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Background/aims: 2-oxoglutarate dehydrogenase (OGDH) is the first rate-limiting E1

subunit of OGDH complex (OGDHC), which plays as a regulatory point in the cross-road

of TCA cycle and glutamine metabolism. Until now, the role of OGDH in carcinogenesis has

been unclear.

Methods: In the present study, we determined the expression of OGDH in human gastric

cancer (GC) tissues and cell lines by RT-qPCR, Western blotting and immunohistochemical

staining respectively. The biological impacts of OGDH on cell growth and migration were

explored through modulation OGDH expression in GC cells. Furthermore, mitochondrial

functions and Wnt/β-catenin signal were analyzed to elucidate the mechanism by which

OGDH was involved in GC progression.

Results: The results showed that the levels of OGDH mRNA and protein were significantly

higher in GC tissues, which was positively correlated with clinicalpathological parameters of

GC patients. OGDH inhibitor SP significantly suppressed GC cell viability. Modulation of

OGDH had distinct effects on cell proliferation, cell cycle and cell migration in the GC cell

lines AGS and BGC823. Overexpression of OGDH resulted in the downregulation of the

EMT molecular markers E-cadherin and ZO-1, the upregulation of N-cadherin and claudin-1.

OGDH deficiency had the opposite outcomes in GC cells. Meantime, OGDH knockdown

cells showed decreased mitochondrial membrane potential, oxygen consumption rate, intra-

cellular ATP product, and increased ROS level and NADP+/NADPH ratio. Consistently,

overexpression of OGDH enhanced the mitochondrial function in GC cells. Furthermore,

OGDH knockdown reduced the expressions of β-catenin, slug and TCF8/ZEB1, and the

downstream targets cyclin D1 and MMP9 in GC cells. OGDH overexpression facilitated the

activation of Wnt/β-catenin signal pathway. Additionally, overexpression of OGDH pro-

moted tumorigenesis of GC cells in nude mice.

Conclusion: Taken together, these results indicate that OGDH serves as a positive regulator

of GC progression through enhancement of mitochondrial function and activation of Wnt/β-

catenin signaling.

Keywords: 2-oxoglutarate dehydrogenase, cell proliferation, epithelial-to-mesenchymal

transition, gastric cancer, mitochondrial function, Wnt/β-catenin signal

Introduction
Gastric cancer (GC) is the third leading cause of worldwide cancer-related deaths

according to the GLOBOCAN database.1 Despite recent improvement in diagnosis

and therapeutic methods, the overall prognosis of patients with GC is still poor. The

mechanism behind GC progression is quite complex. Helicobacter pylori infection,
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hereditary susceptibility and environment factors have

been investigated as the major causes of its pathogenesis.2

Multiple genetic and epigenetic alterations or abnormality

occur in the development of GC.3 To improve the under-

standing of GC progression, novel molecular mechanisms

and therapeutic targets should be explored.

The OGDH complex is a major modulator of the tricar-

boxylic acid (TCA) cycle and electron transport chain

activity, which catalyzes the decarboxylation of 2-OG to

succinyl-CoA and reduces NAD+ to NADH. In normal cell

metabolism, the production of the reducing equivalent

NADH from OGDHC is feed to respiratory complex I to

generate the mitochondrial membrane potential (Δψm)

required for ATP production. The activity of OGDHC is

regulated by multiple factors including ATP, inorganic

phosphate, NAD+, Ca2+ and pH value. Through sensing

cell energy status OGDHC dynamically interplays between

the OXPHOS to adjust mitochondrial metabolism.4 Cancer

cells undergo a reprogramming of metabolism to maintain

bioenergetics, redox status, cell signaling and biosynthesis

in harsh microenvironment, including glycolysis, the TCA

cycle and glutaminolysis.5 Upon nutrient deprivation, glu-

cose and glutamine are the two primary nutrients utilized by

cancer cells to form 2-oxoglutarate (2-OG), which can be

catalyzed by both OGDHC in oxidative decarboxylation

and IDHs in reductive carboxylation.6 Therefore, operating

at a metabolic cross-road, OGDHC plays an essential role in

cancer cells to adjust metabolic fluxes according to resource

availability and energy demand.

OGDHC consists three subunits, that the E1 subunit is

2-oxoglutarate dehydrogenase (OGDH), the E2 subunit is

dihydrolipoamide succinyltransferase (DLST), and the E3

subunit is dihydrolipoamide dehydrogenase (DLD).7 The

E1 and E2 subunits of keto acid dehydrogenases are specific

for particular alpha-keto acids, the E3 subunit is common.

Pyruvate dehydrogenase complex (PDHC), OGDHC and

branched-chain alpha keto acid dehydrogenase (BCKDC)

each catalyze the oxidative decarboxylation of specific

alpha keto acids that are recognized by the E1 and E2

subunits. The recent study also identifies that mitochondrial

2-oxoadipate dehydrogenase complex shares the E2 and E3

components with OGDHC.8 It indicates that OGDH is the

unique component of OGDHC working at the first and rate-

limiting step. In humans, there are three major splice var-

iants of the OGDH gene, V1 (114 kDa), V2 (48 kDa) and

V3 (114 kDa), although the functional differences of these

enzymes remain unreported. Recent studies show that

OGDH gene expression is altered in diverse cancers,

which implicates a potential role in carcinogenesis. It has

been observed that OGDH gene was increased in the trans-

formed rat lung epithelial cells and oral squamous cell

carcinoma, and OGDH alternative mRNA transcript was

upregulated in colorectal cancer.9–11 Somatic frameshift

mutations of OGDH gene were detected in microsatellite

instability high GCs and CRCs.12 Using OGDH inhibitors

and silencing OGDH in siRNAs, the notably different

dependencies of cancer cells have been uncovered in a

manner of metabolic specificity.13,14 However, it still lacks

of clear knowledge of the biological role of OGDH in the

progression of cancer. To date, the expression pattern of

OGDH in human gastric cancers has not been explored. In

addition, its roles and the potential mechanism need further

investigation

In the present study, we demonstrated that OGDH

expression was obviously upregulated in GC tissues com-

pared with adjacent non-cancer tissues, implying a corre-

lation between OGDH expression and GC progression.

Importantly, our data elucidated the positive role of

OGDH in GC cell growth and migration by maintaining

mitochondrial bioenergetics and activate epithelial-to-

mesenchymal transition via Wnt/β-catenin signaling path-

way. It suggests that OGDH might serve as a novel target

for GC therapy.

Materials and methods
Patients of GC samples
The paired GC and adjacent normal stomach mucosa tis-

sues were achieved from 33 diagnosed patients who had

undergone GC surgery at Xi’jing Hospital of Digestive

Disease. All the specimens were taken under the guidance

of HIPAA protocol and approved by the ethics committee

Xijing Hospital. All samples were clinically and patholo-

gically verified. This study was approved by the Xijing

Hospital Human Body Protection Committee. Informed

consent was obtained from each patient.

Immunohistochemistry staining
Staining was performed by standard immunohistochemistry

procedures. The GC tissue microarray (HStm-Ade150-01)

was purchased from Shanghai Outdo Biotech Co. LTD.,

which includes 72 cases of gastric adenocarcinoma with

paired paraneoplastic tissues. The tissue microarray slide

was incubated overnight using primary antibody against

OGDH (ab137773, Abcam, Cambridge, UK). Mayer’s

hematoxylin was used for the purpose of nuclear counter
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staining. All pathological material was reviewed by a

pathologist with experience in gastroenterology. The inten-

sity of staining was scored as 0 (negative), 1 (weak), 2

(medium) or 3 (strong). Extent of staining was scored as 0

(<5%), 1 (5–25%), 2 (26–50%), 3 (51–75%) and 4 (>75%)

according to the percentages of the positive staining areas in

relation to the whole carcinoma area. Scores for staining

intensity and percentage positivity of cells were then multi-

plied to generate the immunoreactivity score (IRS) for each

case. Samples having a final staining score of ≤6 were

considered to be low and those with score of >6 were

considered to be high.

Cell culture
Human GC cell lines AGS, BGC-823, SGC7901, MKN45

and MKN28 were purchased from National Infrastructure

of Cell Line Resource (Shanghai, China). The normal

gastric epithelial cells (GES) were kindly offered by

Professor Nie of the Fourth Military Medical University,

which had the institutional review board approval to use.

GC cells were cultured in RPMI medium (Gibco, NY,

USA) supplemented with 10% fetal bovine serum

(Bioind, Israel), 1% penicillin (100mM)/streptomycin

(50 mM) (Gibco) in an atmosphere containing 5% CO2

at 37 °C. To detect the effects of OGDH inhibition on cell

growth, different concentrations of SP (0~1 mM, HY-

12688, MedChem Express Co., Shanghai, China) were

added to the media and incubated for 48 hrs.

Recombinant lentivirus infection
AGS cells were infected by the lentiviral vector containing

human OGDH full-length cDNA fragment (LV-OGDH)

(GeneChem Co., Ltd, Shanghai, China). An empty vector

was used as the negative control (LV-NC). The infected

cells were selected for 14 days in the presence of 2 μg/mL

puromycin (Sigma-Aldrich, St. Louis, USA) to establish

the stable OGDH overexpressing cells.

Oligonucleotide transfection
Double-stranded siRNA against OGDH were purchased

from Ribobio (Guanzhou, China). The sequences of

OGDH siRNAs were as follows: 5ʹ-CAGCATCCAAAATC

CCCAG-3ʹ and 5ʹ-GTGAACTGCATGATCCCAG-3ʹ.15 Olig-

onucleotide transfection was performed using lipofectamine

2000 reagent (Invitrogen). BGC823 cells cultured in 6-well

plates were transfected with the siRNA according to the

manufacturer’s instructions. In all experiments, a nonspecific

scramble siRNA served as a control. Cells were analyzed 48 h

after transfection. The specific silencing of the expression was

assessed by Western blotting.

RNA extraction and quantitative real-

time PCR
Total RNAs were isolated from cells by TRIzolTM reagent

(ThermoFisher Scientific, USA), and reverse transcriptions

were performed by Takara RNA PCR kit (Takara, Tokyo,

Japan). Real-time PCR was performed on ABI 7500 system

(Applied Biosystems, CA, USA) with SYBR Green PCR

Supermixes (Biorad, California, USA). The gene expression

level was normalized using GAPDH as an internal reference

gene. The sequences of the primers used in the study (forward/

reverse primer pair): OGDH: 5ʹ-GAGGCTGTCATGTA

CGTGTGCA-3ʹ and 5ʹ-TACATGAGCGGCTGCGTGAAC

A-3ʹ; GAPDH: 5ʹ-AGAAGGCTGGGGCTCATT TG-3ʹ and

5ʹ-AGGGGCCATCCAC AGTCTTC-3ʹ.

Cell viability assay
The growth of GC cells was determined using aMTTassay kit

(Beyotime, Jiangsu, China) according to the manufacturer’s

protocol. Briefly cells were seeded in 96-well plates (2×103

cells/well), cultured for another 1–3 days. At 24, 48 and 72 h

after planting, cells were incubated with MTT(5 mg/mL)

solution at 37 °C for 4h. Formazan precipitate was dissolved

in DMSO, and absorbance was measured at a wavelength of

450 nm using BioRadmicroplate reader (FluoDia T70, Photon

Technology International, Lawrenceville, NJ).

Colony formation assay
GC cells were seeded into 6-well plates (1×103 cells/well)

and cultured for 2 weeks at 37 °C in a 5% CO2-humidified

incubator. The cells were fixed with 4% paraformaldehyde

and stained with crystal violet. The experiments were

repeated three times.

Flow cytometry
Single cell suspension (1×106 cells) was fixed with 16%

formaldehyde and stained by propidium iodide in the dark.

Cell cycle was acquired by FACScan flow cytometer (BD

Biosciences, Franklin Lakes, NJ). The results were analyzed

using Multicycle-DNA Cell Cycle Analyzed Software.

Wound healing assay
Cells were seeded into 24-well plate and cultured until

confluence. A straight scratch was made with a pipette

tip, and the first image was acquired. After cells grew
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additional 24 h, the second image was photographed.

Multiple views of each well was documented, and each

experimental group was repeated triplicate.

Transwell migration assay
Cell migration was assayed using Transwell chambers

(6.5 mm; Corning, NY, USA) with 8-μm pore membranes.

The lower chamber was filled with 1500 μl of lower med-

ium (medium with 20% FBS). The cells (5×104 cells/well)

were suspended in 200 μl of upper medium (medium with

1% FBS) and were plated into the upper chamber. After

24 hrs, the number of crystal violet-stained cells on the

undersurface of the polycarbonate membranes was visually

counted in five random fields at 100×magnification.

Western blot assay
Cell and tissue lysates were extracted by an ice-cold NP-40

buffer (50 mM Tris 7.4, 150 mM NaCl, 0.1% NP-40) sup-

plemented with a protease inhibitor cocktail (Calbiochem,

Darmstadt, Germany). Lysates were separated by SDS-poly-

acrylamide gel electrophoresis (SDS-PAGE) and immuno-

blotted. The antibodies used were as follows: anti-GAPDH

(#ab5174) and anti-OGDH (#ab137773) were purchased

from Abcam (Cambridge, MA, USA); EMT antibody sam-

ples (#9782), anti-MMP2 (#40994), anti-MMP9 (#13667),

anti-β-actin (#3700), and HRP-linked anti-rabbit and anti-

mouse secondary IgG (#7074 and #7076) were purchased

from Cell Signaling Technology (Danvers, PA USA); anti-

Flag (#F3165, Sigma-Aldrich).

JC-1 assay
Mitochondrial membrance potential (ΔΨm) was detected

by specific probe JC-1 (#C2005, Beyotime) staining. Cells

(5×105/mL) were resuspended in JC-1 working buffer

(10 μg/mL) and incubated in darkness. Then cells were

measured fluorometrically with excitation and emission

settings at red fluorescent (550 and 600 nm) green fluor-

escent (485 and 535 nm). Analysis the rate of red fluor-

escent signal and green fluorescent signal. Triplicate

reactions were performed for the experiment.

Measurement of intracellular ROS
Intracellular ROS production was determined by using a

fluorescent dye 2ʹ, 7ʹ-dichlorofluorescein diacetate

(H2DCF-DA, Sigma-Aldrich). Briefly, cells were incu-

bated with 10 μM H2DCF-DA at 37 °C for 30 min.

Fluorescence (Ex.488nm, Em.525nm) was monitored by

a SpectraMax M5 Microplate Reader (Molecular Devices).

Triplicate reactions were performed for the experiment.

Measurement of intracellular ATP
Intracellular ATP concentration was measured by using an

ATP assay kit (#S0026, Beyotime) according to the manu-

facturer’s instructions. In brief, 100 μL single cell suspen-

sion was mixed with 100 μL luciferin–luciferase reagent.

Luminescence was monitored by using a Modulus TM

Micoplate Reader. The signal intensities were normalized

by cellular protein levels and showed as relative ATP levels.

Triplicate reactions were performed for the experiment.

Extracellular O2 consumption assay
Oxygen consumption is measured by Extracellular O2

Consumption Assay kit (#ab197243, Abcam) to implicate

mitochondrial function according to the manufacturer’s

instructions.

Measurement of the ratio of NADP+/

NADPH
The intracellular ratio NADP+/NADPH was detected by

NADP+/NADPH Assay kit (#ab65349, Abcam) according

to the manufacturer’s instructions.

Xenografted tumors in nude mice
BALB/c nude mice (5–6 weeks old) were purchased and

maintained under specific pathogen-free conditions in the

Centre of Animal, the Fourth Military Medical University,

Xi’an China. This study was carried out in strict accor-

dance with the recommendations in the Guide for the Care

and Use of Laboratory Animals of the National Institutes

of Health. All of the procedures in the studies involving

animals were performed in accordance with the ethical

standards of the Fourth Military Medical University. Cell

(1×107) in single cell suspension were injected subcuta-

neously into the both sides of the back of the nude mice to

establish the subcutaneous xenograft tumor model (n=5

per group). After 4 weeks, all of the mice were sacrificed

under deep anesthesia. The final weight of each tumor

were recorded.

Statistical analysis
Statistical analyses were completed using SPSS 19.0

software (Chicagao, IL, USA) and Prism 5 software
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(San Diego, CA, USA). All data were shown as the

mean ± SEM of triplicate values from three separate

experiments. The results were compared by Student’s

t-test or one-way ANOVA. P-value <0.05 was consid-

ered to be statistically significant (*0.01< P<0.05,

**0.001< P<0.01, *** P<0.001).

Results
OGDH expression is significantly

upregulated in GC tissues and cell lines
To investigate the expression of OGDH in GC tissues,

we first performed qRT-PCR assay among 33 paired GC

Figure 1 Expression of OGDH in human gastric cancer tissues and cell lines is upregulated. (A) The mRNA levels of OGDH in GC tissues and corresponding normal

tissues were quantified by qRT-PCR normalized to those of GAPDH. (B) The protein levels of OGDH in GC tissues were determined by Western blotting. (C) The levels of

OGDH mRNA and protein were determined by qRT-PCR and Western blotting respectively. (D) The expression and localization of OGDH in the GC tissue array were

detected and scored with semiquantitative immunohistochemical staining. Data are expressed as the mean ± standard deviation (n=3). **P<0.01, ***P<0.001 vs. normal.
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tissues and corresponding normal tissues and observed

that OGDH mRNA expression was significantly upregu-

lated in GC tissues (Figure 1A). Western blot assay

confirmed that OGDH expression at the level of protein

was higher in GC tissues than the compared normal

tissues (Figure 1B). Consistently, OGDH expressions

in GC cell lines AGS, MKN45, MKN28, BGC823

were higher than in GES cells (Figure 1C). To charac-

terize the clinicopathological relevance of OGDH in GC

patients, we analyzed the expression of OGDH in the

GC tissue microarray of 72 paired cases of GC tissues

and the adjacent normal tissues. As shown, OGDH was

predominantly localized in the cytoplasm and signifi-

cantly elevated in GC tissues compared with normal

tissues (Figure 1D). Then cancerous tissues were

divided into the high OGDH group (score ≥6) and low

OGDH group (score<6), respectively. High expression

of OGDH was detected in 64% (46/72) cases of GC

tissues. In addition, GC patients with a larger tumor

stage size (>3cm) and high AJCC stage (stage III

and IV) had higher levels of OGDH (Table 1).

OGDH promotes GC cell growth in vitro
Taking into account that cancer cells have great various

dependence on OGDH activity due to the specific metabolic

plasticity,16 we screened the sensitivities of three GC cell

lines and GES cells to SP. The results showed that cell

viability of poorly differentiated AGS was cells more sig-

nificantly inhibited by SP than highly differentiated GC cells

MKN45 and BGC823, and SP weakly inhibited cell growth

of immortal normal gastric epithelial cells GES (Figure 2A).

To evaluate the potential functions of OGDH in regulat-

ing GC cell growth, we downregulated the expression of

OGDH in BGC823 cells which had a high level of endogen-

ous OGDH by siRNA transfection; and upregulated OGDH

expression in AGS cells which had a relative low level of

endogenous OGDH by lentivirus infection (LV-OGDH). The

modification of OGDH expression was determined by

Western blotting (Figure 2B). Cell proliferation was deter-

mined at 24, 48, and 72 h after seeding using an MTT assay.

The proliferation of GC cells was significantly suppressed

after silencing of endogenous OGDH and increased upon

OGDH overexpression at each time point (Figure 2C). In

colony formation assay, OGDH silencing decreased the num-

ber and size of GC cell colonies incubated after 14 days,

while ectopic expression of OGDH had the opposite effects

(Figure 2D). Disorder of cell cycle is one of the important

reasons for the malignant increase of tumor cells. We ana-

lyzed the cell cycle of OGDH overexpressed AGS cells and

OGDH silenced BGC823 cells by FACS. The results showed

that knockdown OGDH resulted an arrest of GC cells at the

G1 phase compared with the scramble siRNA control, and

overexpression of OGDH caused a significant decrease of

cells in the G1 phase and an increase in the S phase compared

with the empty vector control (Figure 2E). These results

indicate that OGDH might upregulated GC cell proliferation

by accelerating the G1/S phase transition in cell cycle.

OGDH facilitates GC cell migration by

regulating EMT transition
It has been recently reported that OGDHC inhibitor, (S)-2-

[(2,6-dichlorobenzoyl) amino] succinic acid (AA6) inhi-

bits breast cancer metastasis.15 To investigate the role of

OGDH in GC cell migration, wound healing was used. It

was observed that OGDH knockdown BGC823 cells

migrated significantly slower than the control group, and

overexpression of OGDH accelerated cell migration

through the scratch wound (P<0.01, Figure 3A). To pro-

vide further support for the effect of OGDH on cell

Table 1 Association of OGDH level with clinicopathological

parameters of patients with gastric cancer

Parameter n OGDH

Level

P-value

Low High

Gender

Male 55 19 36 1.0

Female 20 7 13

Age 0.017

<60 36 18 17

>60 39 9 30

Tumor size 0.043

<5 cm 18 9 9

≥5 cm 57 14 43

Invasion depth 0.165

Without infiltration into serous

layer

25 10 15

Infiltration into serous layer 50 13 37

Lymph node metastasis 0.387

Negative 23 6 17

Positive 52 17 35

AJCC stage 0.041

I/II 36 15 21

III/IV 39 8 31
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Figure 2 OGDH promotes GC cell growth in vitro. (A) Cell viability was determined by MTT assay after the treatment of SP in GC cells and GES cells. Values are

means ± SEM from ≥3 independent experiments. Statistical significance was established using one-way ANOVA. *P<0.05, **P<0.01 vs AGS. (B) Western blot

analysis assessed the expression of OGDH in BGC-823 cells transfected with OGDH siRNA and AGS cells infected with LV-OGDH. (C and D). MTT assay and

colony formation assay determined the effects of OGDH modification on cell growth. The number of the individual cell colonies formed is expressed as the mean

± SEM. (E) The cell cycle is analyzed by flow cytometry. The cell cycle phases are expressed as the mean ± SEM. *represent Student’s t-test, *P<0.05, **P<0.01,
***P<0.001 vs control.
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mobility, transwell assays was performed. Cells that

migrated through the Matrigel matrix are presented in

Figure 3B. When endogenous OGDH was downregulated,

the number of cancer cells through the Matrigel decreased

significantly compared with the control group, while

OGDH overexpression had the opposite effect (P<0.01).

Epithelial-mesenchymal transition (EMT) is required

for the distant metastasis of tumors and associated with

tumor malignancy. We quantitated the expression levels of

the EMT markers by Western blotting in OGDH overex-

pressing AGS cells and OGDH knockdown BGC823 cells.

As shown in Figure 3C, the protein levels of E-Cadherin,

claudin-1 and ZO-1 were significantly decreased in OGDH

silenced BGC823 cells compared with control group,

while the expression levels of N-cadherin and vimentin

increased. The opposite outcomes were detected in OGDH

overexpressing AGS cells.

OGDH enhances mitochondrial function
OGDHC contributes to adapt mitochondrial metabolism to

bioenergetics requirements of cancer cells.4 To elucidate

the functions of OGDH in mitochondrial functions of GC

cells, we detected mitochondrial membrane potential

(Δψm) by JC-1 staining, cellular ATP level and oxygen

consumption rates (OCRs) in GC cells with a gain or loss

of OGDH. The data showed that overexpression OGDH

significantly upregulated the mitochondrial membrane

potential (ΔΨm), increased intracellular ATP product and

oxygen consumption rates (OCRs) (Figure 4A). In OGDH

knockdown BGC823 cells, the mitochondrial function was

suppressed with low membrane potential, ATP level and

OCR (Figure 4B). ROS production is closely associated

with mitochondrial function. Increased ROS levels can

also activate anti-tumourigenic signaling resulting in oxi-

dative stress induced-cancer cell death.17 To investigate

the effects of OGDH on cellular redox status of GC

cells, we detected the levels of ROS and NADP

+/NADPH ratio. As shown, the levels of ROS and

NADP+/NADPH ratio in OGDH overexpressed GC cells

were much lower than the negative control (Figure 4C).

OGDH knockdown exhibited the opposite effects in

BGC823 cells (Figure 4D).

Figure 3 OGDH increases cell migration. (A) Wound healing assay. Representative images depicting BGC823 or AGS cells motility are shown. The graph on the right shows

the relative average gap after 24 h scraping. (B) Transwell assay. Representative pictures shows GC cells invasiveness; the graphs represent migrated cells. Values are

presented as mean ± SEM from 3 independent experiments. *represent Student’s t-test, *P<0.05, **P<0.01 vs control. (C) Western blotting detects the EMT markers.
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OGDH regulates Wnt/β-catenin signaling

pathway
Accumulating evidence has shown that the abnormally

high activation of the Wnt/β-catenin pathway is required

for the initiation and progression of various tumors.18 We

performed Western blotting to determine whether OGDH

regulated the Wnt/β-catenin pathway in GC cells. As

shown in Figure 5, overexpression of OGDH obviously

up-regulated the expression levels of β-catenin, its down-

stream effectors Slug, TCF8/ZEB1, and its targets Cyclin

D1, c-Myc and MMP9 in AGS cells. While OGDH

knockdown significantly reduced their expression. These

results suggested that OGDH might participate in the

activation of Wnt/β-catenin pathway to promote GC cells

growth and migration.

OGDH modulates tumor growth in vivo
To verify the results of cell growth in vitro, we used a nude

mouse xenograft mode to test the role of OGDH in tumor-

igenesis in vivo. OGDH overexpressing AGS cells and the

control cells were injected into BALB/C nude mice,

respectively. Compared with the control groups, the size

Figure 4 OGDH augments mitochondrial functions. (A) OGDH siRNA inhibits mitochondrial membrance potential (ΔΨm), intracellular ATP concentration and O2

consumption rate in AGS cells. (B) Ectopic expression of OGDH increases mitochondrial bioenergetics in BGC823 cells. (C) OGDH siRNA upregulates ROS level and

NADP+/NADPH ratio. (D) The levels of ROS and NADP+/NADPH ratio are downregulated by OGDH overexpression. Values are presented as mean ± SEM from 3

independent cultures. *P<0.05, **P<0.01, ***P<0.001 vs. control (Student’s t-test).
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and weight of the tumors were significantly higher in the

OGDH overexpressing group (Figure 6).

Discussion
Since the “Warburg effect” was revealed decades ago, it has

been suggested that defects in mitochondrial respiration is

the underlying cause of cancer for a long time. However,

more recent studies have shown that most cancers still

remain mitochondrial function, oxidative respiration.19

Mitochondrial energy pathways are reprogrammed with a

coexistence of the forward and reverse modes of the TCA

cycle to better utilization of available fuels for the high

bioernergetic and biosynthetic requirements of cancer

cells. OGDHC activity is essential for the forward TCA

cycle and the ETC chain. Vatrient et al reported that HIF1

reduced the activity of OGDHC by mediating degradation

of OGDH splice variant 2 to drive the reductive carboxyla-

tion of 2-OG in tumor cells.4 Silencing OGDH prevent the

production of sufficient levels of NADH, ultimately pre-

venting NADPH-dependent IDH2 to reduce 2-OG.20 The

striking range of dependencies OGDHC are associated to

specific cell types and metabolic manner.13,16 We observed

that OGDH expression was upregulated in GC tissues and

cells, and positively regulated cell growth and migration.

Most interesting, OGDH silencing reduced mitochondrial

bioenergetics, while OGDH overexpression had the oppo-

site effect in GC cells. The data suggests that the upregula-

tion of OGDH might facilitate the forward TCA cycle to

satisfy the requirement for the rapid growth of GC cells. A

fine-tuning of OGDHC activity is required to balance 2-OG

fate in both energetic and anabolic pathways. After glucose,

glutamine is the most rapidly consumed nutrient by many

human cancer cell lines to produce high levels of 2-OG.21

Therefore, the future study of the relationship between

glutamine metabolism and OGDHC will be needed to

understand the biochemical regulation of OGDHC in

GC cells.

Under pathophysiological conditions, mitochondrial

ROS contributes to the initiation and amplification of

cancer.22 Much higher ROS levels in cancer cells than

normal cells are connected with energy metabolism, but

excessive mitochondrial ROS may induce cell death in

tumors.23 OGDHC can both sense and generate ROS.24 In

Figure 5 OGDH modulates β-catenin signaling. Representative Western blot

analysis of relative protein levels of β-catenin, Snail1, Slug, ZEB1, MMP9 and cyclin

D1 in AGS and BGC823 cells.

Figure 6 Xenograft nude mice. (A) Representative photographs of the dissected tumors from OGDH overexpressing group and NC group. (B) The graph shows the tumor

weight. Values are presented as mean ± SEM (n=5). *P<0.05 vs. NC (Student’s t-test).
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response to NADH accumulation and increased 2-OG

levels, the E3 subunit of OGDHC may be stimulated to

generate H2O2.25 On the other hand, an increase in ROS

levels may decrease OGDHC function to form a feedback

mechanism.26 NADPH has an important role in maintaining

cellular redox balance of cancer cell. OGDHC maintain a

low NAD+/NADH ratio, which in turn supports NADPH

for reductive carboxylation of 2-OG.27 We demonstrated

that OGDH played an important role in the interdependent

homeostasis of ROS and NADPH in GC cells, that ROS

production and NADP+/NADPH ratio were significantly

reduced following OGDH overexpression.

Epithelial-mesenchymal transition (EMT) is required for

the invasion and distant metastasis of tumors.28 It has been

found that many metabolic genes were upregulated upon

induction of EMT, involving glycolysis, the TCA cycle and

glutamine metabolism.29 On the other hand, recent evidence

also suggests that the link between EMT and metabolism is

mutual, and in some circumstances, alterations of metabo-

lism can drive EMT. The silencing of FBP1 favours EMT in

gastric cells in vitro.30 EMT also is a key signature of

tumours harbouring mutations in the TCA cycle enzymes

FH, SDH and IDH.31 OGDHC inhibitor AA6 inhibits breast

cancer-associated metastasis by regulating 2-OG-dependent

TET-miR200-Zeb1/CtBP1-MMP3 axis.15 We found that

OGDH regulated the expressions of Wnt signaling pathway

downstream effector β-catenin and transcription factors

Slug and TCF8/ZEB1. Traditionally implicated, β-catenin

activates E-cadherin transcriptional repressors such as Snail

(SNAI1), Slug (SNAI2) and ZEB-1 to promoting EMT in

various tumors.32 β-catenin also has an important role in the

maintenance of mitochondrial homeostasis, regulating ATP

production via the tricarboxylic acid cycle, OXPHOS, and

fatty acid oxidation. Our results suggest specific metabolic

alterations lead to the activation of Wnt/β-catenin signaling

and EMT transcript factors. However, the mechanism

underlining mitochondrial metabolism and Wnt/β-catenin

signaling need to be further elucidated.

Our study reveals that OGDH contributes to the pro-

gression of GC by augmenting mitochondrial bioener-

getics and maintaining cellular redox status to satisfy the

fast growth and invasion of GC cells. However, the effects

of OGDH on remodeling cancer metabolism and the mole-

cular mechanisms underpinning growth and migration still

need further studies. And more evidences are required to

explore the possibility of OGDH as an indicator of the

diagnosis and prognosis of GC patients.
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