were also reflected at the transcriptional
level™. This reduced expression could be indicative of the
decreased detoxification capacity of tumor cells™.

Septins belong to a family of conserved GTP-binding
protems . They have been implicated in many cellular
processes. SEPT2 is thought to be involved in cytokinesis,
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. . [65,66]
as well as chromosome congression and segregation .

Its fibers appear to contact actin bundles and focal adhe-
sion complexes physically, thereby linking it to a func-
tional interaction with actin-based cytoskeletal systems in
interphase cells®. Tt has also been found in the microtu-
bule spindle during metaphase and is proposed to form a
mitotic scaffold for different effectors to coordinate cyto-
kinesis with chromosome congtession and segregation®”.
Several other binding partners and functions have been
proposed for SEPT2, such as the DNA damage response,
the regulation of the efﬁciency of vesicular transport, and
FCyR-mediated phagocytos1s . Recently, it has been re-
ported that SEPT?2 is part of a diffusion barrier between
the primary cilia and the cell and it is essential for retain-
ing receptor-signaling pathways in primary cilia®’. Also, in
response to physiological and pathological stimuli, SEPT2
redistributes and its interaction with actin increases, which
allows for the dynamic modulation of the airway epithelial
barrier function™. Despite all the progress, the exact mo-
lecular mechanisms, cellular, and physiological functions
of septins are still pootly understood and interactome
studies could helpm

Septins have been linked to diseases such as neurode-
generation and cancer””. Tt s proposed that altered SEPT?2
expression can lead to disordered chromosomal dynamics
and undetlie the development of the aneuploidy common
to cancers®. SEPT2, among others, has been found to
be a fusion partner of the mixed lineage leukemia (MLL)
gene in therapy-related acute myeloid leukemia". Such
fusion is associated with downregulation of SEPT2 and
MILL in myeloid neoplasiamj. It has also been shown to
be downregulated in glioblastoma'™. On the other hand, it
has been identified as upregulated in hepatoma carcinoma
cells, where its phosphorylation on Ser218 by casein kinase
2 has been determined as crucial for hepatoma carcinoma
cell prolifcrationm. In a 2-DE experiment, SEPT?2 was, in
agreement with our results, determined to be upregulated
in GC"; however, no validation was carried out. The
same expression pattern was found in renal cell catrcino-
ma™ and in late-stage human colon cancer tissue™ and it
is abundantly expresscd in several brain tumors and brain-
tumor cell lines””. Taken as a whole, these results suggest
its possible role as an oncogene.

Ubiquitination is a post-translational modification car-
ried out in several steps’", one of them being conjugation
of an activated ubiquitin to an ubiquitin-conjugating en-
zyme (E2) via a highly conserved catalytic cysteine residue.
By directly influencing the type of lysine used to label the
substrates, they influence the fate of the substrates. One
of the H2s is UBE2N, which acts as patt of a complex
that enables the formation of the non-canonical Lys63-
mediated polyubiquitin chains'”. As opposed to Lys48-
mediated ones, these do not target proteasome degrada-
tion but mediate other processes. Among other functions,
it has been shown that UBE2N in a complex with Mms2
functions zia Lys63-mediated polyubiquitination in DNA
repair, whereas in a complex with UevlA, it functions in
activating nuclear factor-xB signalingps’sm. Both of the
partner proteins, however, are dispensable for the RINI8-
dependent propagation of DNA damage signals »iz ubiq-
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uitination™" although there are some questions as to the
importance of this activity™.

UBE2N is differentially expressed between different
types of leukemia and lymphoma cell lines™. It has signifi-
cantly lower transcriptional expression levels in non-small-
cell lung cancer and is correlated with pN and the stage of
the disease™. In a breast-cancer metastatic model using
ITRAQ technology, UBE2N was downregulated when
comparing cells with the most metastatic potential and
non-metastatic cells™. On the other hand, it was observed
in a 2-DE experiment to be overexpressed in HBV-asso-
ciated liver cancer™, which is consistent with our results.
It has already been shown to be differentially expressed in
GC"™; however, it has not been validated whether it is up-
or downregulated. UBE2N-dependent Lys63-mediated
polyubiquitination regulates processes that often enhance
cell survival in response to certain forms of stress'” ! there-
fore, our result supports its implication in the regulation of
similar processes in gastric cancerogenesis.

TALDOL1 is an almost ubiquitous cofactor-less en-
zyme of the pentose phosphate pathway™. Tts activity is
tissue specific and, in the brain, it is selectively expressed
in oligodendrocytes, thus connecting it to different auto-
immune diseases, such as multiple sclerosis™. Tts expres-
sion is developmentally controlled™.

TALDOL1 is the rate-limiting enzyme of the non-
oxidative part of the pentose phosphate pathway™ that
catalyzes the reversible transfer of a three-carbon unit
between various sugar phosphates (from ketose to aldose
sugar phosphates). It has a role in regulating the balance
between the two branches of the pentose phosphate path-
way and its overall output, as measured by NADPH and
glutathione production, and thus influences the sensitivity
to cell-death signalspo].

When comparing tumor and normal TALDOI, its
activity is increased in neoplastic liver™. Tts gene is highly
expressed in a subgroup of patients with squamous cell
carcinoma of the head and neck™. Furthermore, it is up-
regulated in late-stage human colon-cancer tissue'* and
in the sera of colorectal cancer patientsm]. In metastatic,
compared to non-metastatic GC cell lines™ and in GC
tissue™, TALDO1 was overexpressed, as shown by 2-DE.
However, in both studies, again, no validation was per-
formed. All these studies are consistent with our results,
which were also validated by immunoblotting. We also
found that TALDO1 correlated with pN status at stages
pNO and pN3. A higher TALDO1 expression in the tu-
mor tissue could reflect an increased metabolism of glu-
cose for the synthesis of nucleic acids in malignant cells™.

TPT1 is a ubiquitously expressed and highly conserved
protein. It is associated with various cellular processes,
such as cell-cycle progression, release of histamine and
various intetleukins, ag)o tosis, malignant transformation,
and tumor reversion” ", Very recently, it was also dis-
covered as a glucose-regulated protein, important for the
survival of pancreatic beta cells”

It has been implicated in cancer, although it is not
tumor-specific. It is upregulated in various tumor tissue

cell lines when compared to normal tissue cell lines””,

. 08, 99) ..
in breast”” and colon cancer™. As for the gastric tissue,
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TPT1 has been reported as cDNA present in libraries
only from normal gastric tissues'"”. In our study, TPT1
was not validated as generally differentially expressed in
the whole group of samples. Instead, its expression was
location-correlated; TPT1 was upregulated in gastric ad-
enocarcinoma from the cardia/gastroesophageal bordet.
In contrast to the general worldwide decline of GC rates,
an increasing incidence of gastric cardia cancer has been
observed in several countries'". This suggests that it is
a distinct clinical entity™. Therefore, it is possible that
TPT1 is implemented only in gastric cardia/gastroesopha-
geal border carcinogenesis.

Comparison of tumor and adjacent, non-tumor gastric
tissues by means of proteome analysis, including differ-
ential 2-DE coupled to MS analysis, revealed 30 protein
alterations. Some of the differentially expressed proteins
had already been observed in GC in previous studies,
which supports the reliability of our analysis. Several other
proteins were found with the same trend of differential
expression in other types of cancer, which could suggest
that they are commonly involved in carcinogenesis. The
high mortality rate from GC is due to delayed detection
and surgical resection at advanced stages of the disease.
A breakthrough in the eatly diagnosis of GC has not oc-
curred yet and there are currently very few markers that
are clinically in use; however, advances in proteomic re-
search are facilitating the identification of novel diagnos-
tic, prognostic, or therapeutic biomarkers. It is apparent
that a collection of protein biomarkers will be necessary
for reliable cancer detection and monitoring, as single
biomarkers often have an inadequate predictive value™".
There is, therefore, a need for the expedited develop-
ment of new, validated biomarkers to be added to the
list of clinically relevant tumor-associated proteins in the
proteome databases of gastric tissue and cell lines. To the
best of our knowledge, we ate the first to observe abet-
rant expression of MRPL12 in gastric adenocarcinoma,
and, in addition, aberrant expression of PACAP, GSTM3,
SEPT2, UBE2N, TALDO1 and TPT1 for the gastric
cardia/esophageal border were validated in gastric adeno-
carcinoma, also for the first time. Future experiments are
planned to use these biomarkers in the design of a combi-
natory microarray and to translate the obtained results to
blood samples, so the proteins would ultimately be useful
as biomarkers for eatly detection.
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COMMENTS

Background

Gastric cancer (GC) is the fourth most common cancer worldwide. Despite de-
clining incidence rates, it is still the second leading cause of cancer death and
thus remains a major health problem. The majority of patients are diagnosed at
an advanced stage when the 5-year survival rate is very low.

Research frontiers

Current diagnosis is invasive, whereas blood biomarkers lack sensitivity and
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specificity. This study investigated proteome changes in gastric cancerous vs
non-cancerous tissue in the hope of discovering new biomarker candidates. It
reports the validation of seven aberrantly expressed proteins, one of them be-
ing reported as a novel candidate biomarker.

Innovations and breakthroughs

This is believed to be the first study that reports aberrant expression of 39S ri-
bosomal protein L12 in gastric adenocarcinoma, and for the first time, validates
aberrant expression of plasma cell-induced resident endoplasmic reticulum
protein, glutathione S-transferase mu 3, septin-2, ubiquitin-conjugating enzyme
E2 N, transaldolase, and translationally controlled tumor protein for the cardia/
gastroesophageal border at the protein level.

Applications

Future work will be focused on using the validated biomarkers in the design of a
diagnostic protein microarray and on translating the research to blood samples,
so that the proteins would ultimately be useful as biomarkers for early detec-
tion. By showing their differential expression, this work might contribute to the
efforts to understand GC carcinogenesis, as well as present a set of possible
diagnostic biomarkers for gastric adenocarcinoma.

Peer review

Proteomic analysis was done in the present study. And several potential bio-
markers were selected as an important protein for gastric cancer carcinogen-
esis. These fields are very important for further developments of the clinical
treatment in patients with various malignancies including gastric cancer.
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