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SUMMARY: Binding of phorbol-12,13-dibutyrate (PDBu), a tumor promoter, to quies-
cent Swiss 3T3 cells increased the number of hexose carriers, resulting in stimu-
lation of membrane transpqrt of 3-O-methylglucose (3MeGlu) in a Ca” -dependent
fashion. Extracellular Ca”~ was, necessary to initiate the binding of PDBu to its
receptor, and intracellular Ca” was,required to maintain it. The loss of PDBu-
binding, caused by elimination of Ca” , was accompanjed by a loss of stimulation
of hexose transport. These results indicated that Ca ~dependent, continuous
binding of PDBu to its receptor was essential to induce the stimulation of hexose
transport. o 1985 Academic Press, Inc.

Tumor promoters have been shown to interact with plasma membrane to induce
many biological events which seem to play an essential role in the process of
tumor promotion (1,2). Among these events, stimulation of hexose transport indu-
ced by tumor promoters is one of the typical phenomena that has been demonstrated
in various types of cell culture systems (3-6). In these studies, 2-deoxy-D-
glucose was usually used as a substrate to measure the activity of hexose trans-
port. However, 2-deoxy-D-glucose uptake does not represent true activity of
hexose transport, since it is rapidly phosphorylated in cytoplasm after transport
across plasma membrane (7,8). Therefore, in this study we used a non-metaboliz~
able analogue of D-glucose, 3-O-methylglucose (3MeGlu) (9), as a substrate to re-

evaluate the effect of tumor promoters on membrane transport of hexose. Although

ABBREVIATIONS: PDBu, phorbol-12,13-dibutyrate; 3MeGlu, 3-O-methyl-
glucose; SV3T3 cells, Simian virus 40-transformed 3T3 cells; EGTA,
ethylene glycol bis (B—aminoethylether)-N,N,N’,N’§£etraacet§$ acid;
DMEM, Dulbecco’s modified Eagle’s medium; PBS, Ca” - and Mg“~ -free
phosphate-buffered saline.
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the process of 3MeGlu transport in whole cells was generally too fast to measure
the initial uptake rate (10,11), we found that in Swiss 3T3 cells and Simian virus
40-transformed 3T3 cells (SV3T3 cells), linearity of the uptake is maintained for
several minutes.

Using this system, we analyzed the effect of a tumor promoter, PDBu, on hex-
ose transport. This agent has been demonstrated to be as effective as 12-0-
tetradecanoylphorbol-13-acetate in inducing the stimulation of hexose transport
in many types of cells (4). Also its specifie binding to the membrane receptor
can be assayed using whole cells (3,12,13), which enables us to analyze the rela-
tionship between the binding phenomenon and the subsequent stimulation of hexose
transport. This paper reports that the stimulation of 3MeGlu transport in qui-
escent 3T3 cells is accomplished by continuous binding of PDBu to its receptor,

which is regulated by Ca2+.

MATERIALS AND METHODS

Chemicgls: 3 3

[ "H]-3-0-Methylglucose (5Ci/mmol), [ H]-L-glucose (10.7Ci/mmol) and [TH]-
phorbol-12,13-dibutyrate (30.8Ci/mmol) were purchased from New England Nuclear.
PDBu was obtained from P-L Biochemical Inc. and A23187 was from Calbiochem.
Ethylene glycol bis (B-aminoethylether)-N,N,N’,N’,~tetraacetic acid (EGTA) was
obtained from Nakarai Chemical Co. Inc. All other chemicals were obtained from
commercial sources in either reagent grade or highest purity available.

Cell cultures:

Swiss 3T3 cells (14) and SV3T3 cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplement with 107 fetal calf serum. Cells were grown
in plastic tissue culture plates (35 mm in diameter) in a humjdified CO, incuba-
tor at 37°C. After 3 days of seeding at the density of 3x10~ cells/2 ml, the
culture became confluent, and these dishes were used for experiments.

Measurement of hexose uptake:

Swiss 3T3 cells and SV3T3 cells wegre incubaEgd for a designated period of
time, and rinsed twice with 2 ml of Ca - and Mg ~free phosphate—buffereg saline
(PBS). The uptake was initiated by addition of 1 ml of PBS containing [“H]-
3MeGlu (4 pyM, 5 uCi/ml) at 20°C. After a designated period of time, hexose
uptake was stopped by washing the plates three time with 2 ml of ice-cold PBS.
Cells were denaturated by addition of 0.1 ml of 5% trichloroacetic acid and then
dissolved in 0.9 ml of 0.1 M NaCl/0.1% sodium dodecylsulfate, and aliquots of
the lysate were taken for assay of radioactivity and for protein determination.
Carrier-mediated Eptake was calculated after correction of non-specific uptake
determined with [“H]-L-glucose. Results were expressed as pmoles of hexose per
mg protein per min or normalized to a basal value of 100.

Measurement of Km and Vmax of hexose uptake:

Kinetic parameters Km and Vmax were determined using weighted fits of Line-
weaver-Burk plots,with Ehe indivisual mean rates of triplicate experiments weight-
ed by the factor V /(SE)” and S.E. for Km and Vmax were calculated as described by
Wilkinson (15). Significant differences were assessed using the 2-tailed
Student t-test.
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Measurement of specific binding of PDBu:

The specific b%nding of PDBu were determined by incubation confluent 3T3
cells with 100 nM ["H]PDBu in serum-free medium for a designated period of time
at 37°C. The reaction was terminated by washing th% cells with 2x5 ml of PBS
of 2 min. Specific,binding (expressed as d.p.m./10%cells) is defined as the
difference between ["H]PDBu found in the absence and presence of 50 pM PDBu.

Determination of protein concentrations:
Concentration of protein were assayed by the modified Lowry’s methods (16).

RESULTS

Exposure of 3T3 cells in the stationary phase to 100 nM PDBu induced a mark-
ed stimulation of 3MeGlu uptake (Fig.l). On the pther hand, in 3T3 cells in the
log phase, hexose transport activity was scarcely affected by the treatment with
PDBu (Table 1). In SV3T3 cells, the initial rate of hexose uptake was hardly
affected by culture period or treatment with PDBu.

Fig.2 shows the kinetic analysis of PDBu-stimulated hexose uptake. PDBu~
induced stimulation of hexose uptake was observed in the entire range of hexose

concentrations tested in this study (0.125-2.0 mM). The Vmax value for hexose
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Figure 1. Time cources of 3MeGlu transport in 3T3 cells ( 9 and @ )
and SV3T3 cells ( A and A ). After 4 days of seeding 3x107cells/2
ml in a plastic Petri dish, cells were treated with 100 nM PDBu ( ®
and A& ) or 0.2% ethanol (solvent control, O and A ) for 3 h at 37°C.
The cultures were assayed for the activity of 3MeGlu uptake for up to
6 min as described in MATERIALS AND METHODS. Data are expressed as
the mean of triplicate experiments.
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Table 1. Effect of culture periods on hexose uptake in 3T3
and SV3T3 cells

3MeGlu uptake
(pmoles/mg protein/min)

Culture periods
None-treated PDBu-treated

(A)
2 day cultured cells 8.20 + 1.23 9.56 + 1,01
*
4 day cultured cells 2.74 + 0.28 8.23 * 1.64
()
2 day cultured cells 9.88 * 0.97 10.12 * 0.98
4 day cultured cells 9.25 + 0.67 9,95 + 1,02

3T3 cells (Ag and SV3T3 cells (B) were inoculated as a den-
sity of 3x10” cells/2 ml of medium per Petri dish. After 2
days (log phase), or 4 days (confluent phase), PDBu or vehi-
cle was added, and incubation was continued for 3 h.

Ethanol was added as a vehicle for test compound. After the
dish was washed with PBS, hexose uptake at 20°C_was measured.
Data are expressed as mean * S.E. (n=3 , p<0.01 vs other
values).
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Figure 2. Kinetic analysis of 3MeGlu transport in PDBu-treated 3T3
cells and SV3T3 cells. A Lineweaver~Burk plot of the initial rate

of 3MeGlu transport induced by PDBu in 3T3 cells ( O and ® ) and SV3T3
cells ( A and A ) was employed. Four day-cultured cells were tested.
PDBu ( ® and A ) or vehicle ( O and A ) was added, and 3 h later 3MeGlu
uptake was assayed. 3MeGlu uptake for 30sec at a concentration
between 0.125 mM and 2 mM was determined. The linearity of the
transport was maintained for at least 30 sec at a higher concentration
of 3MeGlu (2 mM). Data are expressed as the mean of triplicate
experiments.
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uptake in PDBu-treated cells was significantly increased about 3.5-fold above
the control (109.6 * 12.5 vs 26.5 * 3.8 pmoles/mg protein/min ; n=5 , p<0.01),
whereas the Km value was not affected (2.75 % 0.30 vs 2.73 + 0.48 mM).

Fig.3 shows the role of Ca2+ in the stimulation of hexose uptake in PDBu-
treated 3T3 cells. When either 3 mM EGTA to chelate extracellular Ca2+ or 3 mM
EGTA plus 5 UM A23187 to remove both intra- and extracellular Ca2+ (17) was added
to the culture medium simultaneously with PDBu, the stimulatory effect of PDBu

on hexose transport was completely suppressed. Addition of 3 mM EGTA plus 5 uM
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Figure 3. Effect of EGTA and A23187 on PDBu~stimulated 3MeGlu trans-
port in 3T3 cells. The medium of confluent culture of 3T3 cells was
replaced with DMEM containing PDBu (100 nM). At the same time or 1

h later, 3 mM EGTA ([J), 3 mM EGTA plus A23187 ( é ) or vehicle alone-
(0 ) was addedz_go each dish. In the case of Ca restoration exper-
iments, 3 mM Ca~ was added to the medium ( A and ) after a desig-
nated period of incubation. The data have been normalized to a basal
value of 100 for each experiment. Absolute basal uptake ranged from
4,40 to 9.08 pmoles/mg protein/min, under the conditions used.

Figure 4. Effect of EGTA and A23187 on PDBu binding in 3T3 cells.

The medium of confluent culture of 3T3 cells was replaced with DMEM
containing PDBu (100 nM). At the same time or 1 h later, 3 mM EGTA
(), 3 mM EGTA plus A23187 ( Q )} or vehicle ( 0 ) was added to o

each dish. In the case of Ca restoration experiments, 3 mM Ca
was added to the medium ( A and l ) after a designated period of in-
cubation, The data are expressed as the mean of triplicate exper-
iments.
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A23187 at 1 h after PDBu treatment also blocked PDBu-induced stimulation of
hexose transport. However, adding 3 mM EGTA only at 1 h after PDBu treatment
did not inhibit the stimulation of hexose transport induced by PDBu. In order
to exclude the possibility that the inhibition of PDBu-induced stimulation of
hexose transport by treatment with EGTA and A23187 was the result of their gener-
al cytotoxicity, the effect of Ca2+ restoration at 1 h after the addition of
EGTA and A23187 was investigated. The results show that the inhibitory effect
of these agents was completely reversed by restoring Ca2+ in the culture medium
and occurred in just the same manner as that observed by the treatment with PDBu
alone.

Fig. 4 shows the role of Ca2+ in specific binding of PDBu to its receptor.
Addition of 3 mM EGTA plus 5 uM A23187 to the culture medium simultaneously with
PDBu caused the complete suppresion of PDBu-binding to its receptor. Addition
of 3 mM EGTA plus 5 uM A23187 at 1 h after PDBu addition caused PDBu, once bound
to its receptor, to detach from it. On the other hand, addition of 3 mM EGTA
alone at 1 h after PDBu addition did not remove PDBu from its receptor.

However, PDBu binding was completely recovered by restoring 3 mM Ca2+ in the

culture medium at 1 h after addition of EGTA and A23187.

DISCUSSION

The present study shows that PDBu is a stimulator of hexose uptake in quies-
cent Swiss 3T3 cells, but not in logarithmically growing 3T3 cells and SV3T3 cells.
Kinetic analysis revealed that Vmax of hexose transport markedly increased without
a change in the Km of the transport in PDBu-treated 3T3 cells. These phenomena
observed in promoter-treated 3T3 cells resemble those seen after malignant trans-
formation of 3T3 cells ; i.e., in both cases, the increase in hexose uptake seem-
ed to be caused by changes in cell membrane, accompanying an increase in the num-
ber of functional carriers for hexose.

The results from measurement of specific binding of PDBu suggest that extra-
cellular Ca2+ is very important to initiate binding of PDBu to its receptor.
Influx of extracellular Ca2+ into the cells may be also important to initiate

+ . . . . s
binding of PDBu. Intracellular Ca2 appeared to be required to maintain binding.
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The ability of Ca2+ to stimulate hexose uptake was completely coupled with
PDBu binding to the cell surface receptor. In other words, continuous binding
of PDBu, which is dependent on Caz+, is essential to increase the activity of
hexose transport.

The precise mechanism of the stimulation of hexose transport is still un—
known. In the case of insulin-induced stimulation of hexose transport, increas-
ed translocation of the hexose carrier from its cytoplasmic pool to plasma mem-
brane has been proposed as a possible mechanism (18,19). We are now investigat-

ing whether this mechanism can also explain the action of tumor promoters,
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