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Abstract: Glucose transporter-1 (GLUT-1) plays critical roles in cancer development and progression. Warburg ef-
fect (aerobic glycolysis) contributes greatly to tumorigenesis and could be targeted for tumor therapy. However, 
published data on the relationship between GLUT-1 and Warburg effect are scarce. In this study, gastric cancer cell, 
MKN45, was transfected with GLUT-1 shRNA using Lipofectamine 2000. Oxygen consumption, LDH activity, lactate 
production and cytoplasmic pyruvate were detected after MKN45 cells with GLUT-1 knockdown. In the last, hexoki-
nase 1 (HK1), HK2, and pyruvate kinase M2 (PKM2) expression were detected by using western blot. In this study, 
we showed that inhibition of GLUT-1 expression reversed Warburg effect in MKN45 cells, and induced apoptosis. 
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Introduction

Although a trend of declining incidence has 
been observed, gastric cancer still represents 
a tremendous burden in China [1]. Gastric can-
cer is a heterogeneous, multifactorial disease 
[2]. It is crucial to understand the molecular 
mechanisms of cancer progression involved in 
gastric cancer and to provide novel promising 
therapy targets [3].

Glucose transporter-1 (GLUT-1), a member of 
glucose transporter family, is a basic high-affin-
ity glucose transporter normally expressed in 
erythrocytes, endothelial cells, renal tubules, 
and placenta [4]. GLUT-1 has been identified as 
a hypoxic marker and plays a significant role in 
malignant glucose metabolism [5]. Previous 
studies have shown GLUT-1 expression was 
associated with tumor aggressiveness and 
poor prognosis in many cancers, such as lung, 
stomach, breast, and kidney [6-9]. The Warburg 
effect, also known as aerobic glycolysis, was 
firstly described by Otto Warburg in the 1920’s, 
cancer cells have increased conversion of glu-
cose to lactic acid to produce ATP even under 
normoxic conditions [10]. Warburg effect con-
tributes greatly to tumorigenesis and could be 
targeted for tumor therapy [11, 12].

To our knowledge, published data on the rela-
tionship between GLUT-1 and Warburg effect 
are scarce. Therefore, the main objective of this 
study was to determine the role of GLUT-1 in 
regulation of the Warburg effect and its mecha-
nism regarding this role in gastric cancer cells. 
In the last, we conclude that inhibition of GLUT-
1 inhibits Warburg effect and induces apopto-
sis in gastric cancer cell, MKN45.

Materials and methods

Cell culture

Gastric cancer cell, MKN45, was obtained from 
American Type Culture Collection (Manassas, 
VA) and grown in RPMI 1640 medium (Hyclone, 
Logan, UT) supplemented with 10% fetal bovine 
serum (Invitrogen, Carlsbad, CA) and antibiotics 
(100 U/ml penicillin and 100 μg/ml streptomy-
cin) in a humidified incubator with 5% CO2 at 
37°C.

GLUT-1 shRNA transfection

GLUT-1 shRNA (sc-35493-SH) plasmid was 
obtained from Santa Cruz Biotechnology (Santa 
Cruz, CA). For gene transfection, MKN45 cells 
were grown overnight and transfected with 
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GLUT-1 shRNA using Lipofectamine 2000 
(Invitrogen) according to the manufacturer’s 
instructions. Control shRNA Plasmid-A (sc-
108060) was used as a control.

Reverse transcription-polymerase chain reac-
tion (RT-PCR)

Total RNA was isolated from cells using an 
RNeasy Mini Kit (Biomed, Beijing, China). cDNA 
was reverse transcribed with 2 μg of total RNA 
using a TaKaRa Reverse Transcription Kit 
(TaKaRa, Dalian, China) and was amplified 
using the following primers. GLUT-1 primers 
were 5’-CCGCAACGAGGAGAACC-3’ (sense) and 
5’-GTGACCTTCTTCTCCCGCATC-3’ (antisense). 
GAPDH primers were 5’-TCCTTCCTGGGCATG- 
GAGT-3’ (sense) and 5’-CAGGAGGAGCAATG- 
ATCTTGAT-3’ (antisense) and used as an inter-
nal control. The PCR products were electropho-
resed on a 2% agarose gel, and visualized by 
ethidium bromide staining under a UV imaging 
system (UVP, LLC, Upland, CA). The lengths of 
the PCR products were 123 bp (GLUT-1) and 
208 bp (GAPDH).

Immunofluorescence staining of GLUT-1 pro-
teins 

To assess expression of GLUT-1 protein in cells, 
the immunofluorescence technique with spe-
cific antibodies against GLUT-1 (rabbit IgG, 
sc-7903, Santa Cruz Biotechnology) was per-
formed. Anti-rabbit Alexa Fluor® 488 IgG 
(Invitrogen) was used as the secondary anti-
body. Photographic images were taken using 
an Olympus CX71 fluorescence microscope 
(Olympus, Tokyo, Japan). 

Apoptosis assays 

Apoptosis was determined using an apoptosis 
detection kit (Keygen, Nanjing, China). Briefly, 
cells after 48 h of gene transfection were col-
lected, washed twice in ice-cold PBS, and then 
resuspended in the binding buffer at a density 
of 1 × 106 cells/ml. The cells were simultane-
ously incubated with fluorescein-labeled An- 
nexin V and PI for 20 min. The mixture was then 
analyzed using a FACSCalibur (Becton Dicki- 
nson Medical Devices, Shanghai, China).

Glucose uptake assay

As the methods of Zhang et al. [13], glucose 
uptake was detected by measuring the uptake 

of 3H-2-deoxyglucose by cells. Cells cultured in 
12-well plates were pre-incubated in glucose-
free media for 30 min. 3H-2-deoxyglucose (1 
μCi/well) was then added to the cells and incu-
bated for 30 min before cells were washed with 
PBS and lysed in 1% SDS. The radioactivity of 
cell lysates was determined in a liquid scintilla-
tion counter and normalized to the protein con-
centrations of cell lysates.

LDH, pyruvate, lactate, and oxygen consump-
tion assays

LDH activity was determined by manual instruc-
tions of the CytoTox 96® Non-Radioactive cyto-
toxicity assay (Promega, Beijing, China). Con- 
centrations of cytoplasmic pyruvate and lac-
tate in the culture medium were respectively 
determined with a Pyruvate Assay Kit and 
Lactate Assay Kit (BioVision, Milpitas, CA). The 
oxygen consumption rate was measured with 
MitoCell (MT200, Strathkelvin Instruments, 
North Lanarkshire, Scotland).

Western blot 

Aliquots of the lysates (30 μg of protein) from 
cells were boiled for 5 min and electrophoresed 
using a 10% sodium dodecysulfate-polyacryl-
amide (SDS) gel. The blots in the gels were 
transferred onto nitrocellulose membranes 
(Bio-Rad, Hercules, CA), which were then incu-
bated with GLUT-1 (sc-7903, Santa Cruz Bio- 
technology), hexokinase 1 (HK1) (sc-6517), 
HK2 (sc-6521), or pyruvate kinase M2 (PKM2) 
(sc-292640). β-actin (sc-47778) was used as 
an internal control. The nitrocellulose mem-
branes were further incubated with secondary 
immunoglobulin-G-horseradish peroxidase co- 
njugates. Immunostaining was detected using 
an enhanced chemiluminescence (ECL) system 
(Amersham Biosciences, Westborough, MA).

Statistical analysis 

Densitometric quantification for RT-PCR, west-
ern-blot, and Immunofluorescence staining was 
performed using Scion Image software. Sta- 
tistical analysis was performed using a one-
tailed Student’s t-test (unilateral and unpaired) 
and the results were expressed as the mean ± 
standard deviation (SD). The level of signifi-
cance was set to P less than 0.05. All statistical 
tests were performed using the software pack-
age, SPSS for Windows, version 16.0 (Chicago, 
IL).
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Results

The mRNA and protein levels of GLUT-1 were 
evaluated in MKN45 cells after GLUT-1 shRNA 
transfection

After GLUT-1 shRNA transfection, GLUT-1 mRNA 
and protein levels were significantly lower than 
that in untransfected ones by using RT-PCR and 
western blot, respectively (Figure 1A, 1B, P < 
0.05). The results of immunofluorescence anal-
ysis showed that GLUT-1 protein was localized 
in the membrane of MKN45 cells. However, 
GLUT-1 protein was disappeared in transfected 
ones (Figure 1C, P < 0.05). These results col-
lectively indicated that the transfection was 
successful.

Inhibition of GLUT-1 induced apoptosis and 
suppressed the Warburg effect in MKN45 cells

As shown in Figure 2, we determined that the 
percentage of apoptosis in GLUT-1 knockdown 

Figure 1. Detection of GLUT-1 in MKN45 cells following GLUT-1 shRNA transfection. GLUT-1 mRNA and protein 
levels in cells detected using western blot analysis (A) and RT-PCR (B), respectively. (C) Detection of GLUT-1 in 
transfected and untransfected MKN45 cells by immunofluorescence. Nuclei were stained with DAPI. Untransfected: 
Untransfected MKN45 cells; Mock: MKN45 cells transfected with control shRNA Plasmid-A; Knockdown: MKN45 
cells transfected with GLUT-1 shRNA.

Figure 2. The proportion of apoptotic cells (early apopto-
sis) was determined by double-staining with Annexin-V/
FITC and PI. Untransfected: Untransfected MKN45 cells; 
Mock: MKN45 cells transfected with control shRNA 
Plasmid-A; Knockdown: MKN45 cells transfected with 
GLUT-1 shRNA.
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cells was 3.5%, higher compared to MKN45 
(1.2%) and mock control (1.4%) cells (P < 0.05). 
To determine whether GLUT-1 knockdown 
exerts any effects on Warburg effect in MKN45 
cells, glucose uptake, LDH activity, and oxygen 
consumption were determined. We found that 
GLUT-1 knockdown could induce oxygen con-
sumption in MKN45 cells (Figure 3A, P < 0.05). 
In contrast, GLUT-1 knockdown significantly 
reduced glucose uptake and LDH activity in 
MKN45 cells (Figure 3B, 3C, P < 0.05). 
Furthermore, we found that lactate production 
was inhibited in GLUT-1 knockdown MKN45 
cells (Figure 3D, P < 0.05). In the aspect of 
pyruvate, the cytoplasmic pyruvate level was 
decreased in MKN45 cells without GLUT-1 
expression (Figure 3E, P < 0.05). While total 
levels of HK1 showed no changes, the levels of 
HK2 and PKM2 were observed to be signifi-
cantly lower in GLUT-1 knockdown MKN45 cells 
versus untransfected and mock ones (Figure 
3F). In combination, these results suggest that 
GLUT-1 knockdown in MKN45 cells is related 
with Warburg effect.

Discussion

In this study, we report a strong association of 
GLUT-1 expression and Warburg effect. GLUT-1 
is responsible for basal glucose transport 
across the plasma membrane into the cytosol 
in many cancer cells [5]. Elevated GLUT-1 
expression may provide more energy to malig-
nant tumors [14]. GLUT-1 deficient B-cell acute 
lymphoblastic leukemia cells (B-ALL) showed 
low cell proliferation and a limited degree of 
apoptosis [15]. Shin et al. [16] also found that 
ciglitazone, a peroxisome proliferator-activated 
receptor γ (PPARγ) agonist, induces apoptosis 
in ovarian cancer cells by the inhibition of GLUT-
1. Consistent with previous studies, we con-
firmed the apoptotic rate in MKN45 cells was 
increased by GLUT-1 knockdown. Liu et al. [17] 
demonstrated that downregulation of GLUT-1 
protein inhibits glucose uptake and glycolysis 
partially in HepG2 cells. We also found inhibi-
tion of GLUT-1 could inhibit glucose uptake in 
MKN45 cells. 

Furthermore, we found that lactate production 
was inhibited by GLUT-1 knockdown in MKN45 

Figure 3. GLUT-1 knockdown reversed Warburg effect in MKN45 cells. A. Oxygen consumption. B. Glucose uptake. C. 
LDH activity. D. Lactate production. E. cytoplasmic pyruvate were detected in MKN45 cells with GLUT-1 knockdown. 
F. HK1, HK2 and PKM2 expression were detected by using western blot. Untransfected: Untransfected MKN45 cells; 
Mock: MKN45 cells transfected with control shRNA Plasmid-A; Knockdown: MKN45 cells transfected with GLUT-1 
shRNA.
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cells. Lactate, the final product of the Warburg 
effect, is shown to impact various aspects of 
tumorigenesis, such as immune escape [18] 
and cell migration [19]. The expression of hexo-
kinase 2 (HK2) and the M2 isoform of pyruvate 
kinase (PKM2) are considered to be of central 
functional importance for aerobic glycolysis 
and cell proliferation owing to their intracellular 
localization and kinetic properties [20]. Ne- 
mazanyy et al. [21] found that knockdown of 
PKM2 by shRNA significantly inhibited cell pro-
liferation. Activity of HK2 and PKM2 could be 
the therapeutic target to limit the anabolic 
capacity of cancer cells [22]. In this study, we 
found inhibition of GLUT-1 could inhibit HK2 
and PKM2 expression and followed with apop-
tosis in MKN45 cells. 

In summary, this study for the first time provid-
ed critical insight into the role of GLUT-1 is sig-
nificantly correlated with the Warburg effect 
and might be a potential therapeutic target for 
gastric cancer, and this warrants further 
investigation.
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