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A Combined Proteomics and Metabolomics
Profiling of Gastric Cardia Cancer Reveals
Characteristic Dysregulations in Glucose

Metabolism*s

Zhen Cait§, Jiang-Sha Zhaot§, Jing-Jing Lif, Dan-Ni Pengt, Xiao-Yan Wang1],
Tian-Lu Chen9], Yun-Ping Qiuf], Ping-Ping Chen|, Wen-Jie Li|, Li-Yan Xu**,
En-Ming Li**, Jason P. M. Tamtt, Robert Z. Qitt, Wei Jiaf|§§, and Dong Xie111|

Gastric cardia cancer (GCC), which occurs at the gastric-
esophageal boundary, is one of the most malignant tumors.
Despite its high mortality and morbidity, the molecular
mechanism of initiation and progression of this disease is
largely unknown. In this study, using proteomics and
metabolomics approaches, we found that the level of sev-
eral enzymes and their related metabolic intermediates in-
volved in glucose metabolism were deregulated in GCC.
Among these enzymes, two subunits controlling pyruvic
acid efflux, lactate dehydrogenase A (LDHA) and pyruvate
dehydrogenase B (PDHB), were further analyzed in vitro.
Either down-regulation of LDH subunit LDHA or overex-
pression of PDH subunit PDHB could force pyruvic acid into
the Krebs cycle rather than the glycolysis process in AGS
gastric cancer cells, which inhibited cell growth and cell
migration. Our results reflect an important glucose meta-
bolic signature, especially the dysregulation of pyruvic acid
efflux in the development of GCC. Forced transition from
glycolysis to the Krebs cycle had an inhibitory effect on
GCC progression, providing potential therapeutic targets
for this disease. Molecular & Cellular Proteomics 9:
2617-2628, 2010.
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Despite the steadily falling incidence of gastric non-cardia
cancer in the past two decades (1), the rate of GCC has risen
rapidly, establishing gastric cancer as the second major
cause of cancer-related deaths throughout the world (2). GCC
has become a significant cause of mortality and morbidity
both in the west (3-5) and in Asia (6, 7), especially in China (8).
Although this cancer has become an important health prob-
lem worldwide, the its pathogenesis has not been well char-
acterized (1). Most patients are diagnosed at an advanced
stage, contributing to the high mortality rate of the disease.

Systematic proteomics analysis has proved to be a power-
ful approach in a variety of human cancer research, including
lung (9), esophagus (10), gastric (11), liver (12), breast (13),
and brain cancer (14). Metabolomics, another new bio-omics
technology recently introduced into cancer research (15), is
the global analysis of the small metabolites produced by
normal or pathologic cellular processes. Some metabolic in-
termediates have been identified as new cancer biomarkers
(16).

Using proteomics and metabolomics methods in this study,
we found that a series of proteins and metabolic intermediates,
mainly involved in glucose metabolism, were altered during the
development of GCC. The high activity of anaerobic glycolysis
and the impairment of aerobic respiration occurring in these
cells recapitulated the Warburg effect (17). Further studies using
a gastric cancer cell line demonstrated that the predominant
anaerobic glycolysis was essential for tumor cells to sustain
rapid proliferation, whereas forced transition from anaerobic
glycolysis to aerobic respiration inhibited the growth of tumor
cells. In conclusion, our study revealed the major metabolic
alterations essential for the development of GCC and discov-
ered a biomarker signature of GCC. Such a finding has the
potential to improve early diagnosis and prognosis and helps to
identify new therapeutic targets.

hydratase; UQCRC1, ubiquinol-cytochrome-c reductase core pro-
tein I; IDH1, isocitrate dehydrogenase; PKM, pyruvate kinase, mus-
cle; FH, fumarate hydratase; MDH, malate dehydrogenase; HIF,
hypoxia-inducible factor; ALDOA, fructose-1,6-diphosphate aldol-
ase A; MTT, Methyl Thiazolyl Tetrazolium.
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TABLE |
Histopathological characteristics of 65 samples selected for analysis
(proteomics and metabolomics analysis, RNA, and protein validation)

Characteristic No. of patients

Gender

Female 7

Male 58
Age

<60 33

=60 32
Tumor size (cm®)

<5 10

=5 55
Tumor differentiation

Moderate 42

Poor 23
Tumor infiltration depth

=T3 21

T4 44
Lymph node

metastasis

NO 11

N1 54
TNM stage

| 3

lla 16

lIb 6

I} 40

MATERIALS AND METHODS

Patients— All GCC tissues and corresponding non-cancerous gas-
tric cardia tissues were obtained from patients treated at the First
Affiliated Hospital of Zhengzhou University (Henan, China) with writ-
ten consent from the patients. Our study was approved by the Ethics
Committee Board of Zhengzhou University. TNM classification, ac-
cording to the criteria of the American Joint Committee on Cancer
and the International Union against Cancer, was used by pathologists
to stage the tumors (18). The corresponding non-cancerous tissues
were resected 5 cm away from the cancer tissues from the same
patient. All the samples were quickly frozen by liquid nitrogen and
then kept at —80 °C. The basic histopathologic variables are summa-
rized in Table I.

Proteomics Analysis—Five pairs of matched samples, randomly
selected and mixed according to their differentiation level or lymph
node metastasis status, were crushed and dissolved in lysis buffer (7
M urea, 2 M thiourea, 4% CHAPS, 0.5% IPG buffer, 3-10 NL, 0.5%
Triton) containing protease inhibitor mixture. The process of two-
dimensional gel separation and protein identification was carried out
as described previously (10). The peptides were generated by trypsin.
Keratin and trypsin peptide peaks were excluded from analysis. Both
ESI-TOF and MS/MS spectra were processed by Analysis QS 1.1
Build 9865 (Applied Biosystems) and were searched using Mascot
1.6b13 (Matrix Science). All spectra were searched against the mass
spectrometry protein sequence database (MSDB) from the National
Center for Biotechnology Information (release date, September 8,
2006; including 3,239,079 sequences). The following parameters
were used for the searches: one missed and/or nonspecific cleavage
permitted; mass tolerance for precursor ions, 0.2 Da; mass toler-
ance for fragment ions, =0.5 Da; MS/MS filtering: reject spectra if less
than 10 peaks or precursor <50 or precursor >10,000. Probability-
based Mowse score was used as the tool to determine whether the hit
was a random event.

Metabolite Profiling—50 mg of tissue samples were pulverized
after being frozen in liquid nitrogen with the addition of 250 ul of
mixed solvent (chloroform:methanol:water, 1:2:1, v/v/v). The lysate
was ultrasonicated for 1 min and centrifuged at 12,000 rpm for 10
min. A total of 150 ul of agueous supernatant was transferred to a GC
vial containing two internal standards, L-2-chlorophenylalanine (10 pul,
0.3 mg/ml) and heptadecanoic acid (10 ul, 1.0 mg/ml). The deposit
was rehomogenized with a T10 basic homogenizer (IKA, Staufen,
Germany) for 30 s at 0 °C after adding 250 ul of methanol. After a
second centrifugation, another 150-ul aliquot of supernatant was
added to the mixture in the GC vial and vacuum-dried. Following the
derivatization process, GC-TOF MS spectral acquisition and data
analysis were performed according to the procedure described pre-
viously (19) with some modifications. Details of the method are pro-
vided in the supplemental material.

RNA Isolation and Real Time PCR—Total RNA was extracted from
GCC specimens and their matched normal counterparts using TRIizol
according to the standard protocol. 2 ug of RNA were processed
directly to cDNA using a reverse transcription kit (Promega, Madison,
WI) according to the manufacturer’s instructions. Amplification reac-
tions were performed in a 15-ul volume with 0.2 ul of SYBR Green. All
of the reactions were performed in ftriplicate using an iCycler iQ
System (Bio-Rad). To confirm the specificity of amplification, PCR
products from each primer pair were subjected to a melting curve
analysis and subjected to electrophoresis using a 2% agarose gel.
POLR2A was used as an internal control for normalization. The rela-
tive gene expression level of each pair of GCC samples was calcu-
lated as described previously (20). The primers used in the experi-
ments are listed in Table II.

Western Blot—Proteins concentrations of samples extracted from
tissue specimens and cell lines using radioimmune precipitation as-
say lysis buffer were determined using Bradford reagent (Sigma)
according to the manufacturer’s instructions. Western blot analysis
was carried out by standard protocol. The following antibodies were
used: murine anti-a-enolase (ENO1) (1:2000) from Abnova Corp.,
rabbit anti-lactate dehydrogenase A (LDHA) (1:1000) and -LDHB (1:
1000) from Epitomics, and rabbit anti-aconitate hydratase (ACO2)
(1:1000) from Proteintech Group Inc.

Cell Culture—Gastric cancer cell line AGS was obtained from the
Cell Bank of Type Culture Collection of the Chinese Academy of
Sciences (Shanghai Institute of Cell Biology, Chinese Academy of
Sciences) and cultured in RPMI 1640 medium (Invitrogen) supple-
mented with 10% fetal bovine serum and 10 units/ml penicillin-G at
37 °C in a humidified atmosphere containing 5% CO..

Establishment of AGS/Pyruvate Dehydrogenase B (PDHB) Stable
Cell Line—The pcDNA3.1-PDHB and pcDNAS.1 plasmids were trans-
fected into AGS cells using FUGENE reagent. The transfected cells
were selected in the presence of G418 (800 wg/ml), and after 2 weeks
of selection, single clones were isolated for further analysis.

RNA Interference of LDHA—Target sequences of small interfering
RNA (siRNA) for LDHA as well as a randomly aligned sequence used
as negative control are listed in supplemental Table S1. FG12 lenti-
viral vector was used to produce double-stranded siRNA to inhibit
LDHA expression in AGS cells; the information and usage of this
vector system have been described previously (21).

High Performance Liquid Chromatography Analysis of Lactic
Acid—Supernatants and cell lysis, respectively, were collected after
the cells were grown for 2 days. Three volumes of methanol were
added to remove protein from the samples above. After centrifugation
and filtration through 0.22-um PVDF membrane, a 20-ul aliquot of
supernatant was injected into an Agilent 1100 instrument. Separation
was achieved on an Agilent Zorbax Extend C,g column (4.6 X 250
mm, 5 um) with phosphate buffer (100 mm NaH,PO, in 0.01 m H;PO,,
pH 2.5) containing 5% acetonitrile as the mobile phase at a constant
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TABLE Il
Primers used for real time PCR

Gene Primer sequences

ALDOA CCCCAAGTTATCAAATCC, GAAGTCAGCTCCGTCCT
GAPDH ATGTTCGTCATGGGTGTGAA, GTCTTCTGGGTGGCAGTGAT
ENO1 CAGGTCTGGGAAGTATGA, GCGATCCTCTTTGGGT
Pyruvate kinase isozymes M2 isoform 1 TGGAGAAACAGCCAAAG, GGCGGAGTTCCTCAAAT

(PKM2a)
Pyruvate kinase isozymes M2 isoform 2 GTGCGAGCCTCAAGTCA, ACGTGGGCGGTATCTGG

(PKM2b)
LDHA TGAATGTTGCTGGTGTC, GTAGCCTTTGAGTTTGAT
LDHB CTAGATTTCGCTACCTTAT, TCATTGTCAGTTCCCATT
PDHB GTGATAAATATGCGTACCATTAGACC, CAGCACCAGTGACACGAACAGC
ACO2 CCACCACTTCCGTGTTCC, CACCTTGCCCACTTCTGC
FH GTGAACTAAAGGTGCCAAAT, CATACCACGAGAGGAAAATG
MDH GCTCGAAAACTATCCAGTG, TAGGGAGACCTTCAACAAA
UQCRC1 GGGAGATGCAGGAGAATGAT, TCTGGGCGAGGTCTAACAGT
IDH1 GAAGAAGGTGGTGGTGTTGCC, CTGGGACTTGTACTGCTTGTCATAT
Polymerase (RNA) Il (DNA-directed) polypeptide GCAGGACGTAATAGAGG, CGGACACGACCATAGA

A (POLR2A)

flow rate of 0.8 ml/min at 25 °C. The total time of separation was 7
min, and lactic acid was detected by a diode array detector at 210 nm
at about 3.7 min. The relative level of lactic acid was normalized to the
corresponding control samples according to their peak area.

MTT and Soft Agar Assay—For cell growth analysis, equal numbers
of cells were seeded in 48-well plates. Cell numbers were measured
by MTT assay according to the manufacturer’s protocol (Roche Ap-
plied Science) every 2 days. For the clonogenic assay, cells were
plated into 24-well, flat bottom plates using a two-layer soft agar
system with 2000 cells/well in a volume of 400 nl/well as described
previously (22). After 7 days of incubation, the colonies were counted
and measured.

Statistical Analysis—SPSS 13.0 for Windows was used for statis-
tical analysis, and data are expressed as mean * S.E. Statistically
significant differences were determined by Student’s t test, one-way
analysis of variance, and bivariate correlation analysis where appro-
priate and defined as p < 0.05 (*) and p < 0.01 (**).

RESULTS

Proteomics Analysis of GCC—To identify proteins involved
in either initiation or progression of GCC, protein expression
profiles were compared between pooled cancer and corre-
sponding normal tissues, which were mixed according to the
status of either tumor differentiation or lymph node metasta-
sis. After two-dimensional gel separation and subsequent
profile analysis, we identified a series of proteins with changes
in their expression level (Fig. 1, A-D). ENO1 and LDHB were
two representative spots on the gels indicating different in-
tensity between cancer tissues and their corresponding nor-
mal counterparts (Fig. 1E and supplemental Fig. S1). Our
results identified 44 protein spots produced by 38 genes
whose expression showed an association with the degree of
tumor differentiation. Furthermore, 29 protein products of 25
genes were differentially expressed during the process of
tumor metastasis (Table Ill and supplemental Table S2). The
expression of 17 proteins from 15 genes was closely related
to the status of both tumor dedifferentiation and tumor me-
tastasis, indicating that these proteins play important roles in

tumor progression and providing new candidates for early
disease detection and prediction. These differentially ex-
pressed proteins participate in a variety of cellular functions,
which could be classified into seven categories: cytoskeletal
organization, cell proliferation, apoptosis, signal transduction,
protein chaperone, metabolic enzymes, and proteins with
other functions.

Metabolite Profiling of GCC— Alterations of metabolic en-
zymes were the prominently detected major changes in the
proteomics analysis. These changes spanned from lipids to
amino acids, especially glucose metabolism, suggesting that
the tumor cells had acquired totally different metabolite pro-
files compared with their normal cellular counterparts. The
metabolite profiles of 40 paired GCC samples underwent
further analysis to identify the metabolic intermediates show-
ing changes consistent with the related enzymes.

Typical GC-TOF MS methods were used to analyze the
samples from both GCC and normal tissues (Fig. 2A), and in
total, 223 variables were introduced to the subsequent anal-
ysis. The OPLS-DA model provided optimal modeling and
predictive abilities with one predictive component and two
orthogonal components (R?Y,,.,, > 0.875, Q2% > 0.7),
achieving a distinct separation between the metabolite pro-
files of the two groups (Fig. 2B and supplemental Fig. S2).
Significant differences were confirmed in a total of 44 metab-
olites involved in the metabolism of glucose, lipid, amino
acids, nucleic acids, and vitamins. As shown in supplemental
Table S3, 30 metabolites were up-regulated in cancer tis-
sues, whereas 14 were down-regulated compared with their
matched normal tissues.

Unique Glucose Metabolism in GCC—As revealed by pro-
teomics analysis, 11 glucose metabolic enzymes identified
from 13 spots showed different expression levels between
cancer and normal tissues (Table lll). These important en-
zymes in glycolysis, including fructose-1,6-diphosphate al-
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mw PH3

normal cancer normal cancer
ENO1 poor differentiation LDHB poor differentiation
normal cancer normal cancer

metastasis metastasis
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Fic. 2. Results from GC-TOF MS analysis. A, typical total ion
current chromatograms of tissue samples obtained from a GCC spec-
imen and its matched normal counterparts. The total ion current
chromatogram for the normal tissues is shown below the GCC sam-
ples. B, OPLS-DA score plot discriminating the tissue samples from
the GCC specimen and its matched normal counterpart using GC-
TOF MS analysis.

dolase A (ALDOA), glyceraldehyde-3-phosphate dehydrogen-
ase (GAPDH), and ENO1, exhibited an elevated expression
level in the cancer cells. In contrast, five enzymes involved in
the Krebs cycle and oxidative phosphorylation were remark-
ably down-regulated in cancer tissues, including PDHB,
ACO2, fumarate hydratase (FH), malate dehydrogenase
(MDH), and ubiquinol-cytochrome-c reductase core protein |
(UQCRCT). Another enzyme in the Krebs cycle, isocitrate
dehydrogenase (IDH1), also showed a slightly decreased ex-
pression level in the cancer cells. Additionally, the enzyme
LDHB was down-regulated in GCC. This enzyme normally

performs a major function in aerobic pathways transforming
lactate to pyruvic acid (23).

Further metabolomics study discovered that six intermedi-
ates in the glucose metabolism were changed during tumor-
igenesis (Table 1V). As expected, fructose (fructose 6-
phosphate and fructose 1,6-diphosphate), glyceraldehyde
(glyceraldehyde 3-phosphate), and pyruvic acid produced
during glycolysis were elevated in the tumor samples, and the
end product of anaerobic pathway, lactic acid, was also in-
creased. Fumaric acid produced by the Krebs cycle was
decreased, which was consistent with down-regulation of
fumarate hydratase. However, another product in the Krebs
cycle, isocitric acid, was greatly enhanced in the tumor sam-
ples. The higher isocitric acid level was presumably due to the
difference in metabolic rate from citrate to a-ketoglutarate
involving citrate synthase. The conversion of isocitric acid to
ketoglutarate and then to succinyl-CoA is relatively slow be-
cause it is the critical step to build up NADH, causing the
accumulation of isocitric acid. In general, the integrated re-
sults from proteomics and metabolite profiling clearly re-
vealed that, unlike normal cells, glycolysis followed by anaer-
obic respiration was utilized as the major pathway to
metabolize glucose in GCC cells, whereas the Krebs cycle
and oxidative phosphorylation were impaired.

Validation of Glucose Metabolic Characteristics in Addi-
tional GCC Patients: RNA and Protein Levels of Key Path-
ways—To extend our initial observations of changes in the
glucose metabolism of GCC, RNA and protein levels of the
corresponding genes were examined by real time PCR and
Western blot of additional GCC patients. Because the isoen-
zymes of PKM2 (M1 and M2; labeled as PKMZ2a and PKM2b
in the following) and the subunits of LDH (LDHA and LDHB)
may play different roles in cancer, the mRNA levels of both
PKM?2 isoenzymes and LDHA were measured. When com-
pared with matched normal gastric cardia samples, six of the
seven glycolytic enzymes (combined with LDHA and LDHB for
ease of analysis) were significantly overexpressed with the
exception of LDHB, which was obviously down-regulated
(Fig. 3A). However, most enzymes in the Krebs cycle (com-
bined with UQCRCT1 for the same reason) were greatly down-
regulated in GCC with the exception of IDH7 and FH, which
were only slightly decreased (Fig. 3B). Moreover, a significant
correlation was found between the change in levels of relative
mRNA expression and the expression ratio of the same pro-
tein identified in the two-dimensional gel (Fig. 3C), adding to
our knowledge that these enzyme levels were truly altered in
GCC. Nevertheless, no significant relationship was detected
between the mRNA expression of these target genes and the

Fic. 1. An overview of two-dimensional gel images between GCC samples and corresponding normal samples. A-D, representative
images of a two-dimensional gel for normal (left) versus cancer (right) tissues with poor differentiation (top) or with lymph node metastasis
(bottom), respectively. Numbers indicated on the map highlight several of the protein spots that had differential expression. E, detailed
alteration patterns of two glycolytic enzymes, ENO1 and LDHB, in different pooled samples.
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TaBLE IV
Differential metabolites associated with glycometabolism derived
from OPLS-DA mode of GC-TOF MS analysis with t test

-Fold

No. Retention (min) Metabolite? change?® p° vIpd
1 5.22 Pyruvic acid 1.20 0.12

2 5.37 Lactic acid 1.14 2.01 x 1072 1.13
3 7.47 Glyceraldehyde 2.21 322 x107% 1.12
4 9.54 Fumaric acid 0.86 0.03

5 15.55 Isocitric acid 1.40 1.64 X 1075 1.13
6 16.25 p-Fructose 1.93 1.69 x 1074 1.37

2 Metabolites were identified by comparing the exact mass and
retention time of our reference metabolites in our laboratory.

b -Fold change with a value >1 indicates a relatively higher con-
centration present in GCC patients, whereas a value <1means a
relatively lower concentration as compared with the healthy controls.

¢ -Fold change and p value were calculated from a non-parametric
t test.

9 Variable importance in the projection was obtained from
OPLS-DA with a threshold of 1.0.

clinical features of GCC (supplemental Table S4), which may
indicate that such metabolic conversions might happen in the
early stage of tumorigenesis.

On the other hand, the protein expression levels of ENOT,
LDHA, LDHB, and ACO2 were analyzed by Western blot (Fig.
3D). ACO2 showed decreased expression in seven of eight
cancer samples, whereas the level of ENO7 was increased in
six of eight cancer samples compared with their normal coun-
terparts. Due to the high homology of LDHA and LDHB, the
antibodies could not distinguish the two bands clearly on the
gel. Thus, we differentiated the two bands using specific
siRNA to knock down either LDHA or LDHB, which facilitated
the identification of each band successfully. As shown in
supplemental Fig. S3, the upper band was LDHB, whereas the
lower band was LDHA. Seven of eight cancer samples
showed LDHA overexpression, and six of eight tumor tissues
had decreased expression of LDHB. Notably, none of the
GCC samples had a normal glucose metabolic pathway; each
had an abnormality in one or several steps in this process,
which might facilitate the early detection of GCC.

Fate of Pyruvic Acid Regulated by LDH and PDH Is Intrin-
sically Intertwined with Survival of Cancer Cells—One meta-
bolic characteristic of GCC discovered from our results was
that more pyruvic acid was transformed into lactic acid, rather
than acetyl-CoA, following the Krebs cycle. We speculated
that the ratio of the two enzyme complexes, LDH and PDH,
determined the fate of pyruvic acid, which changed the glu-
cose metabolism pathway and influenced the cell transforma-
tion process. When LDHA was knocked down by siRNA (Fig.
4A), the activity of LDH to catalyze pyruvic acid (supple-
mental Fig. S4A) and produce lactic acid (Fig. 4B) dramatically
decreased, which further confirmed the effect of siRNA in
these function assays. Meanwhile, a zymogram of the LDH
isoenzyme pattern showed that in LDHA knockdown cells the
intensities of the five bands obviously shifted from LDH5 (A4)
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to LDH1 (B4) (supplemental Fig. S4B), which was found to be
consistent with diminished enzymatic activity. The MTT assay
revealed that these LDHA knockdown cells grew much slower
than the control cells (Fig. 4C). Moreover, LDHA knockdown
cells formed fewer colonies in soft agar (Fig. 4D) and also had
a relatively impaired ability to migrate in a Boyden chamber
(supplemental Fig. S5). We concluded that an overexpression
of LDHA and high activity of LDH complex were necessary for
tumor cells to sustain rapid proliferation and migration. In
contrast, in vitro stable overexpression of PDHB (Fig. 4E) (a
subunit of PDH complex that was down-regulated in GCC as
mentioned above) diverted more pyruvic acids to the Krebs
cycle and caused an impairment in the production of lactic
acid (Fig. 4F), resulting in cell growth inhibition (Fig. 4G) and a
decrease in the ability to form colonies in soft agar (Fig. 4H).
Interestingly, overexpression of PDHB had almost no effect on
cell migration (supplemental Fig. S5), which was slightly differ-
ent from knockdown of LDHA, although both of them resulted in
the increasing conversion from acetyl-CoA to pyruvic acids. In
conclusion, transforming more pyruvic acids to lactic acids by

GCC cells was necessary to sustain their rapid proliferation and
was controlled by the levels of LDH and PDH.

DISCUSSION

In the last two decades, the incidence of GCC, or proximal
gastric cancer, has increased almost all over the world (24—
26), including China (27). This cancer is often diagnosed late
in its course and is often fatal. Little progress has been
achieved in the prevention and treatment of this disease be-
cause of the lack of an effective and sensitive diagnostic
biomarker as well as knowledge of its etiology (28). Therefore,
systematic research of GCC is required to better understand
its molecular pathogenesis.

In this study, we first discovered the comprehensive differ-
ences of proteins and metabolic intermediates between
paired normal and GCC samples, especially those involved in
glucose metabolism. Glucose is the major source for energy
production and macromolecule biosynthesis to maintain con-
tinuous rapid proliferation of tumor cells (29). Many groups
have demonstrated that a variety of solid tumors, including
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renal (30), colon, stomach (31), and breast (32), prefer anaer-
obic glycolysis to the Krebs cycle for energy production even
under normoxia, or the Warburg effect (17). In our study, we
also found a predominance of anaerobic glycolysis, rather
than the Krebs cycle, in GCC at different levels, spanning from
RNA to protein to the corresponding metabolic intermediates,
thus validating that the Warburg effect also exists in GCC (Fig.
5A). Several enzymes involved in the glycolysis are consid-
ered ubiquitously overexpressed in a variety of cancers, such
as ENO1, GAPDH, and PKM (33), which is consistent with our
observation in GCC. A high level of glycolysis endows cancer
cells with a growth advantage, which enhances unconstrained
proliferation and invasion. As for the enzymes involved in the
Krebs cycle, the situation is more complicated, depending on
the cancer type. Succinate dehydrogenase (SDH) and FH are
often dysregulated in renal cancer, both of which are associ-
ated with hypoxia-inducible factor (HIF) activation (34). Genes
encoding enzymes, such as IDH1, have been found frequently
mutated, demonstrating early genetic alterations in glioma
(85). The activity of ACO2 is usually elevated in prostate
cancer, promoting the transformation of normal citrate-pro-
ducing epithelial cells to malignant citrate-oxidizing cells (36).
However, ACO2 is often deleted in colorectal cancer (37). In
our GCC samples, IDH1, ACO2, FH, and MDH were all down-
regulated, which indicated an impaired Krebs cycle. Highly
active glycolysis and an impaired Krebs cycle guarantee
enough metabolic intermediates by avoiding thorough oxidation
of glucose, which is essential for the synthesis of macromole-
cules, such as lipid, protein, and nuclear acid, during cell divi-
sion (38-40). Moreover, the hypoxic environment in tumor tis-
sues causes increased reactive oxygen species production (41,
42), which leads to severe oxidative damage and cell apoptosis,
so that tumor cells often adopt impaired oxidative phosphoryl-
ation to evade such reactive oxygen species-mediated cell
death (43). Our work revealed that the Warburg effect is also
prevalent in GCC, spanning from genes to metabolites, sug-
gesting that such metabolic transition is important for the de-
velopment of GCC, and the glycolysis signature provides po-
tential biomarker identification for clinical diagnosis of this
intractable cancer.

The balance between aerobic glycolysis and the Krebs
cycle in cancer cells ensures the maximal and rapid produc-
tion of both energy and metabolic intermediates for cell pro-
liferation. Two enzyme complexes, LDH and PDH, control the
metabolism of pyruvic acids, transforming them to either lac-
tic acids or acetyl-CoA, then entering the Krebs cycle. The
tetrameric LDH contains five isoenzymes formed by random
association of two subunits, LDHA and LDHB, interconverting
pyruvate and lactate with concomitant interconversion of
NADH and NAD™ (44). The change of LDHB expression sug-
gested by our two-dimensional gel analysis encouraged us to
further examine the expression of LDHA in GCC. In contrast to
the down-regulation of LDHB, LDHA was found to be over-
expressed in GCC. Overexpression of LDHA has been previ-

ously reported to favor the formation of cathodic LDH (isoen-
zymes 4 and 5) and generation of lactate, which is often
observed in solid tumors and correlated with advanced tumor
grade, poor prognosis, VEGF up-regulation, and hypoxia (45—
47). In our study, we also observed the influence of deregu-
lated LDHA on the efflux of pyruvic acid. A knockdown of
LDHA by siRNA resulted in a shift of LDH isoenzymes from
Stages 3/4/5 to 1/2 with a concomitant significant decrease in
catalytic activity as well as lactic acid production. Furthermore,
a knockdown of LDHA could obviously hamper both anchor-
age-dependent and -independent growth of tumor cells, which
is consistent with the previous study reporting that LDHA was
essential for the transformation process (48, 49).

The other pyruvic acid efflux controller, PDH multienzyme
complex, catalyzes the first reaction of an oxidative decar-
boxylation sequence and converts pyruvate to acetyl-CoA
and CO,. It has been reported that in various cancer types,
such as lung (50) as well as head and neck squamous cancer
(51), pyruvate dehydrogenase kinase induced by overex-
pressed HIF-1 phosphorylates and inactivates the PDH com-
plex, inhibits the conversion of pyruvate to acetyl-CoA, and
thereby attenuates mitochondrial function and respiration
(52). In our study, we found that one of the components in
PDH multienzyme complex, PDHB, was down-regulated in
GCC, leading to decreased enzymatic activity and an im-
paired Krebs cycle. Consistent with our observation, overex-
pression of PDHB reduced lactate acid production and
decreased the proliferation of tumor cells in both an anchor-
age-dependent and -independent manner. Thus, our study
clearly demonstrated that LDHA and PDHB can determine the
fate of pyruvic acid, anaerobic glycolysis or aerobic respira-
tion, via the regulation of LDH and PDH complex, respec-
tively. These studies have improved our understanding of the
Warburg effect and its influence on GCC development and
progression, and the metabolic pathway can serve as a po-
tential target for GCC therapy (Fig. 5B).

Although either knockdown of LDHA or overexpression of
PDHB promoted the conversion from acetyl-CoA to pyruvic
acids, leading to the retardation of tumor growth, only LDHA
but not PDHB affected cell migration, indicating that the cor-
responding molecules, such as lactic acid, pyruvic acid, and
acetyl-CoA, might not influence cell migration directly,
whereas other concomitant changes such as the ratio of
NAD*/NADH might influence the cell migration. Of course, we
cannot exclude that LDHA has its own special role in cancer
cell migration except for its usual role in cell metabolism.

This study highlighted several other proteins that expand
our understanding of the molecular pathology of GCC. For
example, selenium-binding protein 1 (SELENBP1) was signif-
icantly down-regulated in these cancers, consistent with the
findings in colorectal (53), ovarian (54), and lung (55) cancers.
Some investigators have suggested that selenium may have
an anticarcinogenic property toward GCC (56). In addition,
elevated levels of many metabolic intermediates of the nucle-
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otide metabolism were noted that were also observed in
previous reports (19, 57), indicating active nucleic acid turn-
over in tumor tissues. Also of interest, fatty acids were all
down-regulated in the tumor samples examined, which was
consistent with the dramatically decreased expression of
lipase, gastric (LIPF). Down-regulation of lipase in GCC re-
sulted in impaired triglyceride and phospholipid hydrolysis,
leading to the lack of dissociative fatty acids. This was further
confirmed by the decrease of another two intermediates (glyc-
erol phosphate and myoinositol). As expected, a number of
amino acids and their polyamine derivatives were increased in
cancer tissues to meet the requirement of protein synthesis. A
low expression level of the enzyme aspartate aminotrans-
ferase (AspT) was noted in our proteomics analysis of the
GCC cells. This enzyme normally helps aspartate to enter the
Krebs cycle through transamination. Large amounts of aspar-
tic acid and asparagine in cancer tissues might result from
impairment of this enzyme, diverting more aspartic acids to
participate in the synthesis of purines as well as proteins
rather than entering the impaired Krebs cycle.

In summary, with the help of proteomics and metabolomics
analysis, we discovered that a series of proteins and related
metabolites in glucose metabolism showed an altered expres-
sion level in GCC tissues. These findings will not only benefit
early diagnosis of this cancer at the molecular level but also
improve our understanding of the initiation and development
of GCC. A highly activated anaerobic glycolysis and an im-
paired aerobic respiration are important for maintaining the
rapid proliferation of this cancer, which is achieved by highly
active LDH concomitant with relatively inactivated PDH to
divert more pyruvic acids into the anaerobic glycolysis path-
way. Our fin dings suggest that an antagonist to LDH as well
as an agonist of PDH may be a novel therapy for GCC.
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