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ABSTRACT

An increase in expression of the GLUTI glucose transporter gene has
been observed to be associated with an increase in glucose transport
activity upon oncogenic transformation of the cells. Increased expression
of this glucose transporter isoform has been also observed in fetal tissues.
To investigate the consequences of this phenomenon on cellular metabo
lism and cell growth, an expression vector containing the GLUTI glucose
transporter complementary DNA was transfected into Chinese hamster
ovary cells. Overexpression of this glucose transporter isoform resulted
in an increase in not only glucose uptake and utilization but also thymidine
uptake when cells were exposed to glucose-deficient conditions. This
increase in glucose metabolism and DNA synthesis may play an important
role on the growth and/or survival of cancer cells and fetal tissues.

INTRODUCTION

Essentially all mammalian cells utilize glucose for metabo
lism and growth. Glucose movement across plasma membranes
is carried out by stereospecific, carrier-mediated molecules
termed glucose transporters (1,2). The facilitated glucose trans
port system, as opposed to the sodium-dependent, active glu
cose transport system in kidney and intestine, is present in
many tissues such as brain, liver, muscle, and adipose tissues.
A cDNA2 for the facilitated glucose transporter was first cloned

from human hepatoma HepG2 cDNA library (3) and subse
quently from rat brain cDNA library (4). These two cDNA
species have been used to identify and clone additional novel
transporters from liver and pancreatic islets (5, 6), embryonic
muscle (7), and insulin-sensitive tissues (8-12).

The presumed structures of these transporter isoforms are
strikingly similar, each containing 12 membrane-spanning hel
ices (3-12). Their tissue distributions, however, are very differ
ent. The mRNA encoding the transporter cloned from HepG2
cells (3) and rat brain (4), which is termed GLUTI (13), was
reported to be abundant in placenta and brain (3, 4, 14). In
addition, we observed that mRNA for this transporter isoform
was abundant in rat embryonic tissues but not in adult tissues
including heart, liver, skeletal muscle, and kidney (14). Fur
thermore, oncogenic transformation activates transcription of
this gene (15, 16) and results in an increase in both glucose
transporter protein and glucose transport activity (17). These
results suggest that the GLUTI glucose transporter isoform
may play an important role in tissue development and cell
growth (14). Considering that the GLUTI glucose transporter
has a higher affinity (lower A"m)for glucose compared with

GLUT2 glucose transporter (6, 18, 19), expression of GLUTI
glucose transporter might convey an advantage for cell growth
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especially at low glucose concentrations compared with expres
sion of GLUT2.

To directly address the effect of the expression of the GLUTI
glucose transporter isoform on cellular growth and metabolism,
we transfected CHO cells with expression vector containing the
GLUTI glucose transporter cDNA and studied subsequent
glucose utilization and thymidine uptake.

MATERIALS AND METHODS

Cell Culture and CHO Cells with Overexpressed GLUTI. CHO cells
were maintained in Ham's F-12 medium containing 10% PCS with 5%

COj. Production of CHO cells expressing rabbit equivalent of GLUTI
and characterization of these cells were described previously (20).
Briefly, transfection of CHO cells with expression vector containing
full-length of rabbit GLUTI cDNA was carried out by the calcium
phosphate precipitation method and isolation of CHO cells expressing
rabbit GLUTI were carried out by means of their resistance to the
neomycin derivative, G418. One clone termed GT-expressed cell was
used in this study, which was termed clone B in our previous study
(20). CHO cells transfected with expression vector alone without
GLUTI cDNA was also used and termed control-neo in this study.

Immunofluorescence Labeling of Glucose Transporter. Control CHO
cells and transfected CHO cells (GT-expressed cells) were grown in
chamber slides (Lab-Tek; Nunc) and fixed in methanol so that plasma
membranes were permeabilized for allowing the antibody to enter the
cell interior. The cells were then incubated with 5 fig/ml of affinity-
purified antibody raised against C-terminal domain (residues 478-492,
peptide TPEELFHPLGADSQV) of rabbit GLUTI glucose transporter
(21) for 45 min at 24Â°C.The cells were washed three times with 1 ml

of 10 mivi PBS and further incubated with 30 ng/mi fluorescein iso-
thiocyanate-conjugated goat anti-rabbit immunoglobulin for 30 min at
24Â°C.After three washings with PBS, the cells were mounted in a small

volume of PBS containing 33% glycerol and the slides were viewed on
a fluorescence microscope fitted with the appropriate filters.

Labeling of Cell Surface Glucose Transporter. The cells in culture
dishes (35-mm diameter) were incubated for 30 s with 200 pCi of ATB-
BMPA, a generous gift from Dr. G. D. Holman, Bath, United Kingdom,
and irradiated three times for 10 s each with a 625-W UV lamp
(American Ultraviolet) at a distance of 15 cm as described previously
(22, 23). The irradiated cells were washed 10 times with 2 ml of PBS,
scraped from the dish, and then centrifuged at 146,000 x g for 75 min
at 4Â°C.The pellets were suspended in 1% sodium dodecyl sulfate and

50 mM dithiothreitol and electrophoresed on 10% polyacrylamide slab
gel as described by Laemmli (24). The gel lanes were sliced into 5-mm-
long pieces, solubili/ed with Protosol (Du Pont-New England Nuclear),
and combined with liquid scintillation mixture (Econofluor, Du Pont-
New England Nuclear), and the radioactivity in each gel slice was
determined.

Measurement of Glucose Uptake. Nearly confluent monolayers of
CHO cells in 24-well plates were washed at 24Â°Cwith KRP buffer, pH

7.4, and 225 n\ of KRP buffer were added to each well. The measure
ment of 3-O-methylglucose uptake was initiated by the addition of 25
fi\ of the mixture of 3-O-[3H]methylglucose and unlabeled 3-O-methyl

glucose so that each well contained 0.4 /iCi and the indicated concen
trations of 3-O-methylglucose. After a 2-min incubation at 24Â°C,1 ml

of ice-cold PBS containing 10 mM glucose and 10 MMcytochalasin B
was added, and the cells were rapidly washed three times with ice-cold
PBS containing 10 mM glucose. Subsequently the cells were solubilized
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with 0.1% Triton X-100. Aliquots of the solubilized extract were
assayed for radioactivity. Nonspecific radioactivity was measured by
the same procedures except for the presence of 10 ^M cytochalasin B
during the incubation. Measurement of 2-deoxyglucose uptake by CHO
cells was performed basically by the same procedure for 3-0-methylglu-
cose uptake except that the uptake was measured over 5 min at 37Â°C

and terminated by the addition of 1 ml of ice-cold PBS containing 10
mM glucose and 0.3 mM phloretin. o-Glucose utilization by the cells
was measured in a fashion similar to that of 3-O-methylglucose or 2-
deoxyglucose uptake. CHO cells in 24-well plates were incubated with
serum-free Ham's F-12 medium for 2 h and subsequently washed with

KRP buffer, pH 7.4. The measurement of D-glucose utilization was
initiated by the addition of the indicated concentrations of glucose
containing 0.4 nCi D-[3H]glucose in KRP buffer, pH 7.4. After a 10-
min incubation at 37Â°C,the cells were washed and solubilized, and the

radioactivity was measured.
Measurement of Thymidine Uptake. Near confluent monolayers in

24-well plates were incubated for l h with 500 pi of Ham's F-12

medium containing 0.1 HIM D-glucose and 0.1% PCS and further
incubated for another h with Ham's F-12 medium containing 0.1%
PCS and the indicated concentrations of D-glucose. [methyl-}H]Thy-

midine (0.5 /Â¿Ci;78.0 Ci/mmol) was then added to each well and the
cells were incubated for 16 h at 37Â°C.Incorporated thymidine was

determined as described previously (25). Briefly, cells were washed 3
times with 10 volumes of ice-cold PBS and solubilized by the addition
of sodium dodecyl sulfate (0.03%, final concentration). Trichloroacetic
acid (10%) was added to the extract, and the precipitate was collected
by filtration onto glass fiber filters, washed with 20 ml of 5% trichlo-
roacetic acid, and counted for radioactivity.

RESULTS AND DISCUSSION

We previously demonstrated with immunoblotting and cy
tochalasin B photolabeling that transfection of CHO cells with
expression vector containing GLUT1 cDNA resulted in an
overexpression of GLUT 1 (20). Fig. 1, top, illustrates an im-
munohistochemical evidence of a large amount of expressed
glucose transporter in GT-expressed cells compared with con
trol cells. Furthermore, the expressed glucose transporter was

successfully inserted into the plasma membranes of GT-ex
pressed cells as demonstrated by photoaffinity labeling of glu
cose transporter in intact cells with ATB-BMPA (Fig. 1, bot
tom). ATB-BMPA labels glucose transporters only on the cell
surface (22).

3-O-Methylglucose uptake was increased 4-8-fold in GT-
expressed cell over 3-O-methylglucose concentrations ranges of
0.1 to 40 mM, whereas no significant differences in the uptake
were observed between control CHO cells and control-neo CHO
cells (Fig. 2A). Vmajlvalues for 3-O-methylglucose uptake were
0.075, 0.081, and 0.57 nmol/1.5 x 10s cells/min and Kmvalues
were 4.97, 5.15, and 12.8 mM in control cells, control-neo cells,
and GT-expressed cells, respectively. The elevation of Vmaxin
the GT-expressed cells is very likely due to an increased number
of glucose transporters on the cell surface. However, the reason
for the 2.5-fold increase in the Km for the GT-expressed cell
compared with the control cells or control-neo cells is not clear.
One possibility is that control CHO cells have a different type
of glucose transporter with a lower Km for 3-O-methylglucose
than the transfected rabbit GLUT1 glucose transporter. An
other possibility is that overexpression of glucose transporters
blunted the affinity of glucose transporters for glucose by un
known mechanisms. Further investigation is needed for clari
fying this issue.

Quite different results were for 2-deoxyglucose uptake com
pared with 3-O-methylglucose uptake (Fig. 2B). At a 2-deoxy
glucose concentration of 10 mM 2-deoxyglucose uptake by GT-
expressed cells was not significantly different from that by
control cells. At lower 2-deoxyglucose concentrations, however,
2-deoxyglucose uptake was markedly increased (5.3- and 3.6-
fold at 2-deoxyglucose concentrations of 0.1 and 0.5 mM,
respectively) in GT-expressed cells compared with the control
CHO cells. The apparent Km for 2-deoxyglucose uptake in the
GT-expressed cells was only 0.83 mM. This value is approxi
mately 2.5 times less than the apparent Km (2.06 mM) for 2-
deoxyglucose uptake in the control cells. 2-Deoxyglucose up-

Fig. 1. Immunofluorescent labeling of glu
cose transporters with an anti-peptide antibody
against rabbit GLUT1 glucose transporter
(lop) and photoatfmity labeling of cell surface
glucose transporter (bottom). The cells grown
in chamber slides (Lab-Tek; Nunc) were fixed
in methanol and incubated with 5 Mg/ml affin
ity-purified antibody against COOH-terminal
domain of rabbit GLUT1 glucose transporter
(21) for 45 min at 24Â°C.The cells were washed

three times with PBS and incubated with 30
Â»g/ml fluorescein isothiocyanate-conjugated
goat anti-rabbit immunoglobulin for 30 min at
24Â°C.The slides were viewed on a fluorescence

microscope fitted with the appropriate filters.
Left, control CHO cells exposed for 45 s; right,
GT-expressed cells exposed for 30 s. Bottom,
results of photoaffinity labeling of glucose
transporter on the cell surface with ATB-
BMPA in the control cells (left) and the GT-
expressed cells (right). The cells in culture
dishes (35-mm diameter) were incubated for
30 s with 200 fjCi of ATB-BMPA and irradi
ated with an UV lamp (American Ultraviolet)
as described previously (22, 23). The cell mem
branes prepared from irradiated cells were sub
jected to sodium dodecyl sulfate-polyacryl-
amide (10%) gel electrophoresis (24). The gel
lanes were sliced and the radioactivity in each
gel slice was determined as described previ
ously (21).
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Fig. 2. Uptake of 3-O-methyl-D-glucose (A), 2-deoxy-D-glucose (B), and D-
glucose (C) by CHO cells. A, 3-O-methyl-D-glucose uptake by CHO cells. Nearly
confluent monolayers of CHO cells in 24-well plates were incubated with 3-O-
[3H]methylglucose for 2 min at 24Â°C.The reaction was terminated by the addition
of 1 ml ice-cold PBS containing 10 mM glucose and 10 nM cytochalasin B. The
cells were washed rapidly and the radioactivities in the cells were determined.
Nonspecific radioactivity was measured by the same procedures except for the
presence of 10 JIMcytochalasin B during the incubation. The results were corrected
for this nonspecific radioactivity and expressed as mean Â±SEM (bars) of four
separate experiments. B, 2-deoxy-D-glucose uptake by CHO cells. Measurement
of 2-deoxyglucose uptake by CHO cells were performed basically by the same
procedure for 3-O-methylglucose uptake except that the uptake was measured
over 5 min at 37Â°Cand terminated by the addition of 1 ml of ice-cold PBS

containing 10 mM glucose and 0.3 mM phloretin. The results represent the mean
Â±SEM (bars) of three separate experiments. C, measurement of D-glucose
utilization in CHO cells. D-Glucose utilization was measured in a fashion similar
to that of 3-O-methylglucose or 2-deoxyglucose uptake. The cells were incubated
with indicated concentrations of glucose containing 0.4 Â¿jCiD-[3H]glucose for 10
min at 37"C. The cells were subsequently washed with ice-cold PBS and the

radioactivity in the cells was determined. The results presented are mean Â±SEM
(bars) of three separate experiments measured.

take by control-neo cells was essentially the same as the control
CHO cells.

A likely explanation for the decreased difference in 2-deoxy
glucose uptake at high 2-deoxyglucose concentrations between
control cells and GT-expressed cells is that 2-deoxyglucose
uptake by CHO cells is limited by the phosphorylation step at
high 2-deoxyglucose concentrations, i.e., the amount of trans
ported 2-deoxyglucose exceeds the capacity for hexokinase
activity in CHO cells. This consideration is especially important
with regard to glucose utilization in the GT-expressed cells,
since the overexpression of glucose transporter results in much
more glucose transport activity, which could soon exceed the
capacity for the CHO cell hexokinase. In fact, glucose accu
mulation in the cells during a short period of incubation, an
index of glucose utilization, was not significantly different
between control cells and GT-expressed cells at glucose concen
tration of more than 0.5 mM (Fig. 1C). At concentrations lower
than 0.1 mM, however, remarkable differences in glucose utili
zation were observed between control cells and GT-expressed
cells. GT-expressed cells took up approximately 7- and 2.4-fold
more glucose compared with control cells at glucose concentra
tions of 0.01 and 0.02 mM, respectively. The amount of glucose
accumulation in the GT-expressed cells at a glucose concentra
tion of 0.01 mM was almost the same as that in control cells at
a glucose concentration an order of magnitude higher.

What is the advantage of increased glucose uptake under
glucose-deficient conditions in glucose transporter-expressed
cells? This question led us to study thymidine uptake in control
cells and GT-expressed cells (Fig. 3). The amount of incorpo
rated thymidine into GT-expressed cells for 16 h at a glucose
concentration of 10 mM was nearly the same as that in control
cells (1.06 pmol/1.5 x IO5 cells in GT-expressed cells versus
1.01 pmol/1.5 x IO5 cells in control cells). The thymidine

uptake in these experiments with 0.1% PCS was 58% (mean of
two separate experiments) of that observed in the presence of
10% FCS. In contrast to the results at 10 HIMglucose, remark
able differences in thymidine uptake were observed between
control cells and GT-expressed cells at much lower glucose
concentrations. At 0.1 mM glucose, thymidine uptake was de
creased in control cells by 67% compared with thymidine uptake
at 10 mM glucose, whereas thymidine uptake was decreased by
only 26% in the GT-expressed cells under the same circum-

0.1 0.2 0.5 1 5 10

D-GLUCOSE CONCENTRATION (mM)

Fig. 3. Effect of D-glucose concentration on thymidine incorporation into
DNA in CHO cells. Near confluent monolayers in 24-well plates were incubated
for l h with Ham's F-12 medium containing 0.1% fetal calf serum and 0.1 mM
D-glucose and subsequently for another h with Ham's F-12 medium containing
0.1 % fetal calf serum and the indicated concentrations of D-glucose. Thymidine
uptake was initiated by the addition of 0.5 /iCi [mefA>>/-3H]thymidineand cells
were incubated for 16 h. Cells were washed with ice-cold PBS and soluhili/ed
with 0.03% sodium dodecyl sulfate. Trichloroacetic acid (10%) were added to the
extract and the precipitate was collected, washed with 5% trichloroacetic acid,
and counted for radioactivity. Each assay was performed in triplicate and the
results represent the mean Â±SEM (bars) of four separate experiments.
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stances. Thus, the thymidine uptake was increased almost 2-
fold in GT-expressed cells compared with control cells at glu
cose concentration of 0.1 to 0.5 mM.

The altered thymidine uptake is not due to clonal differences
among CHO cells unrelated to overexpression of GLUT 1, since
another clone with overexpression of GLLJT1 showed an in
crease in thymidine uptake at a low glucose concentration
compared with control CHO cells. In addition, control CHO
cells and control-neo cells, which were transfected with expres
sion vector alone, showed very similar thymidine uptake char
acteristics. No differences were observed in the viability of the
cells between control CHO cells and GT-expressed cells after
16 h in low PCS, low glucose media, judged by trypan blue
exclusion. Thus, the differences in thymidine uptake are not
likely due to the differences in the cell viability. It should be
noted that the glucose concentration in the experiments shown
in Fig. 3 refers to the concentration at the beginning of the 16-
h incubation. This may explain the fact that at 0.5 HIMglucose
thymidine incorporation was increased in the GT-expressed
cells compared with the control cells despite no difference in
glucose utilization (Fig. 2C). These data suggest that the cells
with more glucose transporters, especially with relatively low
Km glucose transporters, have an advantage in terms of cellular
growth at low glucose levels at which the rate of glucose
transport does not exceed that of metabolism. The reason why
no apparent increase in the number of cells was observed
through a microscope in GT-expressed cells compared with
control CHO cells is probably because 16-h incubation was not
long enough to detect an apparent difference in the number of
the cells in the experimental conditions used.

Another consideration we should make for the expression of
glucose transporter isoforms is their subcellular localization.
Rat adipocytes, for example, have two glucose transporter
isoforms, GLUT1 and GLUT4. In the basal state GLUT1
glucose transporters reside mainly on the plasma membranes,
whereas most of GLUT4 glucose transporters reside mainly in
the cell interior and are recruited to the cell surface upon
stimulation by various agents such as insulin (26-28). If we can
assume that GLUT1 tends to reside mainly in the plasma
membranes in various types of cells, the expression of GLUT 1
would contribute to a continuous increase in glucose uptake in
these cells irrespective of the stimuli surrounding the cells.

In this context, we may explain the benefit of expression of
a large amount of GLUT1 glucose transporter in cancer cells
and fetal tissues. Blood flow to many tumor cells is reduced as
tumor growth exceeds vascular growth. Therefore, cells away
from capillaries cannot exchange blood rapidly with their sur
roundings, leading to a poor nutritional environment (29),
including low glucose concentrations surrounding cells. Al
though an increase in glucose utilization or thymidine uptake
was not observed at 1 mM glucose in GT-expressed CHO cells,
glucose concentrations surrounding cells might decrease to
lower than this level in a very slow circulation. In addition,
increased glucose utilization and thymidine uptake might be
observed at higher glucose concentrations in the cells with
higher capacity for glucose metabolism such as higher hexoki-
nase and/or glucokinase activity than CHO cells. This glucose
transporter isoform gene is activated along with oncogenic gene
activation by ras or src (15, 16) and along with stimulation by
tumor promotor or many kinds of growth factors (30, 31).
Considering the characteristics which we demonstrated in the
GT-expressed cells, the activation of the GLUT1 glucose trans

porter gene would result in resistance to glucose deficiency and

enhance their proliferation or survival.
A similar explanation might be also true for fetal tissues.

Fetal glucose utilization is increased approximately 2 to 3 times
that of adults when compared on a body weight basis, while the
fetal blood glucose concentration is decreased by 50 to 70%
(32). Maternal starvation may further reduce maternal blood
glucose levels and thereby further reduce the rate of glucose
delivery to the fetal tissues, which is mediated by facilitated
diffusion across the placenta and then across the cell membrane
of the fetal tissues. Therefore, a large amount of expressed
GLUT1 glucose transporter might enable fetal tissues to grow
under such conditions.
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