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SGLT Gene Expression in Primary Lung Cancers and Their Metastatic Lesions
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Cancer cells show increased glucose uptake and utilization in comparison with their normal coun-
terparts. Glucose transporters play an important role in glucose uptake. We previously reported
the differential gene expression of the GLUT family in primary and metastatic lesions of lung
cancer. To investigate the role of Na+ /glucose cotransporter (SGLT) genes in cancers, we examined
the levels of expression of SGLT1 and SGLT2 genes in primary lung cancers and their metastatic
lesions. Ninety-six autopsy samples (35 primary lung cancers, 35 corresponding normal lung
tissues, 10 metastatic liver lesions, and 16 metastatic lymph nodes) from 35 patients were analyzed
for SGLT1 and SGLT2 expression by reverse transcription (RT)-polymerase chain reaction (PCR).
There were no significant differences in the level of expression of either gene between the primary
lung cancers and normal lung tissues. The level of SGLT1 expression in the metastatic lesions and
primary lung cancers did not differ significantly. The level of SGLT2 expression was, however,
significantly higher in the metastatic lesions of both the liver and lymph node than in the primary
lung cancers. These results suggest that SGLT2 plays a role in glucose uptake in the metastatic
lesions of lung cancer.
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Glucose is a basic source of energy in mammalian cells.
Cancer cells show increased glucose uptake and utilization
relative to their normal counterparts.1–3) Two classes of
glucose transporters have been described in mammalian
cells.4, 5) One class is the facilitative glucose transporter
(GLUT) family, which mediates the energy-independent
transport of glucose. There are five functional isoforms
of GLUT (GLUT1–GLUT5). The five transporters have
different functions and distribution in human tissues.
The second class is the Na+ /glucose cotransporter (SGLT)
family, which utilizes the electrochemical sodium gradient
to transport glucose against the cell’s internal concentra-
tion gradient.4, 5) Two isoforms (SGLT1 and SGLT2) have
been cloned in mammalian cells.6, 7) SGLT1 is strongly
expressed in the small intestine, and is expressed at lower
levels in the kidneys, liver, and lungs.8) In contrast to
SGLT1, the kidneys express a high level of SGLT2, and
the small intestine does not.9)

Previous studies have demonstrated the overexpression
of GLUT1 in various human cancers relative to normal tis-
sues.10) In addition, increased GLUT3 expression has been
found in several cancers.11) Overexpression of GLUT5 was
found in breast cancers.12) On the other hand, the expres-
sion of SGLT genes in cancers has not been studied, and
the role of SGLT genes is still unclear in cancers.

Recently, we studied the expression of genes belonging
to the GLUT family in lung cancers and their metastatic
lesions.13) Our results showed the differential expression of

GLUT genes in primary lung cancers and their metastatic
lesions. To investigate the role of the SGLT family in can-
cers, we examined the expression levels of SGLT1 and
SGLT2 in primary lung cancers and their metastatic
lesions.

MATERIALS AND METHODS

Patients and samples  Ninety-six autopsy samples (35
primary lung cancers, 35 corresponding normal lung tis-
sues, 10 metastatic liver lesions, 16 metastatic lymph
nodes) from 35 patients with lung cancer, who had been
admitted to Hiroshima University Hospital between Sep-
tember 1993 and October 1998, were studied. The charac-
teristics of the patients are summarized in Table I. Eight
patients had small cell lung cancer (SCLC), and 27
patients non-small cell lung cancer (NSCLC). No patient
had a history of diabetes mellitus. Fresh specimens of pri-
mary lung cancers, normal lung tissues, metastatic liver
lesions, and metastatic lymph nodes were obtained during
autopsy after written informed consent had been obtained.
It was confirmed microscopically that the tumor speci-
mens were not contaminated by necrotic areas or normal
lung tissue by hematoxylin-eosin staining. The tissues
were frozen in liquid nitrogen and stored at −80°C until
analysis.
RNA extraction and reverse transcription (RT)-poly-
merase chain reaction (PCR)  Total cellular RNA was
extracted using the guanidinium isothiocyanate-phenol
method as described previously.14) We confirmed that simi-
lar amounts of total cellular RNA had been extracted from
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the samples by ethidium bromide staining. cDNA was
synthesized using a random hexamer (Amersham, Buck-
inghamshire, United Kingdom) with Superscript RNase
H− reverse transcriptase (GIBCO-BRL, Bethesda, MD),
as described previously.14) To confirm the quality of the
harvested RNA, the reverse-transcribed cDNA synthesized
from the same amount of total RNA in each sample was
subjected to PCR amplification using β-actin primers as
described previously.14) We found that the expression lev-
els of β-actin in each sample were similar on ethidium
bromide staining, even though they had been obtained
from patients whose interval between death and autopsy
differed.

The reverse-transcribed cDNA was subjected to PCR
amplification using primers based on the SGLT1, SGLT2,
and β-actin (internal control) gene sequences. The PCR
primer sets for SGLT1 and SGLT2 and the procedure for
PCR amplification were as described previously.15) After
predenaturation at 94°C for 5 min, the cDNA was added
to 5 µl of the PCR mixture.14) Amplification was carried
out using a thermal cycler (Geneamp PCR System 2400;
Perkin Elmer Applied Biosystems Division, Norwalk,
CT). The PCR products of SGLT1 and SGLT2 were 354
and 240 base pairs long, respectively.
Quantification of mRNA expression  The PCR products
were electrophoresed on 2% w/v agarose gels, transferred
to nylon membranes (Hybond N+; Amersham), and sub-
jected to hybridization analysis with a 32P-labeled cDNA
probe. We used the SGLT1 and SGLT2 PCR products
aforementioned as cDNA probes. After washing of each
filter, the level of radioactivity was measured with a laser
imaging analyzer (BAS-2000; Fuji Photo Film, Tokyo).
The PCR products of SGLT1 and SGLT2 described above
were used as the cDNA probes. In each sample, the radio-
activity associated with the level of SGLT1 or SGLT2
expression was expressed relative to the level of β-actin
expression in that sample.
Statistical analysis  Differences between the levels of
expression of each gene in the tissue samples were ana-

lyzed for significance using the paired t test. The statistical
calculations and tests were performed using Stat View J
5.0 Software (ABACUS Co., Berkley, CA) on a Macin-
tosh computer. The data are expressed as median and
range, and differences at P values of less than 0.05 were
considered to be significant.

RESULTS

Expression levels of SGLT genes  Fig. 1 shows the
results of RT-PCR for SGLT1, SGLT2 and β-actin in the
primary lung cancers and normal lung tissues of three rep-
resentative cases. There was considerable variability in the
level of expression of the two SGLT genes among the pri-
mary lung cancers, normal lung tissues, metastatic liver
lesions, and metastatic lymph nodes.

First, we compared the level of expression of the two
SGLT genes between the primary lung cancer samples and
normal lung tissue samples. The median level of SGLT1
gene expression was 0.154 (range, 0.001–0.793) in the
primary lung cancer samples, and 0.186 (0.009–0.928) in
the normal lung tissue samples. The median level of
SGLT2 gene expression was 0.285 (0.010–1.183) in the
primary lung cancer samples, and 0.201 (0.008–1.275) in
the normal lung tissue samples. There were no significant
differences in the level of expression of either gene
between the primary lung cancer and normal lung tissue
samples as shown in Fig. 2. We also compared the level of
expression of the two SGLT genes between those with
SCLC and those with NSCLC; no significant differences
were observed in the level of expression of either gene
(data not shown).

Next, we compared the level of expression of the two
SGLT genes between the metastatic liver lesions and the

Table I. Characteristics of Patients

Number of patients 35
Age (years)

median 67
range 44–82

Sex (male/female) 27/8
Histology

small cell lung cancer 8
non-small cell lung cancer 27

Interval between death and autopsy (h)
median 4
range 1–16

Case

SGLT1

SGLT2

β-actin

1

N T

2

N T

3

N T

Fig. 1. Results of RT-PCR of the SGLT1 and SGLT2 genes in
the normal lung tissues (N) and primary lung cancers (T) of three
representative cases. β-actin was used as the control.
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primary lung cancers, and between the metastatic lymph
nodes and the primary lung cancers obtained from the
respective patients. Among the 10 subjects from whom
metastatic liver lesions were obtained, the median level of
SGLT1 gene expression was 0.136 (0.001–0.793) in the
primary lung cancers, and 0.187 (0.008–0.293) in the met-
astatic liver lesions. Among the 16 subjects from whom
metastatic lymph nodes were obtained, the median level of
SGLT1 gene expression was 0.097 (0.001–0.634) in the
primary lung cancers, and 0.171 (0.005–1.112) in the met-
astatic lymph nodes. There was no significant difference in
SGLT1 gene expression between the primary lung cancers
and their metastatic liver lesions, or between the primary
lung cancers and their metastatic lymph nodes (liver,
P=0.39, Fig. 3; lymph node, P=0.18, Fig. 4).

On the other hand, among the 10 subjects from whom
metastatic liver lesions were obtained, the median level of
SGLT2 gene expression was 0.226 (0.096–0.623) in the
primary lung cancers, and 0.522 (0.099–1.012) in the met-
astatic liver lesions. The level of SGLT2 expression in the

metastatic liver lesions was significantly higher than that
in the primary lung cancers (P=0.04, Fig. 3). Among the
16 subjects from whom metastatic lymph nodes were
obtained, the median level of SGLT2 gene expression was
0.286 (0.073–1.183) in the primary lung cancers, and
0.702 (0.332–3.097) in the metastatic lymph nodes. The
level of SGLT2 expression in the metastatic lymph nodes
was significantly higher than that in the primary lung can-
cers (P<0.01, Fig. 4).

DISCUSSION

This is the first study that provides data on the levels of
SGLT1 and SGLT2 expression in cancer tissues. There
were no significant differences in the level of SGLT1 or
SGLT2 expression between the primary lung cancers and
normal lung tissues. However, the level of SGLT2 expres-
sion was significantly higher in the metastatic lesions than
in the primary lung cancers, while the level of SGLT1
expression in the primary lung cancers and their metastatic
lesions did not significantly differ.

The SGLT gene family is involved in the active uptake
of dietary glucose. SGLT1 is a high-affinity, low-capacity

Fig. 2. Comparison of the levels of SGLT1 and SGLT2 expres-
sion in the primary lung cancers (LT) and normal lung tissues
(LN) (n=35). RT-PCR was performed, and the level of mRNA
was determined as described in “Materials and Methods.” The
level of SGLT1 or SGLT2 mRNA in a sample was expressed rel-
ative to the level of β-actin mRNA in that sample. Bars denote
the median level of gene expression. Statistical analysis was per-
formed using the paired t test.

Fig. 3. Comparison of the levels of SGLT1 and SGLT2 expres-
sion in primary lung cancers (LT) and metastatic liver lesions
(HT) (n=10). Bars denote the median level of gene expression.
Statistical analysis was performed using the paired t test.
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Na+ /glucose transporter, whereas SGLT2 is a low-affinity,
high-capacity Na+ /glucose transporter.8, 9) The differences
in the characteristics of SGLT1 and SGLT2 may be related
to their expression in different tissues as well as their
physiological properties. It was previously demonstrated
that GLUT1 expression is associated with high-glucose-
consuming clones in exponentially growing cells, whereas
GLUT5 and SGLT1 expression was associated with low-
glucose-consuming clones and was absent from exponen-
tially multiplying cells, being detectable only after conflu-
ence.16) These results suggest that the differential con-
sumption of glucose and cell growth rate among tumors
may also contribute to the differential expression of GLUT
and SGLT genes.

We previously studied the expression of GLUT genes in
the same samples that were used in the present study. We
showed that primary lung tumors expressed a significantly
higher level of GLUT1 than normal lung tissues,13)

although the expression of GLUT3 and GLUT5 in the pri-
mary tumors and normal lung tissues did not significantly
differ. Taking these results and the findings of other
reports into consideration, we concluded that GLUT1 may
play a major role in glucose uptake in primary lung cancer
cells.

Although we have reported that the levels of GLUT3
and GLUT5 expression were significantly higher in the
liver metastases of lung cancer than in the primary lung
cancers,13) we are not aware of other reports describing the
differential expression of the GLUT or SGLT genes in pri-
mary lung cancers and their metastatic lesions. In this
study, we found that the metastatic lesions of lung cancer
expressed a significantly higher level of SGLT2 than the
primary lung cancers. These results indicate that not only
GLUT3 and GLUT5, but also SGLT2 may play a role in
glucose uptake in the metastatic lesions of lung cancer.

GLUT1 expression was detected in hepatomas, but not
in normal liver tissues.17) We did not find a difference in
the level of GLUT1 expression between normal liver tis-
sues and liver metastases arising from lung cancers.13) Dif-
ferent members of the GLUT and SGLT families may play
a role in glucose uptake in different types of cancer. We
plan to compare the level of expression of glucose trans-
porters between primary lung cancers and their metastatic
lung lesions, because these parameters may be helpful in
distinguishing primary lung cancer and metastatic lung
cancer.

Overexpression of GLUT genes has been reported to be
associated with aggressive behavior in cancers and poor
prognosis for survival.18–21) These data suggest that tumors
with increased glucose uptake are more metabolically
active and more aggressive.

The V-src and H-ras oncogenes have been reported to
regulate the levels of glucose uptake and GLUT-1 expres-
sion, while k-ras is not involved in this regulation.22, 23)

However, it is not clear how GLUT1 and SGLT expression
are regulated. Growth factors such as platelet-derived
growth factor and fibroblast growth factor mediate the lev-
els of glucose uptake and GLUT-1 expression.24–26) More-
over, hypoxia induces the cellular uptake of glucose and
upregulates the expression of several glucose trans-
porters.27, 28) The mechanism of the induction of the expres-
sion of glucose transporters in cancers is extremely compli-
cated and remains to be elucidated.

Recently, Briasoulis et al.29) reported the results of a
phase I trial of glufosfamide (β-D-glucosylisophosphoram-
ide mustard; D-19575), a new alkylating agent that tar-
gets the glucose transport system, in tumor cells. In vitro
data suggested that a low-affinity Na+ /glucose cotrans-
porter transports glufosfamide into tumor cells, and that
the drug accumulates in the cells.30) In that study, the dose-
limiting toxicity of glufosfamide was nephrotoxicity,
which may be due to the presence of Na+ /glucose cotrans-
porters in the proximal tubule of the kidney. Further,
inhibition of glucose uptake and glucose deprivation have
been shown to induce apoptosis, which was blocked by
Bcl-2 expression in the cells but appeared to be inde-
pendent of wild-type p53 activity.31, 32) It may be possible
to induce apoptosis of tumor cells in vivo by inhibiting

Fig. 4. Comparison of the levels of SGLT1 and SGLT2 expres-
sion in primary lung cancers (LT) and metastatic lymph nodes
(Ly) (n=16). Bars denote the median level of gene expression.
Statistical analysis was performed using the paired t test.
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glucose uptake. Thus, the GLUT and SGLT genes of tumor
cells may be useful therapeutic targets for cancer treat-
ment.

In summary, we found that primary lung cancers and
their metastatic lesions express different levels of various

glucose transporter isoforms. Glucose transporter inhibi-
tors may be useful for the treatment of cancers.

(Received March 19, 2001/Revised May 10, 2001/Accepted May
23, 2001)
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