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Overexpression of GLUT1 correlates with
Kras mutations in lung carcinomas
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Abstract. Glucose is the major source of energy for cells, and
glucose transporter 1 (GLUT1) is the most common glucose
transporter. GLUT1 has been found to be aberrantly expressed
in several tumor types. From the results of the microarray and
serial analysis of gene expression (SAGE), GLUT!1 transcript
expression was found to be higher in clones with mutant Kras
alleles. We hypothesized that GLUT1 overexpression might be
correlated with clinicopathological features of Japanese lung
cancers. Immunohistochemistry for GLUT1 was performed
in 283 surgically treated non-small cell lung cancer (NSCLC)
cases from Nagoya City University Hospital. Thirty-six Kras
mutant carcinoma cases were included. GLUT1 overexpression
was found in 138 (48.8%) lung cancer patients. The GLUT1
overexpression status was significantly correlated with gender
(women 31.9% vs.men 54.5%,P<0.0001), smoking status (never
smoker 31.4% vs. smoker 59.4%, P<0.0001) and pathological
subtypes (adenocarcinoma 36.4% vs. non-adenocarcinoma
74.5%, P<0.0001). In addition, the GLUT1 overexpression
status was significantly correlated with gene mutation status,
including EGFR (mutation-positive 23.4% vs. -negative 58.3%,
P<0.0001) and Kras (mutation-positive 66.7% vs. -negative
46.6%, P=0.038). The survival of patients with GLUTI over-
expression (n=137, 50 were deceased) was significantly worse
when compared to the patients with normal expression of
GLUTI (n=142, 31 were deceased) (Log-rank test, P=0.0009).
Thus, GLUT-1 overexpression correlates with an aggressive
phenotype of lung carcinoma.
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Introduction

Despite recent improvements in diagnosis, lung cancer is a
major cause of death from malignant diseases, due to its high
incidence, malignant behavior and lack of major advance-
ments in treatment strategy (1). Lung cancer was the leading
indication for respiratory surgery (46.7%) in 2007 in Japan
(2). More than 25,000 patients underwent surgical operation
at Japanese institutions in 2007 (2). The clinical behavior of
lung cancer is largely associated with its stage. Cure of lung
cancer by surgery is only achieved in cases of early stage
disease (3).

The oxidation of glucose generates a major source of
metabolic energy in eukaryotic cells (4). Glucose regulates
transcription, enzyme activity, hormone secretion and the
activity of gluco-regulated neurons. These functions typically
are secondary to glucose uptake, which is controlled primarily
by the glucose transporter family, GLUTs (5). There are
14 GLUT members (6). Glucose transporter 1 (GLUT1), the
first member of the GLUT family to be identified, has been the
most extensively studied. GLUT1 was reported to be overex-
pressed in a variety of cancers, including hepatic, pancreatic,
breast, colorectal, ovarian and lung (7-11). Furthermore,
GLUT! positivity in malignant cells revealed by immunohisto-
chemistry indicates increased proliferative activity, energy
requirements and aggressive behavior (12,13). More recently,
glucose deprivation was found to contribute to the development
of Kras pathway mutations in colorectal cancer cells (14). The
Kras somatic mutation is well investigated in lung cancers (15),
and mutations of the Kras gene occur in approximately 10% of
Japanese non-small cell lung carcinomas (NSCLCs) (16).

Although GLUT]I protein expression has been investigated
in lung cancers (17), the association of the Kras gene and
GLUT]1 status in Japanese lung cancer has not been previously
reported. To determine the GLUT] status in Japanese lung
carcinomas, we investigated GLUT by immunohistochemistry.
The findings were compared to the clinicopathologic features of
the lung cancers.

Patients and methods

Patients. The study group included 283 lung cancer patients
who had undergone surgery at the Department of Surgery II,
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Nagoya City University Medical School, between 2001 and
2008. All tumor samples were immediately frozen and stored
at -80°C until assayed.

The clinical and pathological characteristics of the 283
lung cancer patients were as follows, 161 cases at stage I,
45 at stage II and 77 at stage III-IV. The mean age was 65.6
years (range, 29-86). Among the 283 lung cancer patients, 96
were non-smokers, 189 were male and 188 were diagnosed as
adenocarcinoma. The samples from these patients had been
previously sequenced for EGFR (18-21).

PCR assays for Kras. Total-RNA was extracted from lung
cancer tissues using the Isogen kit (Nippon Gene, Tokyo,
Japan) according to the manufacturer's instructions. RNA
concentration was determined by a NanoDrop spectropho-
tometer (NanoDrop Technologies, Ind. Rockland, DE, USA)
and adjusted to a concentration of 200 ng/ml. RNA (1 ug) was
reverse transcribed by Superscript II enzyme (Gibco BRL,
Gaithersburg, MD, USA) with 0.5 pg oligo(dT),,.,c (Amersham
Pharmacia Biotech Inc., Piscataway, NJ, USA). DNA concentra-
tion was determined by NanoDrop and adjusted to 50 ng/ml. We
used 1 ul of each DNA for LightCycler assays (21). Kras gene
primers were forward, 5 AGAGAGGCCTGCTGAAAAT?3'
and reverse, SAATTTGTTCTCTATAATGGTGAATATC-3',
and were amplified. For the genotyping, sensor LC Red
640-CTACGCCACCAGCTCCAAC and anchor TCCACAAA
ATGATTCTGAATTAGCTGTATCGTCAAGGCACTCTTG-
fluorescein probes were used. The cycling conditions were
as follows, initial denaturation at 95°C for 2 min, followed
by 40 cycles at 94°C for 1 sec, 55°C for 10 sec and 72°C
for 7 sec.

Immunohistochemistry. GLUTI protein expression was evalu-
ated by IHC using ready-to use anti-GLUT1 antibody (SPM498,
mouse monoclonal; Thermo Scientific, Rockford, IL, USA).
We used a standard protocol for the immunostaining of the
samples. Sections (4 ym) were made from paraffin tissue blocks
from NSCLC tumors. The slides were treated with xylenes,
and then dehydrated in alcohol. For epitope retrieval, speci-
mens were exposed to 10 M citrate buffer (pH 6.0) and heated
for 10 min in a microwave. Endogenous peroxidase activity
was blocked with H,0, in methanol. Sections were incubated
with blocking solution (10% Block Ace) and then reacted with
the ready-to use antibody overnight at 4°C. After the excess
antibody had been washed out with phosphate-buffered saline
(PBS), samples were incubated with a peroxidase-conjugated
anti-mouse antibody (Mouse HRP EnVision+™; Dako Co.,
Carpinteria, CA, USA) for 45 min. After the excess antibody
had been washed out with PBS, 3,3-diaminobenzidine (DAB)
substrate (10 min) was used to visualize the antibody binding,
and the sections were counterstained with hematoxylin.
GLUT]1 staining was evaluated under a light microscope at
x400 magnification.

Statistical methods. Statistical analyses were conducted using
the Mann-Whitney U test for unpaired samples and Wilcoxon
signed-rank test for paired samples. Linear relationships
between variables were determined by means of simple linear
regression. Correlation coefficients were determined by rank
correlation using the Spearman's test and Chi-square test. The
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overall survival of lung cancer patients was examined by the
Kaplan-Meier methods, and differences were examined by the
Log-rank test. All analysis was carried out using the Stat-View
software package (Abacus Concepts Inc., Berkeley, CA, USA).
A P-value <0.05 was considered to indicate statistical signifi-
cance.

Results

GLUTI expression status in Japanese lung cancer patients.
Using the immunohistochemical analysis for GLUT1 from 283
lung cancer patients, 138 sections (48.8%) had positive staining
for GLUT1 (Fig. 1). The clinicopathological features of the
patients are shown in Table I. GLUT1 expression status was
significantly correlated with gender (male 56.5% vs. female
30.2%, P<0.0001), tobacco-smoking (non-smokers 28.1% vs.
smokers 59.4%, P<0.0001), pathological subtypes (adenocar-
cinoma 36.2% vs. non-adenocarcinoma 74.5%, P<0.0001),
and pathological stages (stage I 36.4% vs. stages II-IV 65.3%,
P<0.0001), but not with age (<65 vs. =65, P=0.2315). In
addition, the GLUT1 overexpression status was significantly
correlated with the gene mutation status, including EGFR
(mutation-positive 23.4% vs. -negative 58.3%, P<0.0001) and
Kras (mutation-positive 66.7 % vs. -negative 46.6%, P=0.038).
The overall survival of 279 lung cancer patients from Nagoya
City University, with follow-up through August 31, 2011,
was studied in reference to the GLUT] status. The survival
of the patients with increased GLUT1 positivity (n=137, 50
were deceased) was significantly worse when compared to
the patients with normal GLUTI expression (n=142, 31 were
deceased) (Log-rank test, P=0.0009) (Fig. 2).

Discussion

In this analysis, we found increased GLUT1 protein expres-
sion in 48.4% of the Japanese lung cancers. The GLUT1 gene
status was correlated with advanced stage and Kras mutations
in the lung cancers.

Glucose transporters, such as GLUTI1, mediate basal
glucose transport in cancer cells, regulating the maintenance
of energy metabolism in cells in regions of limited supply
(22). Hypoxia is a hallmark of various types of cancers and
is often associated with disease progression. This process
occurs when tumors outgrow the existing vasculature. Tumors
respond to hypoxic conditions by activating genes that regu-
late glycolysis and glucose transport (23). Malignant cells
require a high energy level through glycolytic generation of
ATP to proliferate and survive. In cancer-induced starvation,
GLUT1 overexpression governs mechanisms that favor tumor
growth at the expense of host tissues (24,25). Thus, we exam-
ined GLUT1 expression, as higher levels of GLUTI in cancer
indicate a poor prognosis (26,27).

Mutations in oncogenes endow cancer cells with the ability
to outgrow their neighboring cells in situ (28). Mutations in
Kras commonly occur in some form of lung cancers (15,16,29),
and Kras mutations are correlated with lung cancer prognosis
(15,16). From the results of the microarray and SAGE expression
analyses, GLUT] transcript expression was higher in the clones
with mutant Kras alleles (14). These results were also confirmed
through quantitative polymerase chain reaction (14). GLUT1
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Table I. Clinicopathological data of the 283 lung cancer patients.
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GLUT1 expression status

Positive patients Negative patients P-value
Factors n (%) n (%)
Mean age (years) 66.3x10.4 68.3+6.7 654+x11.7 0.1965
Stage
I 57 (43.4) 104 (71.6) <0.0001
-1V 81 (56.6) 41 (28.4)
EGFR mutations
Positive 18 (13.0) 59 (40.7) <0.0001
Negative 120 (87.0) 86 (59.3)
Smoking status
Never-smoker 27 (19.6) 69 (47.6) <0.0001
Smoker 111 (80.4) 76 (52.4)
Kras mutation
Positive 20 (33.3) 10 (6.9) 0.038
Negative 118 (66.7) 135 (93.1)
Pathological subtype
Adenocarcinoma 68 (49.3) 121 (83.4) <0.0001
Non-adenocarcinoma 70 (50.7) 24 (16.6)
Age (years)
<65 56 (40.6) 70 (48.3) 0.3963
=65 82 (59.4) 75 (51.7)
Gender
Male 108 (78.3) 81 (55.9) <0.0001
Female 30 (21.7) 64 (44.1)

Glut1 expression by immunohistochemistry

Negative case Positive case

Figure 1. Using immunohistochemical analysis for GLUTI, in samples from
283 lung cancer patients, 138 sections (48.8%) were positively stained for
GLUTH1. Left, negative case; right, positive case.

transcript expression is consistently higher, ranging from 3- to
22-fold, in clones with mutant Kras alleles compared to isogenic
clones with wild-type alleles (14). Actually, the upregulation of
GLUT1 was found to be accompanied by a significant increase
in glucose uptake in all cells with mutant Kras alleles compared
to isogenic cells with wild-type alleles (14). A role for metabolic
abnormalities in cancer has become increasingly recognized
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Figure 2. Survival of patients with increased GLUT1 positivity (n=137, 50 were
deceased) was significantly worse when compared to the patients with normal
GLUT]1 expression (n=142, 31 were deceased) (Log-rank test, P=0.0009).

(30,31). Insightful hypotheses concerning the manifold ways in
which metabolic abnormalities can promote tumor progression
have also been presented (32-34).

In summary, GLUT1 overexpression was found to be
correlated with an aggressive phenotype of lung carcinoma,



602

such as advanced stage and Kras mutations. GLUT may be a
molecular target for advanced lung cancers.
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