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ABSTRACT
Gastric adenocarcinoma is a common form of cancer associated with a 

poor prognosis. We analyzed microarray profiling data from 48 patients with 
gastric adenocarcinoma to characterize gastric cancer subtypes and identify 
biomarkers associated with prognosis. We identified two major subtypes of gastric 
adenocarcinoma differentially associated with overall survival (P = 0.025). Genes that 
were differentially expressed were identified using specific criteria (P < 0.001 and 
>1.5-fold); expression of 294 and 116 genes was enriched in good and poor prognosis 
subtypes, respectively. Genes related to translational elongation and cell cycle were 
upregulated in the poor prognosis group. Of these genes, upregulation of proteasome 
subunit beta type 8 PSMB8 and PDZ binding kinase PBK was confirmed by real-time 
reverse transcription-PCR analysis. PSMB8 or PBK knockdown had no effect on gastric 
cancer cell proliferation but suppressed cell migration and invasion, respectively. 
Furthermore, immunohistochemistry analysis of 385 gastric cancer patients revealed 
that increased nuclear expression of PSMB8 and PBK was correlated with depth of 
invasion, lymph node metastasis, and lower survival rates. Taken together, two 
gastric adenocarcinoma subtypes were predictive of prognosis. PSMB8 and PBK were 
predictive of gastric cancer prognosis and could be potential gastric cancer subtype-
specific biomarkers.

INTRODUCTION

Gastric cancer is a common form of cancer with the 
second highest cancer-related mortality rate [1]. Advanced 
gastric cancer is generally refractory to chemotherapy, 
leading to a poor prognosis, with five-year survival rates 
of only 20-30% [2]. Even in patients at the early stage 
of the disease, the presence of lymph node metastasis 
considerably decreases survival rates [3]. Although the 
histological and pathological stages of gastric cancer have 
been the gold standard for determining prognosis, these 
only offer limited information about disease status in 
individual patients. 

There is heterogeneity among tumors displaying 

a similar histopathological appearance, which results 
in different clinical outcomes. Thus, it is important to 
understand the molecular heterogeneity of tumors and to 
identify clinically useful biomarkers to identify gastric 
cancer patients with a poor prognosis for alternative 
treatment strategies. Biomarkers could advance the 
development of diagnostic or prognostic systems and anti-
cancer drugs, while also providing more comprehensive 
information relating to mechanisms underlying tumor-
related processes. Previous studies have been focused 
on discovering novel biomarkers or gene signatures 
associated with gastric cancer using gene expression 
profiling [4, 5]. However, the subjective supervised 
methods used in these studies were suggested to result in 
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bias relating to relevant processes, leading to classification 
that is not biologically meaningful [6]. Therefore, in the 
present study, we analyzed gene expression profiling 
data from 48 patients with gastric cancer and identified 
two subtypes that were clinically relevant in predicting 
prognosis based on their unique gene expression signatures 
using an unsupervised hierarchical clustering. In addition, 
we identified and validated two specific biomarkers 
associated with prognosis. 

RESULTS

Two subgroups of gastric cancer associated with 
prognosis

An unsupervised hierarchical clustering analysis 
was performed to evaluate gene expression data obtained 
from 48 human gastric adenocarcinoma tissue samples 
(Supplementary Table 1). Genes with expression levels 
that displayed at least a two-fold difference in a minimum 
of ten tissue samples were selected for hierarchical 
clustering analysis (2,800 genes total). Unsupervised 
hierarchical clustering revealed two distinctive subtypes 
(Cluster 1 (C1, n = 20) and Cluster 2 (C2, n = 28)) with 
clear differences in gene expression profiles (Figure 
1A). Two subtypes did not correlate with level of tumor 
differentiation or histological type of tumor (data not 
shown). To further evaluate the association of these two 
subtypes with prognosis, we performed a Kaplan-Meier 
survival analysis. As shown in Figure 1B, C2 patients had 
a significantly lower overall survival rate compared with 
that of C1 patients (P = 0.02, log-rank test). The average 
survival durations of the C1 and C2 subtypes were 24.7 
and 23.7 months, respectively. These results suggest that 
the molecular signatures of these gastric tumors could be 
useful predictors of clinical outcomes. 

Gene expression signatures in gastric cancer 
associated with prognosis

We next sought to identify genes that were 
differentially expressed between C1 and C2 subtypes by 
applying the following thresholds: P < 0.001 and >1.5 
fold change. We identified 294 and 116 genes displaying 
higher expression in C1 and C2 subtypes, respectively. 
We analyzed these gene lists using DAVID functional 
annotation tools to categorize the enriched genes into 
subtypes based on biological process (BP) and KEGG 
pathway (Figure 2 and Supplementary Table 2). Genes 
highly expressed in the C1 subtype were related to the 
following gene sets: GO_BP cell adhesion (P = 8.62 
× 10-18), cytoskeleton organization (P = 5.36 × 10-6), 
regulation of cell motion (P = 4.66 × 10-6), and vasculature 
development (P = 1.75 10-5); KEGG ECM-receptor 

interaction (P = 2.44 × 10-9), focal adhesion (P = 2.61 × 
10-8), and vascular smooth muscle contraction (P = 3.66 
× 10-5). 

Genes more highly expressed in the C2 subtype were 
related to the following genes sets: GO_BP translation (P 
= 5.64 × 10-4), RNA export from nucleus (P = 2.93 × 10-

5), negative regulation of ubiquitin-protein ligase activity 
during mitotic cell cycle (P = 2.84 × 10-3), cell cycle (P = 
1.88 × 10-2), and KEGG ribosome (P = 2.13 × 10-4). Of the 
116 genes highly expressed in the C2 subtype, 22 were 
associated with these GO terms and KEGG pathways, 
most of which are implicated in cancer: Ribosomal 
protein (RP)-encoding genes RPL6, RPLP0, RPL8, 
RPS6P1, PRS7, and RPL29 [9], eukaryotic translation 
elongation factor EEF1B2 [10], eukaryotic translation 
initiation factor EIF5A [11], mRNA export factor THOC4 
[12], heterogeneous nuclear ribonucleoprotein HNRNPA1 
[13], mitotic arrest deficiency 2 MAD2 [14], proteasome 
subunits PSMA6 and PSMB8 [15], protein kinase 
regulatory subunit CKS2 [16], and PDZ-binding kinase 
PBK [17]. These results suggest that altered expression of 
these identified genes could reflect the specific molecular 
and biological features of gastric cancer cells.

Validation of gene expression

To validate the candidate genes that were highly 
expressed in C2 patient samples with poor prognosis, 
we performed a real-time PCR analysis using the same 
RNA used for the microarray analysis. The CT values 
for THOC4, PSMB8, CKS2 and PBK were significantly 
lower in C2 than C1, suggesting increased expression 
of these genes was associated with a poor prognosis 
(Supplementary Figure 1). These results are consistent 
with data from our microarray analysis. 

We focused on PSMB8 and PBK, whose functions 
in gastric cancer have not been reported. The Oncomine 
database (http://www.oncomine.org) was used to examine 
the differences in mRNA levels of PSMB8 and PBK 
between gastric cancer tissues and adjacent normal 
tissues. As shown in Supplementary Figure 2A and 2B, 
PSMB8 and PBK in microarray datasets (Cho et al. [18], 
and D’Errico et al. [19]) were overexpressed in gastric 
cancer tissues compared with that in normal tissues (P = 
0.006, P = 0.007, P = 0.001, P = 4.34E-9). In addition, the 
protein levels of these molecules in gastric cancers were 
significantly higher than those in adjacent normal tissue, 
as shown in Supplementary Figure 2C and 2D.

Roles of PSMB8 and PBK in gastric cancer cells

To investigate the roles of PSMB8 and PBK in 
gastric cancer cells, SNU638 and AGS cells expressing 
high levels of these genes (Supplementary Figure 3), 
were transfected with siRNAs specific for each gene, 
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Table 1: Relationship between nuclear PSMB8 expression and clinicopathological characteristics in 385 patients 
with gastric cancer
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Table 2: Relationship between nuclear PBK expression and clinicopathological characteristics in 385 patients with 
gastric cancer
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Figure 1: Hierarchical clustering analysis of gene expression data from 48 human gastric adenocarcinoma tissue 
samples. A. Genes with expression levels that were at least two-fold different in at least ten tissue samples were selected for unsupervised 
hierarchical clustering analysis (2,800 gene features). The results show two distinctive subtypes with significant differences in their 
respective gene expression signatures. Data are presented in a matrix format, in which each row represents an individual gene and each 
column represents a different tissue sample. Each cell in the matrix represents the expression level of a gene feature in an individual 
tissue sample. Red, high expression; green, low expression. B. Kaplan-Meier survival curves of the two clusters based on gene expression 
signature. P-values were obtained using the log-rank test. 
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and proliferation, migration, and invasion assays were 
performed. Gene knockdown was verified using real-
time PCR, western blotting, and immunocytochemistry 
(Figure 3A-3C). Knockdown of either PSMB8 or PBK had 
no effect on gastric cancer cell proliferation (Figure 3D). 
However, knockdown of each gene significantly decreased 
gastric cancer cell migration and invasion (Figure 4A-4D), 
suggesting that PSMB8 and PBK are involved in gastric 
cancer progression.

Clinical relevance of PSMB8 and PBK expression 
in gastric cancer cells

We next performed immunohistochemistry staining 
to detect PSMB8 and PBK protein expression in 385 
gastric cancer specimens that were not the same as 
those used in the microarray studies. PSMB8 expression 
was identified in the cytoplasm and nuclei of gastric 
adenocarcinoma cells (Figure 5A). Regarding nuclear 

PSMB8 expression, positive staining at levels of either 
< 5% (-) or 5-25% (+), and > 25% (++) was observed 
in 62.3% (249 of 385) and 23.6% (91 of 385) of cases, 
respectively. Regarding cytoplasmic PSMB8 expression, 
- (240/385, 62.3%), + (104/285, 27.0%), and ++ (41/385, 
10.6%) were observed in gastric adenocarcinoma cells.

 We investigated the clinicopathological and 
prognostic significance of nuclear PSMB8 expression in 
385 cases of gastric adenocarcinoma (Table 1). Nuclear 
PSMB8 expression was associated with increased 
invasiveness of gastric adenocarcinoma, including higher 
stage (P < 0.0001), depth of invasion (P = 0.003), lymph 
node metastasis (P < 0.0001), lymphovascular tumor 
emboli (P < 0.0001), increased tumor size (P = 0.002), and 
perineural invasion of tumor cells (P = 0.040). However, 
no significant differences in nuclear PSMB8 expression 
were associated with patient sex, age, or location. 
Consistent with the association between nuclear PSMB8 
expression and gastric adenocarcinoma aggressiveness, the 
patient group survival rate decreased as nuclear PSMB8 

Figure 2: Subtype-specific gene signature and annotation. Two-sample t-tests were applied to gene expression data from the two 
subtypes and differences were considered statistically significant if P < 0.001 and >1.5 fold change. Differentially expressed genes were 
categorized based on biological processing and KEGG pathway. Red, high expression; green, low expression. 
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Figure 3: The roles of PSMB8 and PBK in proliferation of gastric cancer. SNU638 and AGS cells were transfected with 
either non-targeting siRNA (siNT), PSMB8 siRNA (siPSMB8), or PBK siRNA (siPBK) for 48 hours. PSMB8 and PBK mRNA and protein 
expression was determined using real-time PCR A., western blotting B., and immunocytochemical analysis C. D. After transfection, 
proliferation was evaluated using an MTT assay. 
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Figure 4: The roles of PSMB8 and PBK in migration and invasion of gastric cancer. SNU638 and AGS cells were transfected 
with either non-targeting siRNA (siNT), PSMB8 siRNA (siPSMB8), or PBK siRNA (siPBK) for 48 hours. The migration and invasion 
assays were subsequently performed. Graphs and representative data show cells that migrated A. and B. and invaded (C and D) in the 
presence (S/F, serum free) or absence of 1% (FBS). *P < 0.05. 
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expression increased (Figure 5C). The average survival 
durations of the (-), (+), and (++) groups, which were 
classified according to nuclear PSMB8 expression, were 
77.2, 70.6, and 62.2 months, respectively; this decrease 
was statistically significant (P = 0.004). However, 
cytoplasmic PSMB8 expression was not associated with 
clinicopathological variables or poor outcomes (data not 

shown). 
PBK expression was identified in cytoplasm 

and nuclei of gastric adenocarcinoma cells (Figure 
5B). Nuclear/cytoplasmic PBK expression in gastric 
adenocarcinoma tumor cells was classified as follows: 
- (306/385, 79.5%), + (67/385, 17.40%), and ++ 
cytoplasmic expression (12/385, 3.1%); - (234/385, 

Figure 5: Relationship between expression of PSMB8 or PBK and clinical outcomes in patients with gastric cancer. A. 
and B. PSMB8 and PBK protein expression levels were determined by immunohistochemistry analysis. (-), (+) or (++) nuclear staining 
for PSMB8 or PBK was observed in tumor cells. C. and D. Kaplan-Meier survival analysis was performed according to PSMB8 or PBK 
expression. P-values were calculated using the log-rank test.
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60.8%), + (117/285, 30.4%), and ++ nuclear expression 
(34/385, 8.8%). Nuclear PBK expression was associated 
with increased gastric adenocarcinoma invasiveness, 
including higher stage (P = 0.002), depth of invasion (P 
= 0.017), and lymph node metastasis (P = 0.001), similar 
to the PSMB nuclear expression results. However, no 
significant differences in nuclear PSMB8 expression status 
were associated with patient sex, age, location, perineural 
invasion, or lymphovascular tumor emboli (Table 2). 
Increased nuclear PBK expression was associated with a 
poor prognosis in gastric adenocarcinoma ((-), 72.3 ± 1.2; 
(+), 66.2 ± 3.4; (++), 53.1 ± 9.2; P = 0.002) (Figure 5D). 
However, cytoplasmic PBK expression was not associated 
with increased gastric adenocarcinoma invasiveness or 
poor outcomes (data not shown). 

In addition, multivariate analysis showed that 
nuclear expression of PSMB8 and PBK were borderline 
significant predictors of overall survival (P = 0.085, P 
= 0.083, respectively) (Supplementary Table 3 and 4). 
These findings indicate that nuclear PSMB8 and PBK 
overexpression in tumor cells correlates with gastric 
cancer progression, especially aspects relating to tumor 
invasion depth and lymph node metastasis. These genes 
could be candidate biomarkers for prediction of gastric 
cancer survival. 

DISCUSSION

We performed microarray-based profiling to identify 
subtypes of gastric adenocarcinoma with different gene 
expression signatures. Using an unsupervised clustering 
approach, we found that gastric cancer patients were 
divided into two distinct subtypes that significantly 
differed with respect to overall survival, underscoring 
the clinical relevance of these subtypes. In addition, we 
identified 410 genes that could predict the prognosis of 
gastric cancer patients. Of these 410 genes, 294 were 
related to cell adhesion and ECM and were highly 
expressed in the subtype with a good prognosis. Previous 
studies have reported that inhibition of collagen fibril 
formation increases tumor cell invasion and ECM 
accumulation, contributing to tumor cell necrosis [20, 
21]. These findings indicate that ECM constituents 
inhibit tumor progression, resulting in a good prognosis. 
Of 410 genes, 116 were highly expressed in the subtype 
with a poor prognosis. The biological functions of these 
116 genes were associated with cancer and included 
translation, RNA transport, cell cycle, and the ribosome 
pathway. 

Consistent with our results, a previous study 
identified ribosomal proteins as prognostic markers for 
gastric cancer [6]. Dysregulation of ribosome synthesis 
promotes tumor formation [22]. Ribosome synthesis and 
protein translation are closely coordinated processes [23]. 
Translation elongation factor EEF1B2 and translation 
initiation factor EIF5A have non-canonical functions 

unrelated to protein synthesis [24], which are reported 
to control cancer cell proliferation [10, 25]. Prior to 
translation, mRNA is processed, edited, and exported. We 
found that THOC4 and HNRNPA1, which are associated 
with mRNA processing, were overexpressed in the C2 
subtype with a shorter survival period. These genes have 
been reported to display altered expression in various 
forms of cancer, with higher expression associated with 
cancer development [12, 13, 26, 27].

Genes related to the cell cycle were also identified as 
upregulated in tissue from patients with a poor prognosis. 
MAD2 and BUB3 are involved in spindle checkpoint 
function, with increased MAD2 expression associated 
with the formation of aggressive tumors in multiple organs 
[14]. PBK is a serine/threonine protein kinase related to 
the mitogen-activated protein kinase kinase (MAPKK) 
family. Overexpression of this gene has been implicated 
in tumorigenesis [17, 28]. Moreover, the cyclin kinase 
subunit CKS2 was upregulated; CKS2 expression was 
increased in several types of cancer and associated with 
tumor progression [29, 30]. Tumor cells proliferate rapidly 
and have high rates of protein synthesis, consequently 
displaying higher proteasome activity [31, 32]. Consistent 
with this, proteasome subunit PSMA6 and PSMB8 were 
more highly expressed in gastric cancer patients with 
a poor prognosis compared with patients with a good 
prognosis. 

Because the C2 subtype was highly associated with 
a poor prognosis, we validated genes that were highly 
expressed in the C2 subtype using real-time PCR. THOC4, 
PSMB8, CKS2, and PBK were validated. Of these genes, 
we focused on PSMB8 and PBK. The proteasome system is 
a non-lysosomal proteolytic pathway with important roles 
in many cellular processes, such as cell cycle regulation, 
proliferation, differentiation, and inflammation [33]. Other 
proteasome subunits have been shown to be overexpressed 
in some tumor cell types [34, 35]. However, the role of 
PSMB8, a component of the 20S proteolytic core particle 
of the proteasome, has not been reported in cancer. 
Although PBK is also involved in many cellular functions, 
including tumor development, cell growth and cell death, 
and is highly expressed in many cancers [36-39], its role in 
gastric cancer has not been reported. Thus, we investigated 
the functional role of these genes on gastric cancer using 
siRNAs against each gene. Knockdown of PSMB8 and 
PBK decreased gastric cancer cell migration and invasion, 
respectively.

We next performed an immunohistochemistry 
analysis of 385 gastric cancer patients to evaluate the 
relationship between expression of PSMB8 or PBK 
and clinicopathological characteristics. Strong nuclear 
expression of PSMB8 and PBK significantly correlated 
with increased depth of invasion and lymph node 
metastasis, respectively. Elevated nuclear expression of 
PSMB8 was related to lymphovascular tumor emboli, 
increased tumor size, and perineural invasion of tumor 
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cells. Consistent with our microarray results, a Kaplan-
Meier survival analysis revealed that gastric cancer patients 
displaying high protein expression of either PSMB8 or 
PBK had a decreased survival rate. These results indicate 
that PSMB8 and PBK promote carcinogenesis and gastric 
cancer metastasis, and are potential biomarkers able to 
predict a poor prognosis. In addition, PSMB8 and PBK are 
useful immunohistochemical protein markers for potential 
surgical pathology application, as prediction of lymph 
node metastasis based on biopsy specimen evaluation 
prior to endoscopic resection is a critical decision point. 
Other studies described gene signatures associated with 
gastric cancer prognosis. These approaches cannot be 
easily translated into the clinic due to of the difficulty 
of acquiring fresh-frozen tissues from patients and the 
complexity of data analysis [18]. To our knowledge, this 
is the first report to characterize the roles of PSMB8 and 
PBK in gastric cancer progression.

Although we clearly suggested that PSMB8 and 
PBK promote the migration and invasion of gastric cancer 
cells, PSMB8 and PBK are not sufficient to proliferation 
by themselves in gastric cancer cells. Additional factor 
might be required to cooperate in inducing proliferative 
effect of PSMB8 or PBK. The molecular mechanism 
by which PSMB8 and PBK promote gastric cancer cell 
progression has not been elucidated. Although it has been 
reported that carcinoma cell motility and invasiveness 
occur via the PI3K [40] and MAP kinase pathways [41], 
we observed unaltered activation of Akt, ERK, or p38 
following PSMB8 or PBK downregulation in gastric 
cancer (Supplementary Figure 4). These findings suggest 
that activation of the PI3K or MAPK pathways was not 
involved in PSMB8 or PBK-induced cell motility and 
invasiveness. Proteasome subunit has been reported to 
regulate transcription factors by nuclear localization and 
promoter interaction [42]. Another subunit, PSMB1, 
resides in the nucleus and binds to the PAI-2 and Reg1 
promoters to upregulate expression of target genes related 
to tumor progression [43]. PBK is also localized to nuclei, 
where it is involved in phosphorylation of histone H3 and 
inhibition of p53 in colorectal cancer and breast cancer 
cells, respectively [37, 44]. In addition, PBK is reported to 
correlate with mutant p53 and affects cell proliferation and 
viability in lung adenocarcinoma [45]. In future studies, 
we will investigate the underlying mechanisms of PSMB8 
and PBK in detail. 

In conclusion, we identified the expression 
signatures of two distinct subtypes of gastric cancer 
associated with different survival rates. Further validation 
of these gene signatures will be necessary in a larger 
cohort of patients. We propose that PSMB8 and PBK 
could be useful biomarkers for identifying gastric cancer 
patients with a poor prognosis. These findings could 
contribute to developing an improved method of molecular 
classification of gastric cancer patients that can predict 
survival. These markers also have the potential for clinical 

application, including the development of diagnostic 
markers and therapeutic agents for gastric cancer. 

MATERIALS AND METHODS

Patients and samples

As we described in our previous study [7], a total of 
48 fresh gastric cancer tissues were obtained with informed 
consent from patients who underwent gastrectomy at 
Pusan National University Hospital (PNUH) and Cheon 
Nam National University Hospital (CNUH), members of 
the National Biobank of Korea, which is supported by the 
Ministry of Health, Welfare, and Family Affairs, and were 
analyzed by microarray. Clinical characteristics of the 
patients were shown in Supplementary Table 1. 

Gene expression data and analysis

Total RNA was extracted from 48 fresh-frozen 
tissues using a mirVana RNA Isolation kit (Ambion Inc., 
Austin, TX). Five-hundred nanograms of total RNA was 
used for cDNA synthesis, which was followed by an 
amplification/labeling step (in vitro transcription) using 
the Illumina TotalPrep RNA Amplification kit (Ambion). 
Labeled, amplified material (1500 ng per array) was 
hybridized to Illumina HumanHT-12 BeadChips v4.0, 
according to the manufacturer’s instructions (Illumina, San 
Diego, CA). Array signals were developed by streptavidin-
Cy3. Arrays were scanned with an Illumina iScan system. 
The microarray data were normalized using the quantile 
normalization method in Illumina BeadStudio software. 
Microarray data are available in NCBI’s GEO (Gene 
Expression Omnibus) database (http://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE38024). 

The expression level of each gene was transformed 
into a log2 base before further analysis. Excel was 
primarily used for the statistical analyses. Gene expression 
differences were considered statistically significant if the 
P value was <0.001 and all tests were 2-tailed. Cluster 
analyses were performed using Cluster and Treeview. The 
gene ontology (GO) program (http://david.abcc.ncifcrf.
gov/) was used to categorize genes into subtypes based 
on biological function and pathway. Fisher’s exact test 
was used to determine whether the proportions of genes in 
each category differed by group. Prognostic significance 
was estimated by Kaplan-Meier plots and log-rank tests 
between two predicted subtypes of patients. This statistical 
calculation was performed with SPSS version 10.0 for 
Windows (SPSS Inc., Chicago, IL, USA).

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE38024
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE38024
http://david.abcc.ncifcrf.gov/
http://david.abcc.ncifcrf.gov/
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Real-time PCR

Total RNA was extracted from gastric cancer cells, 
using the TRIzol reagent (Invitrogen), following the 
manufacturer’s instructions. RNA was reverse transcribed 
with SuperScript II (Invitrogen) and cDNA was amplified 
with each primer and visualized with SYBR Green 
(Applied Biosystems; Life Technologies; NY, USA), 
using the fluorescence reader Corbett Rotor-Gene 6000 
(Qiagen Inc., CA, USA). The primers used are the 
following:: glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH), 5′-TCCATGACAACTTTGGTATCG-3′, 
5′-TGTAGCCAAATTCGTTGTCA-3′; PSMB8, 
5’-GCTGCCTTCAACATAACATCA-3’, 
5’-CTGCCACCACCACCATTA-5’; CKS2, 
5’-TAA GGCAACTGGTAAGCATTC-3’, 
5’-ACAAGATACAGCCAAGTGTTAGTCC-3’; 
PBK, 5’- GCCAGCCAAGATCCTTTTCC-3’, 5’- 
TCTGTGACGTGACAAGCTGA-5’; THOC4, 
5’- TTTGGAACGCTGAAGAAGGC-3’, 5’- 
TCTGTGACGTGACAAGCTGA-3’ The following 
thermal cycler program was used: denaturation for 30 
s at 95°C; annealing for 30 s at 52°C, depending on the 
primers used; and extension for 30 s at 72°C. The number 
of PCR cycles was determined for each gene and ranged 
from 25 to 35. Data were normalized to GAPDH, and 
mRNA abundance was calculated using the 2−∆∆CT method.

Cell lines and transfection

The human gastric cancer cell lines SNU638 
was obtained from the Korean Cell Line Bank (Seoul, 
South Korea) and were authenticated. These cells were 
cultured in RPMI1640 medium with 10% fetal bovine 
serum (FBS; GIBCO; Thermo Scientific Inc.; PA, USA), 
100 U/mL penicillin, and 100 μg/mL streptomycin 
(Sigma-Aldrich; MO, USA). All cells were maintained 
at 37°C in 5% CO2. For knockdown of genes, cells 
were transfected with PSMB8 or PBK smartpool short 
interfering RNA (siRNA) or with non-targeting siRNA 
as a control (Dharmacon; Thermo Scientific Inc.; 
PA, USA), using Lipofectamine RNAiMAX reagent 
(Invitrogen) according to the manufacturer’s instructions. 
The siRNA sequences were as follows: PSMB8 (5696) 
siRNA, 5′-UGAUUGAGAUUAACCCUUA-3′, 
5′-UCAGCUGGGUCCUACAUUA-3′, 
5′-GGCUAUCGGCCUAAUCUUA-3′, 
5′-GAGAACGUAUUUCAGUGUC-3′; PBK (55872) 
siRNA, 5′-CAAGACACCAAGCAAAUUA-3′, 
5′-GGCAAGAGGGUUAAAGUAU-3′, 
5′-GUUCAACUCCAACUAUAAA-3′, 
5′-GAUCAUUAUCGAAGUGUGU-3′.

Cell proliferation

Cell proliferation was evaluated using MTT assay. 
Cells were transfected with siRNA for 48 hours and 
then washed. Culture medium containing 0.5 mg/ml of 
MTT was added to each well. The cells were incubated 
for 3 h at 37 ◦C, the supernatant was removed and the 
formed formazan crystals in viable cells were solubilized 
with dimethyl sulfoxide. A 0.1 ml aliquot of each 
sample was then translated to 96-well plates and the 
absorbance of each well was measured at 550 nm with 
spectrophotometer.

Immunocytochemistry

Cells were cultured on glass coverslips and 
transfected with siRNA. Cells were washed twice with 
PBS, fixed with 4% paraformadehyde in PBS for 10 min, 
permeabilized with 0.5% Triton X-100 in PBS for 10 min. 
After washing twice with PBS, cells were blocked with 
8% BSA in Tris-buffered saline Triton X-100 (TBST). 
Cells were incubated with anti-PSMB8 or anti-PBK 
overnight 4 ◦C and washed twice with TBST. Cells were 
incubated with FITC-conjugated secondary antibody 
(Jackson ImmunoResearch Laboratories, PA, USA) for 
1 h, and the nuclei were counterstained with DAPI to 
determine nuclear localization. Coverslips were mounted 
and visualized by using the confocal microscope.

Cell migration and invasion assays

Gastric cancer cells were harvested with 0.05% 
trypsin containing 0.02% EDTA (Sigma-Aldrich) and 
suspended in RPMI medium. For the migration assay, 
membrane filters (8-μm pore size) in disposable 96-well 
chemotaxis chambers (Neuro Probe; Gaithersburg, MD, 
USA) were pre-coated with 5 mg/mL fibronectin for 4 h at 
room temperature. Cells (3 × 103 cells/well) were loaded 
into the upper chambers, and 1% FBS was loaded into the 
lower chamber. After 24 h of incubation, non-migrating 
cells were removed from the upper chamber with a cotton 
swab, and the cells on the lower surface of the insert were 
stained with Hoechst33342 (Sigma-Aldrich). Migrated 
cells were counted under a fluorescence microscope at 
10× magnification.

For the invasion assay, 3 × 104 cells/well were 
seeded in the upper chamber, which was coated with 
30 µL of Matrigel (1 mg/mL in cold medium; BD 
Transduction Laboratories; NJ, USA). Serum-free medium 
containing 1% FBS or control vehicle was added to the 
lower chamber. After 24 h of incubation, non-invading 
cells were removed from the upper chamber with a cotton 
swab, and cells on the lower surface of the insert were 
stained with Hoechst33342 (Sigma-Aldrich). Invasive 
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cells were counted under a fluorescence microscope at 
10× magnification.

Western blot analysis

Cells were harvested and disrupted in lysis buffer 
(1% Triton X-100, 1 mM EGTA, 1 mM EDTA, 10 mM 
Tris-HCl at pH 7.4, and protease inhibitors). Cell debris 
was removed via centrifugation at 10,000 × g for 10 min at 
4°C. The resulting supernatants were resolved using SDS-
PAGE and transferred onto nitrocellulose membranes. 
The membranes were blocked with 5% non-fat dried 
milk at room temperature for 30 min and incubated with 
anti-PSMB8 (Abcam; MA, USA), anti-PBK, anti-Akt, 
anti-ERK, anti-p38 (Cell Signaling Technology; MA, 
USA), and anti-GAPDH. The membranes were then 
washed and incubated with horseradish peroxidase-
conjugated secondary antibody. Signals were visualized 
using enhanced chemiluminescence (Amersham; 
Buckinghamshire, UK).

Immunohistochemistry and analysis of 
clinicopathological and prognostic significance

We studied a cohort of 385 gastric cancer patients 
who underwent gastrectomy with lymph node dissection 
at PNUH between 2005 and 2007. None of the patients 
received preoperative radiotherapy or chemotherapy. 
Standard formalin-fixed and paraffin-embedded sections 
were obtained from the Department of Pathology and the 
National Biobank of Korea, PNUH. All samples from the 
National Biobank of Korea were obtained with informed 
consent under institutional review board-approved 
protocols. 

Methods of immunohistochemistry have previously 
been described [8]. The percentage of positive cells 
showing moderate to strong staining intensity was scored. 
The score is explained as follows: (-), < 5%; (+), 5%-
25%; (++), > 25%. Clinicopathological features were 
analyzed for differences in PSMB8 or PBK expression 
using the Student’s t-test, the χ2 test, or Fisher’s exact 
test. The relationships between expression of PSMB8 
and PBK were assessed with a Spearman rank correlation 
coefficient. Cumulative survival plots were obtained using 
the Kaplan-Meier method, and significance was compared 
using the log-rank test. Statistical significance was set at P 
< 0.05. Multivariate analyses were carried out using Cox 
proportional hazards regression. Statistical calculations 
were performed using SSPS version 10.0 for Windows 
(SPSS Inc.; Chicago, IL, USA). 
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