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Abstract: An iTRAQ-based tandem mass spectrometry approach was employed to relatively quantify proteins in 
the membrane proteome of eleven gastric cancer cell lines relative to a denominator non-cancer gastric epithelial 
cell line HFE145. Of the 882 proteins detected, 57 proteins were found to be upregulated with > 1.3-fold change 
in at least 6 of the 11 cell lines. Bioinformatics analysis revealed that these proteins are significantly associated 
with cancer, cell growth and proliferation, death, survival and cell movement. The catalogue of membrane proteins 
presented that are potential regulators/effectors of gastric cancer progression has implications in cancer therapy. 
DLAT, a subunit of the pyruvate dehydrogenase complex, was selected as a candidate protein for further studies as 
its function in gastric cancer has yet to be established. SiRNA studies supported a role of DLAT in gastric cancer cell 
proliferation and carbohydrate metabolism, reprogramming of which is a hallmark of cancer. Our study contributes 
to recent interest and discussion in cancer energetics and related phenomena such as the Warburg and Reverse 
Warburg effects. Future mechanistic studies should lead to the elucidation of the mode of action of DLAT in human 
gastric cancer and establish DLAT as a viable drug target. 
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Introduction

Globally, gastric cancer accounts for 8% of total 
cancer cases and 10% of total deaths, with the 
majority of these cases occur in the developing 
countries [1]. A multifactorial model of carcino-
genesis in gastric cancer is currently favored: 
external factors such as diet and infection with 
Helicobacter pylori [2] or co-carcinogens with 
internal factors such as genetic susceptibility 
or molecular dysregulation are linked [3]. 
Management of external factors has been the 
main cause of recent decline in gastric cancer 
incidence rates [1], but various authors caution 
that external, non-molecular risk factors such 
as H. pylori infection [4], high intake of salt and 
smoked food [5] have been shown to be neither 
sufficient nor necessary to cause gastric can-
cer. Survival rates for gastric cancer also 
remain low [6]. 

While controlling external factors can help in 
the management of gastric cancer, genetic 
alterations, and the resultant aberrant struc-
ture or expression of proteins are believed to be 
the underlying cause of gastric carcinogenesis 
[3, 7-9]. Some previously mentioned associa-
tions are between E-cadherin and familial gas-
tric cancer [10] and c-Met and invasiveness 
[11]. Other proteins associated with neoplastic-
ity are p53, APC [3], and altered Hedgehog sig-
naling [12-16]. Molecular cancer markers and 
drug targets for diagnosis and treatment are 
still needed. With the advent of functional pro-
teomics and mass-throughput systems of anal-
ysis, many new proteins as potential diagnostic, 
prognostic, predictive factors and drug targets 
can be elucidated. 

Cellular membranes are important signal trans-
duction platforms of cells, providing the first 
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point of contact with external environment such 
as the plasma membrane. Membrane lipids 
can also be modified to act as second messen-
gers, as in the case of IP3, or to recruit cytosolic 
proteins to the membrane to trigger a signaling 
cascade. As such, the membrane proteome 
could be a rich source of molecular regulators 
and effectors of cellular transformation and 
progression. In this study, we hypothesized that 
the patho-physiological functions of the mem-
brane proteins in gastric cancer cells are asso-
ciated with alterations in cell growth and cer-
tain hallmarks of cancer. To test this hypothe-
sis, we compared the expression levels of pro-
teins found in the membrane fraction of 11 
gastric cancer cell lines to non-cancerous gas-
tric epithelial cell line, HFE145 using the iso-
baric tag for relative and absolute quantifica-
tion (iTRAQ) approach [17].

The aim of this study is to investigate novel gas-
tric cancer associated proteins and to establish 
them as potential drug targets for the treat-
ment of gastric cancer through functional  
studies. Dihydrolipoamide S-acetyltransferase 
(DLAT), a mitochondrial protein involved in glu-
cose metabolism, was up-regulated in gastric 
cancer cell lines. Its function in gastric cancer 
cell growth and proliferation as well as its asso-
ciation with altered energy metabolism in can-
cer were investigated.

Materials and methods 

Chemicals and reagents 

IGEPAL, Triton X-100, DMSO, NaCl, sodium fluo-
ride, EGTA, EDTA and sodium orthovanadate 
were purchased from Sigma Aldrich (St Louis, 
MO). Protease inhibitor cocktails were obtained 
from Roche (Nutley, CA). EDTA. Transfection 
reagent JetPRIMETM was supplied by Polyplus-
transfection Inc. (New York, USA). 

Antibodies 

Anti-DLAT was obtained from Abcam (Cam- 
bridge, UK). Actin-HRP antibody was obtained 
from Santa Cruz Biotechnology (Santa Cruz, 
CA), while anti-mouse IgG and anti-rabbit IgG 
HRP conjugates was obtained from Sigma 
Aldrich (St Louis, MO). 

Cell culture and lysis 

Ten human gastric cancer cell lines (AGS, TMK-
1, NUGC3, NUGC4, SNU484, MKN45, KatoIII, 

SGC7901, SNU5 and SCH) were cultured in 
RPMI1640 medium containing 10% fetal 
bovine serum and 1% penicillin/streptomycin, 
non-cancerous gastric epithelial cell line 
(HFE145) and one of the gastric cancer cell line 
(HGC27) were cultured in DMEM medium con-
taining 10% fetal bovine serum and 1% penicil-
lin/streptomycin. The cells were incubated at 
37°C in a humidified atmosphere containing 
5% CO2 until a cell confluence of 80% for fur-
ther studies. 

Membrane protein extraction

The cells were scraped in 1 ml of fractionation 
buffer (10 mM Tris. HCl, pH 7.4, 1 mM EGTA, 1 
mM EDTA, 2 mM MgCl2, 10 mM KCl, 100 mM 
NaF, 10 mM sodium pyrophosphate, 1 mM 
sodium vanadate, protease inhibitor cocktails) 
and kept at 4°C for 30 min. The cells were lysed 
by 15 strokes in a Dounce homogenizer, and 
the lysate was then layered on fractionation 
buffer with 1 M sucrose and centrifuged at 
1,500 × g for 10 min. Approximately 1 ml of the 
supernatant above the sucrose cushion was 
removed and centrifuged at 150,00 × g for 30 
min at 4°C. The supernatant (cytosolic fraction) 
was discarded. The membrane pellet was 
washed once with fractionation buffer, resus-
pended with the same buffer with the addition 
of 0.5% IGEPAL and Triton × 100, and centri-
fuged again at 150,00 g for 30 min at 4°C. The 
supernatant was collected as the membrane 
fraction.

Labeling of sample with iTRAQ reagents

Proteins from each cell line were subjected to 
iTRAQ labeling according to manufacturer’s 
protocol (Applied Biosystems, Framingham, 
MA). Briefly 200 µg of protein was reduced 
using 2 µL of Reducing Reagent at 37°C for an 
hour. Subsequently 1 µL of Cysteine-Blocking 
Reagent was added for cysteine blocking and 
was incubated at room temperature for 10 min-
utes. A total of 4 µg of trypsin was used for 
each cell line for digestion in accordance with 
the ratio of 1 µg of trypsin to 50 µg of protein 
sample. Subsequently, the samples were incu-
bated overnight at 37°C. Isopropanol was used 
to dissolve each iTRAQ Reagent and the con-
tent in one sample tube was transferred to one 
iTRAQ Reagent vial. The tubes were incubated 
at room temperature for 1 hour after vortex. 
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Fractionation of peptides by strong cation ex-
change (SCX) HPLC

The iTRAQ labeled peptides were dissolved in 
Buffer A which contained 5 mM KH2PO4 and 
25% ACN (pH 2.7). Fractionation of peptides 
was performed using 1260 Infinity High 
Performance Liquid Chromatography (Agilent 
Technologies, USA), using a PolySULFOETHYL 
ATM column, 200 × 4.6-mm, 5 µm, 200-Å 
(PolyLC Inc.). A 60 minute step gradient was 
used where the gradient started with 100% of 
Buffer A for 5 minutes, followed by a ramp from 
5 to 21% of Buffer B (5 mM KH2PO4, 25% ACN, 
500 mM KCl, pH 2.7) for 35 minutes, then 
ramping from 30 to 100% of Buffer B for 15 
minutes and maintained at 100% of Buffer B 
for 5 minutes. The fractions obtained were 
lyophilized in a vacuum concentrator and sub-
sequently cleaned via a C-18 cleanup using 
C18 Discovery DSC-18 SPE column (100 mg 
capacity, Supelco, Sigma-Aldrich). The cleaned 
fractions were again lyophilized and then stored 
at -20°C prior to mass spectrometric analysis.

Mass spectrometric analysis

Each cleaned peptide fraction was dissolved in 
35 µL of Buffer A which contained 2% ACN in 
0.1% formic acid. 10 µL of each sample was 
injected into the nano-LC-ESI-MS/MS system 
by an autosampler for each analysis. Mass 
spectrometry was performed by QStar Elite 
Hybrid ESI Quadrupole time of flight tandem 
mass spectrometer (Applied Biosystems, 
Framingham, MA) coupled to an online capillary 
liquid chromatography system (Tempo nLC, 
Applied Biosystems, Framingham, MA). The col-
umn used to separate the peptide mixture was 
a PepMap C-18 RP capillary column (Dionex, 
The Netherlands). Peptide mixture separation 
was conducted at 0.3 µL/min, on a 125 minute 
gradient. The gradient started with 4% of Buffer 
B (98% ACN in 0.1% formic acid) and 96% of 
Buffer A for 3 minutes. Two ramping gradients 
of 4% of Buffer B in 7 minutes, 10 to 35% of 
Buffer B for 55 minutes and 35 to 100% of 
Buffer B for 25 minutes followed by a hold at 
100% of Buffer B for 15 minutes and 96% of 
Buffer A for 20 minutes. The mass spectrome-
ter was set in the positive ion mode, with a 
selected mass range of 300-1800 m/z. The 
time of summation of MS/MS events was 
adjusted to 2 seconds. Two charged peptides 
with the highest abundance above a 20 count 

threshold were chosen for MS/MS and dynami-
cally excluded for 30 seconds with a mass tol-
erance within the range of ± 50 mDa. Protein 
identification and quantification for iTRAQ sam-
ples were carried out by importing the data files 
(*.wiff) into ProteinPilotTM software and ana-
lyzed using the Paragon algorithmTM (version 
2.0; Applied Biosystems, MDS-Sciex). The 
search was performed against the International 
Protein Index (IPI) human (version 3.87, date of 
release: September 2011). The search param-
eters allowed cysteine modification of MMTS 
and biological modifications pre-defined in the 
software. The detected protein threshold 
(unused protscore (conf)) in the software was 
set to 1.3 to achieve 95% confidence. 

Whole cell lysate extracts

Cells were rinsed with ice-cold phosphate buff-
ered saline (PBS) before lysis on ice for protein 
extraction using non-ionic denaturing detergent 
(NID) lysis buffer [50 mM Tris-HCl (pH 7.5), 0.5% 
IGEPAL, 0.5% Triton X-100, 150 mM sodium 
chloride, 1 mM EDTA, 50 mM sodium fluoride, 1 
mM sodium orthovanadate and protease inhibi-
tor cocktail]. Cell debris was removed from the 
lysates by centrifuging at 4°C, 14,000 rpm for 
10 minutes. Protein concentrations were sub-
sequently determined using a Bicinchoninic 
Acid Assay (BCA) kit (Thermo Fisher Scientific, 
Rockford, IL) as per manufacturer’s instruc-
tions. The absorbance was measured at 562 
nm using a microplate reader.

Meta-analysis

Microarray data which profiles gastric cancer 
tumors was accessed from Gene Expression 
Omnibus (GEO) database [18]. Specifically, the 
following datasets of gastric cancers were 
downloaded: GSE27342, GSE13911 and 
GSE33651. In GSE27342, a total of 160 sam-
ples comprising of paired tumor and adjacent 
normal tissues from 80 gastric cancer patients 
were previously analyzed using Affymetrix 
Human Exon 1.0 ST Array as previously 
described [19, 20]. In GSE13911, a total of 69 
samples with 38 tumor samples from gastric 
cancer and 31 adjacent normal tissues were 
previously profiled via microarray analysis as 
described [21]. In GSE33651, 40 gastric tumor 
tissue samples and 12 normal gastric tissue 
samples were analyzed as previously described 
[22]. Differential expression analyses between 
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the normal and tumor tissues in each of the 
dataset were performed via non-parametric 
Mann-Whitney test. In addition, for datasets 
GSE27432 and GSE13911 which contain 
paired adjacent normal-tumor sample, differen-
tial expression analysis of the paired expres-
sion data were performed via Wilcoxon signed-
rank test. In both Mann-Whitney and Wilcoxon 
signed-rank tests, the null hypothesis is that 
there is no significant difference in expression 
between the tumor samples and normal sam-
ples. All p-values are two-sided. A p-value < 
0.05 is required to reject the null hypothesis. 
The statistical analysis was implemented in 
Python programming language and the scien-
tific package (scipy). The figures were generat-
ed via the matplotlib plotting library.

SiRNA transfection

Following trypsinization, cells in suspension 
were transfected with 50 nM siRNA using the 
JetPRIMETM transfection reagent (Polyplus 
Transfection Inc.) according to the manufactur-
er’s instructions. Cells were incubated for 48 
hours to achieve maximum knockdown, and 
they were subsequently harvested for Western 
blot analysis or to perform functional assays. 
The siRNA sequences were purchased from 
Life Technologies (Thermo Fisher Scientific, 
Rockford, IL) under the following product codes 
targeting the respective exons: DA sequence 
(HSS102785, targeting exon 1): 5’-UCGCAACA- 
GCGUGACUACAGGGUA-3’; DB sequence (HSS- 
102786, targeting exon 13): 5’-GGAUAAACU- 
GGUCCCUGCAGAUAAU-3’. Luc control siRNA 
#5270471 was purchased from Life Tech- 
nologies, USA.

Growth and proliferation assay

At intervals of 24 hours, different populations 
of cells which all began from a cell count of 

incubated for 1-4 hours at 37°C in a humidified, 
5% CO2 atmosphere. Absorbance was recorded 
at 490 nm using a microplate reader. Statistical 
analysis was performed using unpaired one-
tailed Student’s t-test. 

Pyruvate quantification

These reagents are mixed together in these 
final concentrations at a buffering pH of 7.4: 
NADH-0.25 μM, KH2PO4-0.1 M, LDH-1.3 u/mL. 
This master mix is mixed with cell lysate stan-
dardized to a weight of 120 ng of protein, imme-
diately before fluorescence of NADH was mea-
sured over time at 535/464 nm with a plate 
reader. The bigger the drop in fluorescence, the 
more pyruvate is present. All cell lysate sam-
ples were standardized to a weight of 120 ng of 
protein and results were obtained from 2 bio-
logical replicates, with 3 technical replicates 
within each biological replicate. Internal pyru-
vate standards were added to allow conversion 
from relative fluorescence units/min to abso-
lute amounts of pyruvate. As a kinetics assay, 
the initial velocity (RFU/min) is taken instead of 
the endpoint for practical reasons. The R2 value 
of the standards is more than 0.95 and the 
standards are deemed trustworthy to give an 
absolute quantification. Statistical analysis was 
performed using unpaired one-tailed Student’s 
t-test.

Gene ontology analysis

Gene ontology analysis was performed via the 
bioinformatics software Ingenuity Pathway 
Analysis (IPA). The statistical value of the enrich-
ment of our genes in various gene ontology 
terms was calculated via Fisher’s exact test 
which is based on hypergeometric distribution. 
P-values reported by IPA are right-tailed, and 
test the null hypothesis that there is no over-

Figure 1. Experimental design for iTRAQ-based relative quantification of 
membrane proteins in a panel of gastric cancer cell lines compared to 
HFE145 non-cancerous cell line.

2000 were subjected to a Cell 
Titer 96® AQueous Non-
Radioactive Cell Proliferation 
Assay according to manufac-
turer’s instruction. In short, 
PMS and MTS solution were 
mixed in a ratio of 100 μl PMS 
to 2.0 ml of MTS Solution. 20 
μl of the MTS/PMS solution 
was added to each well con-
taining 100 μl of cells in cul-
ture medium. The plate was 
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Table 1. List of 57 proteins that we found to be aberrantly up regulated in at least 6 gastric cancer cell lines compared to HFE145 non cancer 
cells

AGS: 
HFE

TMK1: 
HFE

NUGC3: 
HFE

NUGC4: 
HFE

SNU484: 
HFE

HGC27: 
HFE

MKN45: 
HFE

KatoIII: 
HFE

SGC7901: 
HFE

SNU5: 
HFE

SCH: 
HFE

Freq  
up

PRDX1 1.559 1.917 1.480 1.466 1.856 1.409 1.363 1.203 2.129 1.780 2.030 10

EEF1B2 1.390 1.924 1.432 1.124 1.707 1.343 2.189 1.465 1.872 1.736 1.458 10

MDH2 1.015 1.568 1.328 2.143 1.881 1.570 1.645 2.005 1.209 2.665 1.529 9

S100A14 1.819 4.184 2.863 5.327 1.063 0.972 1.421 3.592 2.086 2.217 2.245 9

SLC1A5 1.487 1.551 1.440 1.401 0.913 1.549 1.000 1.896 1.447 1.420 1.238 8

HEXB 1.883 1.366 0.947 1.926 3.262 1.459 1.124 1.938 1.363 1.377 1.172 8

SFN Isoform 1 2.282 1.384 1.859 2.233 0.894 0.938 2.163 1.834 2.616 2.980 0.945 8

ECH1 1.601 2.605 1.023 1.831 2.463 1.045 2.033 1.845 1.640 1.880 1.190 8

HYOU1 1.741 2.197 1.013 1.458 1.656 1.399 1.818 2.329 0.967 0.955 1.453 8

KRT18 2.083 1.531 3.442 1.573 0.908 0.873 2.782 1.876 1.612 1.112 2.107 8

HNRNPK 1.861 1.185 1.348 0.867 1.305 1.738 1.479 1.325 1.428 1.083 1.431 8

LMNA 1.308 1.187 1.530 0.963 1.713 1.803 1.807 1.680 1.171 1.632 1.985 8

PPIA 1.184 1.564 1.179 1.597 1.433 1.608 1.900 1.289 1.463 2.083 1.375 8

ANXA1 0.886 0.953 1.375 2.290 3.053 1.779 2.539 1.183 1.575 2.377 1.341 8

SLC7A5 1.365 6.086 1.517 0.733 0.822 1.627 1.006 3.759 3.471 1.613 2.960 8

DLAT 0.953 1.855 1.304 0.969 1.883 1.317 1.191 2.243 1.407 2.017 1.701 8

C14orf156 1.243 1.420 1.240 1.679 1.597 1.342 1.071 1.414 1.349 1.834 1.335 8

GCSH 1.410 3.765 1.792 1.797 3.451 1.842 1.355 1.953 1.863 2.727 7.052 8

KRT8 2.641 1.147 3.118 2.107 0.827 0.858 3.119 1.886 1.581 1.543 2.763 8

HSPA9 1.111 1.936 1.193 1.580 1.666 1.227 1.400 1.906 1.582 2.151 1.520 8

NDUFAB1 1.001 1.300 1.094 1.826 1.561 1.086 1.809 1.890 1.392 2.148 1.307 8

ECHS1 1.190 1.395 0.940 2.421 1.868 0.814 1.565 1.852 1.337 1.991 0.968 7

C1QBP 1.058 1.397 1.274 2.193 1.841 1.100 1.662 1.901 1.350 1.512 1.212 7

HNRNPL 1.628 1.079 1.385 0.999 1.325 1.689 1.706 1.331 1.186 1.185 1.619 7

HNRNPA2B1 1.619 1.019 1.529 0.965 1.314 1.539 1.656 1.442 1.104 1.054 1.489 7

PABPC1 1.516 1.388 1.468 0.931 1.207 1.415 1.411 1.272 1.394 1.164 1.681 7

MRPL12 1.087 1.503 1.294 2.022 1.729 1.004 1.321 1.930 1.072 2.168 1.420 7

ACTN4 1.403 1.257 1.535 1.364 0.889 0.835 1.072 1.622 1.608 1.528 2.482 7

SERBP1 1.498 1.495 1.119 0.502 1.370 1.661 1.587 1.091 1.548 0.893 1.406 7

CORO1B 1.742 1.599 1.364 1.104 1.467 1.551 1.269 1.266 1.310 0.970 1.000 6

CAPRIN1 1.510 1.530 1.127 1.217 1.618 1.616 1.428 1.069 1.625 1.240 1.248 6

G3BP1 1.478 1.332 1.072 0.701 1.370 1.379 1.310 1.007 1.494 0.831 1.161 6

EIF3G 1.390 1.506 1.210 1.115 1.229 1.551 1.392 1.435 1.043 1.433 1.270 6

TXN 1.204 2.024 1.261 2.114 1.097 1.385 1.260 1.925 1.371 1.996 1.064 6

ETFB 0.761 1.559 0.948 1.613 1.185 0.997 1.497 1.586 1.361 1.670 1.114 6

HSPE1 1.027 1.062 1.326 3.060 1.195 1.010 1.406 1.571 1.367 2.217 1.075 6

ACAA2 0.782 1.450 1.046 1.110 1.873 1.097 1.459 2.794 1.413 1.473 1.233 6

TUFM 1.138 1.200 1.131 1.949 1.338 1.049 1.417 1.534 1.318 1.520 1.043 6

S100A4 0.851 5.493 1.101 1.105 0.861 1.556 5.874 1.427 1.662 2.381 0.877 6

KRT19 2.076 1.826 2.294 1.585 0.816 0.824 2.418 1.291 1.098 1.279 2.429 6

KHSRP 1.438 0.930 1.584 0.851 1.301 1.775 1.756 0.960 0.943 0.826 1.594 6

TPD52 1.105 1.555 1.576 1.070 1.437 1.680 1.581 1.343 1.331 0.969 1.799 6

ERP29 1.783 2.219 1.053 1.702 1.815 1.140 1.025 1.675 1.142 1.243 1.454 6

HSP90B1 1.602 1.699 0.903 1.443 1.718 0.911 1.050 1.582 1.051 0.943 1.346 6

VASP 1.741 2.384 1.254 1.228 2.409 0.921 2.325 1.263 1.746 1.074 1.337 6

SLC9A3R1 1.740 2.209 0.896 1.618 1.088 0.888 1.134 1.749 1.385 1.071 2.542 6

DYNLL1 1.216 1.339 1.355 1.285 1.374 1.240 1.345 1.200 1.220 1.345 1.428 6

HMGB2 1.143 0.711 1.289 1.549 1.433 1.383 1.579 1.249 0.934 1.515 1.670 6

FIS1 0.865 1.581 1.225 1.887 1.461 1.085 1.007 1.696 1.144 2.025 1.512 6

DLD 1.016 1.315 1.114 1.636 1.509 1.057 1.283 1.486 1.159 2.367 1.365 6

TFRC 0.851 1.190 1.113 1.849 1.376 1.309 1.103 1.337 1.145 1.854 1.366 6

ATP5D 0.766 1.269 1.095 1.631 1.695 1.312 1.212 1.452 1.112 1.302 1.302 6

SOD1 1.251 1.394 1.030 1.091 1.481 1.203 1.513 1.351 1.293 1.525 1.505 6
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representation of our genes in a given biologi-
cal process or function. To adjust for multiple 
hypothesis testing, the p-values were corrected 
via Benjamini-Hochberg method [23]. A correct-
ed p-value cut-off of < 0.05 was set to identify 
statistical significant gene ontology terms.

Results

Detection of 882 proteins using iTRAQ-based 
LC/MS/MS across 11 gastric cancer cell lines

The experimental design of the study is shown 
in Figure 1. In set 1, proteins from HFE 145, 
AGS, TMK1, NUGC3, NUGC4, SNU484 and 
HGC27 were labeled with iTRAQ reagents 114, 
115, 116, 117, 118, 119 and 121 respectively. 
In set 2, HFE145, MKN45, KatoIII, SGC7901, 

Figure 2. A. Ingenuity Pathway Analysis of 57 proteins that displayed aber-
rant expression in more than 6 gastric cancer cell lines into classical func-
tions. B. Reported localization and function of 5 mitochondrial proteins found 
to be novel gastric cancer-associated proteins.

PHB 0.851 0.991 0.971 1.742 1.379 1.222 1.460 1.442 0.972 1.392 1.386 6

NPM1 1.321 1.259 1.148 0.824 1.209 1.552 1.664 1.236 2.810 1.373 1.823 6

DCI 1.050 1.241 1.021 1.890 1.490 1.273 1.137 2.314 1.687 1.916 1.556 6

HMGA1 0.926 1.082 2.925 0.686 1.965 1.253 1.627 1.752 1.241 1.923 2.104 6
Ratios highlighted in red indicate upregulation while ratios highlighted blue indicate downregulation. Ratios not highlighted means that they are either not statistically 
significant or did not satisfy the criteria for classifying proteins as up (≥ 1.3) or downregulated (≤ 0.77). Freq up refers to the number of gastric cancer cell lines in which 
each individual protein was found to be upregulated.

SNU5 and SCH, were labeled 
with iTRAQ reagents 114, 
115, 116, 117, 118 and 119, 
respectively. The two sets of 
iTRAQ samples were then 
separately analysed and only 
common hits between the 
two sets of iTRAQ data were 
extracted and for further pro-
cessing. The complete raw 
data of the iTRAQ-based rela-
tive quantification of 882 pro-
teins detected across all cell 
lines used in this study, using 
HFE145 as a denominator, 
including error factor, p-value 
etc. is shown in Supplementary 
Table 1. As described in 
“Methods”, only protein hits 
of 95% confidence and at 
least 2 unique peptides are 
included.

Analysis of the technical vari-
ation in our analytical sys-
tems has consistently been 
below 30% [24-27]. Hence, a 
1.3-fold change cutoff (upper 
and lower range cut off were 

1.3 and 0.77, respectively), was used to classi-
fy the protein expressions as up-regulated or 
down-regulated. Therefore, proteins with iTRAQ 
fold change (FC) ratios which are statistically 
significant (P < 0.05) and FC ≥ 1.3 were consid-
ered to be up-regulated while those with iTRAQ 
FC ≤ 0.7 were considered to be down-regulated. 
The results of the classification of 660 proteins 
into up or down regulated is shown in 
Supplementary Table 2 (proteins whose iTRAQ 
ratios are not statistically significant i.e., P > 
0.05 are not included). 

Bioinformatics of the gastric cancer mem-
brane proteome

Out of the 882 common proteins, 505 (57.3%) 
proteins were up and down-regulated in one or 

http://www.ajtr.us/files/ajtr0006647suppldata.xlsx
http://www.ajtr.us/files/ajtr0006647suppldata.xlsx
http://www.ajtr.us/files/ajtr0006647suppldata.xlsx
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more of the eleven cell lines compared to 
HFE145. Of the 505 up-regulated proteins, 57 
proteins were found to be up-regulated across 
more than half (6/11) of the cell lines (Table 1). 

In order to ascribe biological meaning to the 
dataset, gene ontology analysis was conducted 
on the 57 commonly upregulated proteins 
using Ingenuity Pathway Analysis (IPA) soft-

Figure 3. A. Upper panel, immunoblotting of DLAT across a panel of non-cancer HFE145 and gastric cancer cell 
lines.  Lower panel, comparison of the densitometric readings obtained from immunoblotting with iTRAQ ratios. B. 
Meta-analysis of public databases on DLAT mRNA expression in gastric tumors versus normal tissues.
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ware. We focused on up-regulated proteins due 
to our interest in potential oncogenes and drug 
targets. The major group comprises of drug-
able proteins with enzymatic activities repre-
senting 30% of the 57 proteins (Figure 2A). 
Next, we performed gene ontology functional 
enrichment analysis via IPA software (see 
methods). Classification of proteins into their 
respective functional classes is provided in 
Supplementary Table 3. We also conducted a 
literature review on these proteins as we were 
interested to identify novel cancer-associated 
proteins. The results revealed 5 proteins which 
also happened to be mitochondrial or mito-
chondrion-associated proteins: SLC25A10, 
GSCH, DLAT, NDUFAB1, ECI1 (Figure 2B). The 
presence of these mitochondrial proteins with 
a relatively strong up-regulation is interesting 
because, as an organelle, the mitochondrion is 
related to 2 hallmarks of cancer, the repro-
gramming of cellular energetics and evading 
cell death [28]. 

Anaerobic glycolysis cycles around 100 times 
faster than the equivalent aerobic processes, 
which is possibly a selective advantage for 
tumors, as they grow quickly and have urgent 
ATP needs [31, 32]. DLAT, as part of the PDC 
complex and a link between glycolysis and the 
Krebs Cycle/OX-PHOS, is intuitively predicted to 
be down-regulated, either in presence or func-
tion, in cancer if the Warburg Effect is assumed. 
This is not the case according to the mass 
spectrometry/proteomics data. Hence, we pro-
ceeded to verify the upregulation of DLAT 
expression in gastric cancer cell lines.

The relative ratios of DLAT expression across 
the 11 cell lines as determined by iTRAQ-based 
method are bold and italicized in Table 1. To 
validate the mass spectrometry data, immu-
noblotting (IB) was performed on the cell 
lysates from these 11 cell lines. Actin was used 
as a loading control. Densitometry was then 
performed on the signals obtained from immu-

Figure 4. A. Growth and Proliferation assay of TMK1 cells transfected with 
control siRNA (Luc) or DLAT specific siRNA sequences DA and DB. B. Immu-
noblotting of DLAT in TMK1 cells transfected with control siRNA or DLAT-spe-
cific siRNAs after 3, 4 and 5 days of transfection. C. Quantification of pyru-
vate in DLAT knocked down and control cells following 3 days of transfection.

Selection of DLAT as a candi-
date for further studies

DLAT is one of the 3 mitochon-
drial proteins that were found 
to be upregulated in 8 out of 
11 gastric cancer cell lines.  It 
is found in the inner mitochon-
drial membrane and plays a 
role in the breakdown of pyru-
vate into Acetyl CoA and has 
not been previously linked to 
cancer. DLAT is the subunit E2 
of the pyruvate dehydroge-
nase complex (PDC). PDC is 
an enzyme close to a key junc-
tion in the glucose catabolic 
pathway: catalysing the break-
down of pyruvate into acetyl-
coA, using up NAD+ and pro-
ducing NADH. Regeneration of 
NAD+ either happens in aero-
bic respiration via oxidative 
phosphorylation (OX-PHOS) or 
anaerobic lactic acid fermen-
tation where lactate dehydro-
genase converts pyruvate to 
lactate. While the latter nor-
mally occurs in differentiated 
cells in an anaerobic environ-
ment, in cancer cells it occurs 
even in oxygen, at high levels: 
the Warburg effect [29, 30]. 

http://www.ajtr.us/files/ajtr0006647suppldata.xlsx
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noblots using the BioRad imager system and 
ImageLab program. In general, both the IB and 
iTRAQ methods are consistent in reflecting the 
upregulation trend of DLAT in the gastric cell 
cell lines compared to HFE145 cells although 
the ratios generated by both methods are not 
the same, which is to be expected since they 
are 2 different analytical methods (Figure 3A). 
However, immunoblotting but not the mass 
spectrometric data revealed some gastric can-
cer cell lines to possess lesser DLAT than the 
non-cancer cells. This may reflect the limitation 
of the mass spectrometry system in computing 
relative quantification from peptides using a 
shotgun, bottom-up approach. 

To examine the clinical relevance of DLAT in 
clinical gastric cancer, we performed meta-
analysis on 3 public microarray data sets (GSE- 
13911-3 probes used; GSE27342-1 probe 
used and GSE33651–1 probe used). In all 
cases, DLAT mRNA level was found to be higher 
in gastric tumors compared to normal tissues 
(Figure 3B). The statistical significance of the  
differential expressions was evaluated via non-
parametric Mann-Whitney test. In addition for 
GSE27342 and GSE13911, as the samples 
consist of paired adjacent normal-tumor tis-
sues, we also performed paired analysis of dif-
ferential expression via Wilcoxon signed-rank 
test (results not shown). The statistical signifi-
cance of DLAT differential expression in 
GSE27342 improved slightly when evaluated 
by paired Wilcoxon signed-rank test. However 
for GSE13911, the statistical significance of 
the DLAT differential expression decreased 
slightly due to the removal of some unpaired 
samples from analysis. Therefore for consis-
tency of presentation across the three studied 
datasets, only the p-values of the unpaired 
Mann-Whitney test were shown (Figure 3B). 
From the larger GSE27342 data set, which 
comprises 80 paired normal and tumor sam-
ples, 50 matched cases had DLAT expression 
higher compared to control exp of DLAT while in 
30 matched samples, expression of DLAT in 
tumor was less than normal tissues. Taken 
together, the immunoblotting and meta-analy-
sis data indicate that upregulation of DLAT 
occurs only to a subset of gastric cancers and 
supports the notion that gastric cancer is a het-
erogeneous disease, i.e. gastric cancer in dif-
ferent patients are genotypically diverse. This 
also reiterates the need for individualized 
medicine. 

DLAT knockdown in TMK1 cells reduced cell 
proliferation

The functional role of DLAT in cancer has never 
been established. We therefore aim to test the 
hypothesis that silencing DLAT expression 
would be associated with a decrease in growth 
and proliferation. Since TMK1 had the highest 
DLAT expression amongst our 11 cell lines, it 
was chosen for functional studies following 
knock down of DLAT. Prior to functional studies, 
we characterized and optimized the knock 
down of DLAT using 3 different siRNA sequenc-
es (DA, DB and DC) over a concentration of 10, 
25, 50 and 100 nM. 50 nM of siRNA was 
deemed to be optimal for knock down of DLAT; 
in addition, DA and DB were more effective in 
silencing DLAT expression than DC (data not 
shown).  

One population of TMK1 was split into three 
subpopulations, which were transfected 
according to manufacturer’s instructions with 
DA, DB, and LUC control siRNA sequences, 
respectively.  At intervals of 24 hours, these 
three subpopulations which all began from a 
cell count of 2000 were subjected to a Cell  
Titer 96® AQueous Non-Radioactive Cell 
Proliferation Assay according to manufacturer’s 
instruction. Relative ratios of transfected cell 
population numbers to control cells were then 
plotted. Three biological replicates and 3 tech-
nical replicates within each biological replicate 
were assayed. 

When the various populations transfected with 
DA and DB were compared to LUC, we observed 
that the DA/LUC Ratio dropped steadily over 
the 5 days from 100% to about 50%, indicating 
an inhibition of proliferative capability relative 
to the negative control when DLAT was knocked 
down by DA (Figure 4A). A similar result was 
observed by the DB/LUC Ratio, although the 
ratios were constant at 0.8 and did not drop 
further. Effective silencing of DLAT expression 
was demonstrated following DLAT immunoblot-
ting of the cell lysate generated on the 3rd, 4th, 
and 5th day (Figure 4B). It is unclear why differ-
ent siRNAs against DLAT produced slightly dif-
ferent effects on the proliferation of gastric 
cancer cells. It is conceivable that DA sequence 
targets different DLAT variants/isoforms more 
effectively than the DB sequence. However, this 
postulation needs to be tested since our anti-
body could only detect 1 specific band in the 
cell lysates.
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DLAT knockdown in TMK1 cells increased cel-
lular pyruvate amounts 

As DLAT is classically involved in the breakdown 
of pyruvate, the absence of DLAT should cause 
some level of pyruvate accumulation. Therefore, 
we next hypothesized that knockdown of DLAT 
would be associated with increased cell pyru-
vate levels. Due to inherent difficulty in directly 
measuring PDC activity, we opted to do a LDH 
activity assay on the cell lysates previously 
used in day three of the cell proliferation assay 
instead. This LDH activity assay mimics LDH 
activity in converting pyruvate to lactate with 
coenzyme NADH being used up in the process. 
In other words, the more the pyruvate in the 
cells, the lesser the amount of NADH would be 
detected.  NADH was provided in excess in the 
assay so that it was not a limiting factor. 
Fluorescence of NADH was measured over time 
at 535/464 nm as mentioned in “Methods”. 
Our results show that the pyruvate levels of 
both DA and DB were significantly higher than 
LUC on day three. DA > LUC, (P = 0.00017), DB 
> LUC (P = 0.00012) (Figure 4C). Hence, DLAT 
knock down resulted in a blockage in the con-
version of pyruvate into Acetyl CoA, leading to 
accumulation of pyruvate in the cells.

Discussion

DLAT is the subunit E2 of the PDC complex in 
the catabolic glucose pathway. It has not been 
previously shown to be up-regulated in gastric 
cancer, but has one of the highest up-regula-
tion ratios in some gastric cancer cell lines 
tested in this study. Due to re-emerging interest 
in cancer energetics, our laboratory investigat-
ed its possible role in gastric cancer. Knockdown 
of DLAT using siRNA reduced cell proliferation 
by approximately 20-45% that is associated 
with increased cellular pyruvate, presumably 
resulting in decrease in energy production 
through a blockage in the conversion of pyru-
vate to Acetyl CoA. Although our results support 
a functional role of DLAT in gastric cancer, it is 
unclear whether DLAT is a driver gene. To this 
end, future gain of function studies involving 
DLAT over-expression would be necessary. In 
addition, future immunohistochemistry studies 
on clinical samples would be necessary to 
establish the clinical relevance of DLAT in gas-
tric cancer.

Our results can be further discussed in the light 
of the Warburg Effect, the Reverse Warburg 
effect, and anabolic metabolism. As earlier 

stated, DLAT is intuitively expected to be down-
regulated if the Warburg Effect is assumed. 
This may indeed be the case in some gastric 
cancer cell lines in which DLAT was under-
expressed compared to non-gastric cancer epi-
thelial cells. However, our results also showed 
that DLAT was not only upregulated in a consid-
erable number of gastric cancer cell lines, it 
also retained its classical function as a PDC 
subunit in gastric cancer. The observation that 
silencing DLAT resulted in increased pyruvate 
and decreased cancer growth/proliferation is 
contrary to the intuitive postulation of the 
Warburg effect: since much of ATP production 
occurs through the anaerobic pathway, down-
regulation of the aerobic pathway should not be 
detrimental to the ATP production and hence 
growth of the tumor. 

The Warburg effect, however, is well document-
ed, with fludeoxyglucose (FDG)-positron emis-
sion tomography (PET) commonly used to accu-
rately visualize tumors [29, 30]. An alternate 
explanation for the Warburg Effect can be con-
sidered with our results. Tumor cells have been 
previously shown to take up lactate for mito-
chondrial oxidative phosphorylation via mono-
carboxylate carriers [33]. It is thus posited  
that tumor-associated fibroblasts surrounding 
tumor microenvironment, rather than the 
tumors, are the cells taking up FDG and under-
going the Warburg effect [34]. In this scheme, 
the surrounding tumor microenvironment is 
thus induced by the tumor to undergo aerobic 
glycosis and feed the tumor lactate for hypoth-
esized energy advantage or efficiency. This has 
been previously observed and is termed the 
Reverse Warburg effect [34]. 

In the literature, tumor hypoxia is said to place 
selection pressure on cells to depend on anaer-
obic metabolism and hence bring about the 
Warburg effect in surviving cells. There is, how-
ever, little explanation for cancerous cells 
exhibiting the Warburg effect in their organ of 
origin with high oxygenation such as leukemic 
cells or lung tumors [35]. An alternate explana-
tion in the literature suggests that the Warburg 
effect could instead be an underlying effect of 
an overall inclination towards anabolism, (the 
production of building blocks such as pyruvate) 
rather than catabolism (the production of ATP) 
[29, 32]. Oncogenic mutations or genetic aber-
rations in the growth factor pathways during 
cellular transformation may cause an overall 
increase in glycolysis and hence the Warburg 
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effect to support anabolic growth. At the same 
time, enzymes in the oxidative phosphorylation 
pathways like DLAT may be upregulated to gen-
erate the energy required to support catabolic 
activities.

In conclusion, DLAT is upregulated in gastric 
cancer cells. Our data supported its classical 
function as an enzyme in the aerobic glucose 
catabolic pathway in at least some of the gas-
tric cancer cell lines, catalyzing the conversion 
of pyruvate into Acetyl CoA, presumably to facil-
itate oxidative phosphorylation, ATP generation 
and catabolic reactions, which is likely to be as 
important as anabolic reactions in cancer 
growth. DLAT protein may act as one of the 
potential drug targets in the mitochondria, 
against which many therapeutic strategies 
have been designed for cancer treatment [36].
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