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We show that DI- but not L-hexoses modulate the accumulation of radioactive vinblastine in injected Xenopus
laevis oocytes expressing the murine Mdrlb P-glycoprotein. We also show that X. laevis oocytes inJected with
RNA encoding the rat erythroid/brain glucose transport protein (GLUT1) and expressing the corresponding
functional transporter exhibit a lower accumulation of [3H]vinblastine and show a greater capacity to extrude
the drug than do control oocytes not expressing the rat GLUT1 protein. Cytochalasin B and phloretin, two
inhibitors of the mammalian facilitative glucose transporters, can overcome the reduced drug accumulation
conferred by expression of the rat GLUT1 protein in Xenopus oocytes but have no significant effect on the
accumulation of drug by Xenopus oocytes expressing the mouse Mdrlb P-glycoprotein. These drugs also
increase the accumulation of [3H]vinblastine in multidrug-resistant Chinese hamster ovary cells. Cytochalasin
E, an analog of cytochalasin B that does not affect the activity of the facilitative glucose transporter, has no
effect on the accumulation of vinblastine by multidrug-resistant Chinese hamster cells or by oocytes expressing
either the mouse Mdrlb P-glycoprotein or the GLUT1 protein. In all three cases, the drug verapamil produces
a profound effect on the cellular accumulation of vinblastine. Interestingly, although immunological analysis
indicated the presence of massive amounts of P-glycoprotein in the multidrug-resistant cells, immunological
and functional studies revealed only a minor increase in the expression of a hexose transporter-like protein in
resistant versus drug-sensitive cells. Taken together, these results suggest the participation of the mammalian
facilitative glucose transporter in the development of drug resistance.

Cultured mammalian cell lines derived in vitro by stepwise
selection in the presence of a variety of cytotoxic natural
products often develop cross-resistance to a structurally and
functionally diverse group of drugs (e.g., colchicine, vinblas-
tine, vincristine, epipodophylotoxins, actinomycin, taxol,
and doxorubicin), a phenomenon referred to as multidrug
resistance. In general, these cells become highly resistant to
the drug used in the selection process but also develop
cross-resistance, usually to a lesser degree, to a number of
other drugs (19, 25, 39, 67).
While there are a number of different mechanisms which

can result in resistance to different drugs, recent studies
indicate that multidrug resistance is associated with the
overexpression of a family of antigenically related high-
molecular-weight membrane phosphoglycoproteins, the
P-glycoproteins (4, 11, 14, 30, 31, 38, 40, 54, 55, 58). A
number of cDNAs and genomic clones encoding a small
family of structurally related P-glycoproteins have been
isolated from multidrug-resistant (MDR) mammalian cell
lines derived in vitro by stepwise drug selection protocols (8,
17, 24, 27-29, 36, 57, 59, 66, 68, 70). Sequence analysis of
these clones suggests that the corresponding proteins from
human, hamster, and mouse cells are highly conserved.
Each isoform is composed of two homologous halves, each
containing six predicted transmembrane domains, with a
total of about 1,280 amino acid residues and a predicted Mr
of about 140,000. Each duplicated half contains a highly
conserved hydrophilic cytoplasmic region containing a pu-
tative ATP binding domain (8, 17, 24, 27, 29).
MDR cells, when grown in the presence of drugs, show a

lower accumulation of the drugs than do sensitive cells. This
decreased drug accumulation is invariably associated with
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an increased efflux of the drug from these cells, in a process
that appears to require ATP (13, 22, 37, 46, 73). Other
observations have indicated that P-glycoprotein can bind
different drugs related to the MDR phenotype (9-11, 30, 31,
35, 60). These results support the hypothesis that P-glyco-
protein acts as an ATP-dependent drug efflux pump and
functions directly as a multidrug transporter in MDR cells.
cDNA and genomic transfection experiments have provided
direct evidence indicating that expression of the human,
hamster, or mouse isoforms of P-glycoprotein can mediate
the MDR phenotype in otherwise drug-sensitive cells (3, 14,
16, 17, 28, 32, 65). The expression of a single member of the
P-glycoprotein gene family results in the transfer of a typical
MDR phenotype to the recipient drug-sensitive cells, and
different individual members of the mdr gene family can
provide the transfected cells with a different drug resistance
profile (17).

Despite the evidence that links the overproduction of
P-glycoprotein to the development of multidrug resistance,
there are still important questions remaining to be answered.
An important observation is that not every member of the
P-glycoprotein family can confer drug resistance when over-
expressed in otherwise sensitive cells. Thus, two members
of the mouse mdr gene family, mdrl and mdr3, as well as the
human mdrl gene, can confer multidrug resistance to cDNA-
transfected cells overexpressing the corresponding P-glyco-
proteins (3, 17, 28, 65). However, a cDNA clone of the
mouse mdr2 gene is unable to confer multidrug resistance to
transfected cell lines (29, 66). Sequence analysis indicate
that the mouse mdrl and mdr2 genes encode proteins that
have highly homologous amino acid sequence (71% of iden-
tical residues) and predicted secondary structure (29). Inter-
estingly, the mdr2 gene product is coamplified with the other
members of the P-glycoprotein family in independently
derived MDR cell lines (36, 56). In addition, little is known
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about the possible role of other gene products that are also
coamplified and overexpressed in MDR cell lines. For ex-
ample, a small protein of about 22 kDa, sorcin, is amplified
in MDR cells isolated by selection in the presence of a
variety of cytotoxic drugs (e.g., colchicine, vinca alkaloids,
and dactinomycin) (15, 43, 47, 50, 69, 70). A limited number
of proteins other than sorcin also undergo changes in expres-
sion during development of multidrug resistance (49, 61).
The contribution of these changes to multidrug resistance, if
any, remains to be tested.
We have recently described the functional expression of a

member of the mouse family of mdr gene products (mdrlb)
(see reference 35 for corresponding nomenclature) in Xeno-
pus laevis oocytes (7). We have shown that Xenopus oocytes
expressing the mouse Mdrlb P-glycoprotein show a lower
accumulation of vinblastine when incubated in the presence
of micromolar concentrations of this drug than do control
oocytes injected with water. In this report, we provide direct
evidence that Xenopus oocytes expressing the facilitative rat
erythroid/brain glucose transporter also show a lower accu-
mulation of vinblastine than do control oocytes. We also
present evidence suggesting that the mammalian facilitative
glucose transporter may play a role in the expression of drug
resistance in mammalian MDR cell lines.

MATERIALS AND METHODS

Plasmids, in vitro transcription, and RNA injection. The
cDNA encoding the mouse Mdrlb P-glycoprotein was pro-
vided by Stephen Hsu (36). The cDNA encoding the rat
erythroid/brain hexose transporter (GLUT1) has been de-
scribed elsewhere (5). Plasmids containing the respective
cDNAs were linearized with the appropriate restriction
enzymes and used for in vitro transcription and capping (7,
71, 72). To obtain a truncated GLUT1 protein, the corre-
sponding cDNA was digested with RsaII, isolated by agar-
ose gel electrophoresis, and used for in vitro transcription
and capping (71, 72). The in vitro-synthesized RNA encodes
a truncated form of GLUT1 lacking the last C-terminal 51
amino acids. Xenopus oocytes were isolated from ovaries
from mature frogs by treatment with collagenase, injected in
the vegetal pole with RNA or an equivalent volume of
distilled water, and incubated for 2 days at 18 to 22°C before
being used (7, 71, 72).
Drug accumulation and efflux. [3H]vinblastine accumula-

tion and efflux in Xenopus oocytes were assayed as de-
scribed previously (7). DC-3F (drug sensitive) and DC-
3F/AD X (MDR) Chinese hamster cells (kindly provided by
Marian Meyers [49]) were grown as monolayer cultures in
six-well plates as previously described (49) to a density of
approximately 106 cells per well. Plates were carefully
selected under the microscope to ensure that only plates
showing uniformly grown cells were used. Two wells in each
plate were used to determine the number of cells, and the
four companion wells were used for the drug uptake-release
and hexose uptake assays. On average, each well contained
1.1 x 106 cells. For drug uptake studies, fresh grown
medium was added to the cells, and then tritiated vinblastine
(10 Ci/mol; Amersham, Arlington Heights, Ill.) was added at
a concentration of 50 nM. After incubation for 30 min at
22°C, the cells were washed with phosphate-buffered saline,
solubilized in 20 mM Tris-HCl (pH 7.8) containing 2%
sodium dodecyl sulfate (SDS), and processed for liquid
scintillation spectrometry. For drug efflux measurements,
cells were incubated for 30 min at 22 or 4°C in the presence
of [3H]vinblastine at 100 ,uM, washed rapidly with culture

medium, and incubated in drug-free medium at room tem-
perature for the times indicated in the respective figures (see
Results) before solubilization and counting.

Hexose uptake. 2-Deoxy-D-[2,6-3H]glucose (42 Ci/mmol;
Amersham) and 3-O-methyl-D-[1-3H]glucose (3.67 Ci/mmol;
Amersham) uptake by Xenopus oocytes was assayed as
previously described (71, 72). In both cases, the concentra-
tion of hexoses in the assay was varied from 0.1 to 50 mM.
Measurement of tritiated 2-deoxy-D-glucose uptake by
DC-3F and DC-3F/AD X cells was performed as described
by Asano et al. (2).
Immunoblotting and immunoprecipitation. The immuno-

blotting experiments were performed as described previ-
ously (7). Total membranes from DC-3F and DC-3F/AD X
Chinese hamster cells were prepared as follows. Cells were
scraped off the culture plates, resuspended in 20 mM Tris-
HCI (pH 7.6)-5 mM EDTA-0.23 M sucrose containing 20
,ug each of aprotinin, leupeptin, and soybean trypsin inhibi-
tor per ml and 0.1 mM phenylmethylsulfonyl fluoride, and
homogenized in a glass Dounce homogenizer. The homoge-
nate was centrifugated at 10,000 x g for 5 min, and the
supernatant was further centrifuged at 150,000 x g for 1.5 h.
The high-speed pellet was resuspended in electrophoresis
sample buffer (45) and processed for immunoblotting (7).
Membranes were probed with the antipeptide antibody Mdr
(Ab-1; Oncogene Science, N.Y.), raised against the peptide
CALDTESEKVVQEALDKAREG from the C-terminal re-
gion of P-glycoprotein. The blots were also probed with an
antipeptide antibody raised against the peptide Ile-386-Ala-
405 from the GLUT1 protein (5). This antibody reacts with
the GLUT1, GLUT2, and GLUT4 isoforms of the mamma-
lian facilitative glucose transporters. The production and
characterization of this antibody will be reported elsewhere
(72a). For immunoprecipitation, oocytes were injected with
approximately 25 nl of [35S]methionine (>1,000 Ci/mmol;
Amersham) 4 h after the injection of the respective RNAs.
After 18 h of incubation in Barthl medium (7), groups of 10
oocytes were homogenized in buffer containing detergents
and submitted to immunoprecipitation and electrophoresis
(71). Two different antisera that recognize the GLUT1
protein were used in these experiments: the antipeptide
antibody described above and an antiserum prepared against
a synthetic peptide from the C-terminal region of GLUT1
(33).

RESULTS

D-Hexoses modulate the accumulation of vinblastine in Xe-
nopus oocytes expressing the mouse Mdrlb P-glycoprotein,
but expression of this protein does not affect the uptake of
hexoses by Xenopus oocytes. Xenopus oocytes injected with
in vitro-synthesized RNA encoding the mouse Mdrlb P-gly-
coprotein expressed a functional P-glycoprotein, as shown
by the drug accumulation assay (Fig. 1A). In this assay,
groups of oocytes were incubated in Barth medium in the
presence of labeled vinblastine, and accumulation of the
drug was monitored for up to 60 min. In control oocytes
(injected with water), vinblastine appears to enter the cells
by simple passive diffusion across the cell membrane (7). On
the other hand, no significant accumulation of drug was
observed in cells expressing the mouse Mdrlb P-glycopro-
tein (Fig. 1A). Equivalent results were obtained when the
drug accumulation experiments were repeated using Barth
medium containing different hexoses (D-glucose, 2-deoxy-D-
glucose, or 3-O-methyl-D-glucose) at final concentrations of
up to 50 mM (data not shown). In other experiments,

MOL. CELL. BIOL.



HEXOSE TRANSPORTERS AND DRUG RESISTANCE 3409

.

C3
E

cl

Time (mhi)

1
E

c

-c

Tim. (min)

800

a0

0
E

C

600

400

200

0 20 40 60

2 DOG (mM)

80

FIG. 1. Effect of hexoses on the accumulation of vinblastine in X. laevis oocytes expressing the mouse Mdrlb P-glycoprotein. (A)
Accumulation of vinblastine. Oocytes were injected with 25 ng of RNA encoding the mouse Mdrlb P-glycoprotein (0) or with an equivalent
volume of distilled water (0), and accumulation of [3H]vinblastine was measured 2 days after the injection. The concentration of vinblastine
during the drug accumulation assay was 1 ,uM. Data represent means + standard errors of at least three groups of 10 oocytes each. (B) Effect
of hexoses on the accumulation of vinblastine. Two days after injection of the RNA encoding the mouse Mdrlb P-glycoprotein, oocytes were
incubated for 30 min in Barth medium containing 1 F.M [3H]vinblastine (0) before addition (arrow) of 50 mM 2-deoxy-D-glucose (0) or

3-O-methyl-D-glucose (A) to the incubation medium. Accumulation of vinblastine was measured 45 min after addition of the hexoses. Data
represent means of two groups of 20 oocytes each. (C) Effects of different concentrations of 2-deoxy-D-glucose on the accumulation of
vinblastine. Two days after injection, oocytes were incubated for 30 min in Barth medium containing 1 FLM [3H]vinblastine. Different
concentrations of 2-deoxy-D-glucose were then added to the incubation medium, and the oocytes were incubated for additional 10 min before
the amount of radioactive vinblastine associated with the cells was measured. Symbols: 0, control oocytes injected with water; *, oocytes
injected with RNA encoding the mouse Mdrlb P-glycoprotein. Data represent means of two groups of 20 oocytes each.

oocytes injected with RNA were first incubated for 30 min in
the presence of [3H]vinblastine and then challenged with 50
mM 2-deoxy-D-glucose or 3-0-methyl-D-glucose. The addi-
tion of sugar to the incubation medium produced a dramatic
and rapid entry of the drug into the oocytes (Fig. 1B).
Vinblastine accumulation increased about 10-fold within 10
min after sugar addition. This was followed by a rapid
decrease in the content of vinblastine to the basal levels
observed in the absence of sugar (Fig. 1B). The maximal
accumulation of vinblastine, induced by the addition of the
hexoses to the incubation medium, was roughly equivalent
to that observed, in the absence of hexoses, in control
oocytes not expressing the mouse Mdrlb P-glycoprotein
(Fig. 1A). D-Glucose also induced a rapid and reversible
accumulation of vinblastine in oocytes that were expressing
the mouse Mdrlb P-glycoprotein. No effect on drug accu-
mulation was observed when 50 mM L-glucose or sucrose
was used in these experiments (data not shown). The effect
of adding 2-deoxy-D-glucose or 3-O-methyl-D-glucose to the
incubation medium (a rapid and reversible accumulation of
vinblastine) was clearly different from the action of vera-
pamil (100 ,uM) under similar experimental conditions. Ver-
apamil induced a rapid increase in the accumulation of
vinblastine by oocytes expressing the mouse Mdrlb P-gly-
coprotein, but this was not followed by a decrease in the
cellular content of vinblastine to the original basal levels
(data not shown).

Figure 1C shows the effect of increasing concentrations of
2-deoxy-D-glucose on the transient accumulation of vinblas-
tine (measured 10 min after addition of the hexose to the
incubation medium) by oocytes expressing the mouse Mdrlb
P-glycoprotein. Addition of as little as 2.5 mM hexose to the
incubation medium resulted in a significant increase in drug
accumulation by the oocytes. The maximal level of drug
accumulated was observed at 10 mM 2-deoxy-D-glucose; no
further accumulation of vinblastine was observed at sugar
concentrations of up to 75 mM (Fig. 1C). There was no
significant effect on vinblastine accumulation when control
oocytes (injected with water) were incubated for 30 min in

the presence of vinblastine and then challenged with dif-
ferent concentrations of 2-deoxy-D-glucose (Fig. 1C) or 50
mM 3-O-methyl-D-glucose or D-glucose (data not shown).

Interestingly, the rate of accumulation of vinblastine in-
duced by 2-deoxy-D-glucose or 3-0-methyl-D-glucose (Fig.
1B) was strikingly similar to the rate of uptake of these
sugars by oocytes expressing the mouse Mdrlb P-glycopro-
tein. In this assay, groups of oocytes were incubated for
30 min in Barth medium containing 1 ,uM vinblastine and
then challenged with cold 50 mM 2-deoxy-D-glucose or

3-O-methyl-D-glucose in the presence of traces of 2-deoxy-
D-[2,6-3H]glucose or 3-O-methyl-D-[1-3H]glucose, respec-
tively. Under these experimental conditions, the accumula-
tion of both hexoses in injected oocytes increased linearly
for at least 10 min. Similar results were obtained in control
experiments in which preincubation with vinblastine was
omitted or with control oocytes (injected with water) that
were not expressing the mouse Mdrlb P-glycoprotein (data
not shown). Results of the latter experiments suggest that
expression of the mouse Mdrlb P-glycoprotein does not
affect the transport of hexoses by oocytes. In fact, measure-
ments of the initial rate of uptake of hexoses, using a final
sugar concentration of 1 mM during the uptake assay,
indicated that Xenopus oocytes expressing the mouse Mdrlb
P-glycoprotein accumulated 2-deoxy-D-glucose or 3-0-
methyl-D-glucose at essentially the same rate (0.60 + 0.12 or
0.40 + 0.10 pmol per oocyte per min, respectively) observed
in control oocytes injected with water (0.54 + 0.11 or 0.37
0.11 pmol per oocyte per min, respectively).

Cytochalasin B, cytochalasin E, and phloretin do not affect
the accumulation of vinblastine in Xenopus oocytes expressing
the mouse Mdrlb P-glycoprotein. The results presented
above suggest that the endogenous glucose transporter of the
oocyte modulates the accumulation of vinblastine by
oocytes expressing the mouse Mdrlb P-glycoprotein. We
then investigated whether two inhibitors of mammalian
facilitative glucose transporters, cytochalasin B and phlore-
tin, affect the accumulation of vinblastine by oocytes ex-
pressing the mouse Mdrlb P-glycoprotein. As shown in Fig.

C
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FIG. 2. Effects of verapamil and inhibitors of glucose-facilitated
diffusion on the accumulation and efflux of vinblastine in Xenopus
oocytes expressing the mouse Mdrlb P-glycoprotein. (A) Accumu-
lation of vinblastine in oocytes expressing the mouse Mdrlb P-gly-
coprotein. Oocytes were injected with 25 ng of RNA encoding the
mouse Mdrlb P-glycoprotein, and vinblastine accumulation was

measured 2 days after the injection. To measure drug accumulation,
oocytes were incubated for the indicated times in Barth medium
containing 1 ,uM [3H]vinblastine, in the absence (0) or presence of
100 ,uM verapamil (0), phloretin (N), cytochalasin B (A), or

cytochalasin E (A). Data represent means ± standard errors of three
groups of 20 oocytes each. (B) Efflux of vinblastine from oocytes
expressing the mouse Mdrlb P-glycoprotein. Oocytes were injected
with 25 ng of RNA encoding the mouse Mdrlb P-glycoprotein and
incubated in Barth medium for 2 days. For the drug efflux assay,

oocytes were incubated in Barth medium containing 100 VtM
[3H]vinblastine for 30 min, washed, and incubated for 15 min in
drug-free medium before the amount of radioactive vinblastine
remaining associated with the oocytes was measured. The final
incubation was carried out in the absence (C) or presence of 100 puM
verapamil (VP), phloretin (PHL), or cytochalasin B (CYTB). Re-
sults are expressed as percentage of the total radioactivity accumu-

lated in oocytes after the initial 30-min incubation period. Data
represent means ± standard errors of three groups of 10 oocytes
each.

2A, accumulation of drug by injected oocytes was not
significantly affected by either cytochalasin B or vinblastine.
Cytochalasin E, an analog of cytochalasin B that does not
affect the activity of the facilitative glucose transporter, also
had no effect on the accumulation of vinblastine by oocytes
expressing the Mdrlb P-glycoprotein. On the other hand,
verapamil, a Ca2" channel blocker that can revert the MDR
phenotype in MDR cells, had a dramatic effect on the
accumulation of vinblastine by injected oocytes (Fig. 2A; 7).

FIG. 3. Effects of verapamil and inhibitors of glucose-facilitated
diffusion on the accumulation of vinblastine in Xenopus oocytes
injected with water. Oocytes were injected with water and incubated
for 2 days in Barth medium. For the drug accumulation assay,

oocytes were incubated for the indicated times in Barth medium
containing 50 nM [3H]vinblastine in the absence (0) or presence of
100 ,uM verapamil (0), phloretin (D), cytochalasin B (A), or

cytochalasin E (A). Data represent means + standard errors of three
groups of 20 oocytes each.

In the presence of 100 ,uM verapamil, the accumulation of
vinblastine by injected oocytes was similar to that observed
in the respective control oocytes (injected with water) (Fig.
2A and 1A). Similar results were obtained when we studied
the effects of these drugs on the efflux of vinblastine from
oocytes expressing the mouse Mdrlb P-glycoprotein and
loaded with the drug (Fig. 2B; 7). The release of vinblastine
by injected oocytes was significantly inhibited by verapamil
but not by either cytochalasin B or phloretin (Fig. 2B). The
data shown in Fig. 2 were obtained by using each competitor
drug at a final concentration of 100 ,uM. Equivalent results
were obtained when the drug accumulation experiments
were repeated using the competitor drugs at a concentration
of 200 or 20 ,uM.
The accumulation of low concentrations of vinblastine in

uninjected Xenopus oocytes is increased by verapamil, cytoch-
alasin B, and phloretin but not by cytochalasin E. Cytocha-
lasin B and phloretin produced a minor (approximately
1.5-fold) but consistent increase in the accumulation of
vinblastine in control oocytes injected with water and incu-
bated in the presence of 1 ,uM vinblastine. The same effect
was observed in oocytes challenged with verapamil (data not
shown). This result suggests that the oocytes are refractory
to the entry of low concentrations of vinblastine. In fact,
when these experiments were repeated using 50 nM vinblas-
tine, the expected uptake of drug by control oocytes (inject-
ed with water) was not observed (Fig. 3). The data shown in
Fig. 3 indicated that not more than 20% of the expected
radioactivity was associated with the oocytes, assuming an

intemal volume of about 0.4 to 0.5 IlI for oocytes at stages 5
and 6 (18). On the other hand, oocytes accumulated radio-
active vinblastine to the expected levels in the presence of
100 ,uM verapamil and, most important, also in the presence
of 100 ,uM cytochalasin B or phloretin (Fig. 3). Equivalent
results were obtained when each drug was used at a final
concentration of 20 ,uM. Cytochalasin E had no significant
effect on the accumulation of vinblastine by these cells. As
demonstrated previously (26, 41, 71, 72), both cytochalasin
B and phloretin inhibited the activity of the endogenous
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glucose transporters of Xenopus oocytes. Three different
anti-P-glycoprotein antibodies failed to reveal the presence
of a cross-reacting protein in control oocytes injected with
water (data not shown; 7). Taken together, these results
support the hypothesis that the endogenous glucose trans-
porter of oocytes plays a role in the basal resistance to
vinblastine accumulation in oocytes lacking (not expressing)
the mouse Mdrlb P-glycoprotein and in modulating the
accumulation of drugs in oocytes expressing the mouse
Mdrlb P-glycoprotein.
Xenopus oocytes expressing a functional mammalian facili-

tative glucose transporter show decreased accumulation of
vinblastine and sensitivity to verapamil, cytochalasin B, and
phloretin but not to cytochalasin E. Since functional studies
appear to indicate that the endogenous glucose transporters
of Xenopus oocytes belong to the family of facilitative
glucose transporters (71, 72), we examined whether the
expression in Xenopus oocytes of a mammalian facilitative
glucose transporter would alter the resistance of oocytes to
the accumulation of vinblastine (as in the case of expression
of the mouse Mdrlb P-glycoprotein). As shown in Fig. 4A,
the accumulation of vinblastine (1 pLM) was markedly de-
creased in oocytes injected with in vitro-synthesized RNA
encoding the rat erythrocyte/brain glucose transporter (the
GLUT1 protein). Cytochalasin B and phloretin, two inhibi-
tors of the mammalian facilitative glucose transporters that
do not affect the accumulation of vinblastine in oocytes
expressing the mouse Mdrlb P-glycoprotein (Fig. 2A), had a
dramatic effect on the accumulation of vinblastine in oocytes
expressing the rat GLUT1 protein (Fig. 4A). The effects of
both drugs, cytochalasin B and phloretin, were similar to the
action of verapamil on these cells (Fig. 4A). No significant
effect of cytochalasin E on the accumulation of vinblastine
by oocytes injected with RNA was observed in these exper-
iments (Fig. 4A). Furthermore, the release of vinblastine by
oocytes expressing the rat brain glucose transporter was also
significantly inhibited by the presence of either verapamil,
cytochalasin B, or phloretin (Fig. 4B). Control experiments
demonstrated that the brain glucose transporter was indeed
expressed in oocytes injected with the RNA encoding this
protein. Immunoblot analysis of oocytes injected with RNA
encoding the rat brain glucose transporter indicated the
presence of a protein band that migrates with an apparent Mr
of about 45,000, the expected position of migration of the rat
GLUT1 protein, that is not present in control oocytes
injected with water (data not shown).
To evaluate further whether the decreased accumulation

of vinblastine in oocytes was related to the RNA-driven
expression of the GLUT1 protein, effects of RNA concen-
tration and the functional state of the expressed transporter
were studied. Figure 5A shows that the initial rate of
2-deoxy-D-glucose uptake increased with increasing
amounts of microinjected RNA (26, 41, 71, 72), with an
almost linear dose-response relationship between the
amount of microinjected RNA and uptake of 2-deoxy-D-
glucose assayed 48 h later. Figure SB shows the accumula-
tion of vinblastine by oocytes injected with increasing
amounts of RNA encoding the rat GLUT1 protein. It is
evident that the capacity of the oocytes to maintain a low
intracellular concentration of vinblastine when challenged
for 30 min with drug concentrations ranging from 0.1 to 100
,uM is related to the amount of microinjected RNA.
The next group of experiments was carried out with

oocytes injected with increasing amounts of RNA encoding
a version of the rat GLUT1 protein lacking the last C-termi-
nal 51 amino acids (see Materials and Methods). It has been
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FIG. 4. Effects of verapamil and inhibitors of glucose-facilitated
diffusion on the accumulation and efflux of vinblastine in Xenopus
oocytes expressing the rat GLUT1 protein. (A) Accumulation of
vinblastine in Xenopus oocytes expressing the rat GLUT1 protein.
Oocytes were injected with 20 ng of RNA encoding the rat GLUT1
protein and incubated in Barth medium for 2 days. For the drug
uptake assay, oocytes were incubated for the indicated periods of
time in Barth medium containing 1 ,uM [3H]vinblastine in the
absence (0) or presence of 100 ,uM verapamil (0), phloretin (-),
cytochalasin B (A), or cytochalasin E (A). Control oocytes injected
with water (O) were incubated under the same conditions in the
absence of competitor drugs. Data represent means ± standard
errors of at least three groups of 10 oocytes each. (B) Efflux of
vinblastine from Xenopus oocytes expressing the rat GLUT1 pro-
tein. Oocytes were injected with 20 ng of RNA encoding the rat
GLUT1 protein and incubated in Barth medium for 2 days. For the
drug efflux experiments, injected oocytes were incubated in Barth
medium containing 100 ,uM [3H]vinblastine for 30 min, washed, and
incubated for 20 min in Barth medium lacking vinblastine before the
amount of [3H]vinblastine remaining associated with the oocytes
was measured. The final incubation was carried out in the absence
(C) or presence of 100 ,uM verapamil (VP), phloretin (PHL), or
cytochalasin B (CYTB). Results are expressed as percentage of the
total radioactivity accumulated in oocytes after the initial 30-min
incubation period.

shown that a similar truncated form of the rat GLUT1
protein has no functional activity as a hexose transporter
(53). Immunoprecipitation studies using an antipeptide anti-
body raised in rabbits against a synthetic peptide corre-
sponding to the sequence Ile-386-Ala-405 in GLUT1 were
carried out to confirm the expression of the truncated form
of the rat GLUT1 protein in oocytes injected with the
respective RNAs. The antiserum immunoprecipitated a pro-
tein that migrated with an apparent M, of about 45,000 from
oocytes injected with RNA encoding the full-length rat
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FIG. 5. Effects of the amount ofRNA injected and the functional
state of the expressed hexose transporter on the uptake of 2-deoxy-
D-glucose and the accumulation of vinblastine by injected Xenopus
oocytes. (A) Uptake of 2-deoxy-D-glucose. Oocytes were injected
with increasing amounts of RNA encoding the full-length (D) or a
truncated form of (0) the rat GLUT1 protein (see Materials and
Methods), and 2-deoxy-D-glucose uptake was determined 2 days
after injection. Control oocytes (point with no RNA) were injected
with water. For the uptake assay, oocytes were incubated for 10 min
in Barth medium containing 1 mM 2-deoxy-D-[3H]glucose. Data
represent averages of three groups of 10 oocytes each. (B) Accu-
mulation of vinblastine. Oocytes were injected with water (0), with
approximately 50 ng of RNA encoding the truncated form of the rat
GLUT1 protein (0), or with approximately 5 (D) or 50 (A) ng of
RNA encoding the full-length rat GLUT1 protein. Accumulation of
vinblastine was determined 2 days after injection. For the drug
accumulation assay, oocytes were incubated for 30 min in Barth
medium containing from 0.1 to 100 ,uM [3H]vinblastine. Data
represent averages of two groups of 10 oocytes each.

GLUT1 protein. On the other hand, a radioactive band with
an apparent Mr of about 40,000 was immunoprecipitated
from oocytes injected with RNA encoding the truncated
form of the rat GLUT1 protein (data not shown). This
decrease in size is congruent with this protein lacking the last
51 C-terminal amino acids. These experiments were re-

peated using an antiserum prepared against a synthetic
peptide from the C-terminal region of the rat GLUT1 protein
(33). The antiserum immunoprecipitated a radioactive band
that migrated with an apparent Mr of about 45,000 from
oocytes injected with RNA encoding the full-length rat
GLUT1 protein. On the other hand, no labeled material was
immunoprecipitated from oocytes injected with RNA encod-
ing the truncated form of the rat GLUT1 protein (data not
shown). As shown in Fig. 5, the rate of uptake of 2-deoxy-

D-glucose and the accumulation of vinblastine by oocytes
injected with increasing amounts of RNA encoding the
truncated form of the rat GLUT1 protein were not differ
from the corresponding values measured for control oocytes
injected with water.
Uptake of 2-deoxy-D-glucose by oocytes expressing the rat

GLUT1 protein is sensitive to vinblastine and verapamil.
Oocytes expressing the rat GLUT1 protein and challenged
with 0.1 mM 2-deoxy-D-glucose accumulated the hexose at
an initial rate about 15-fold greater than that of oocytes
injected with water (3.2 ± 0.7 and 0.13 + 0.04 pmol per
oocyte per min, respectively) (71, 72). Further analysis
showed that both cytochalasin B and phloretin at 100 ,uM
inhibited the uptake of 2-deoxy-D-glucose by oocytes ex-
pressing the rat GLUT1 protein by more than 90%. As
expected, cytochalasin E at 100 ,uM had no significant effect
on the uptake of 2-deoxy-D-glucose by oocytes expressing
the rat GLUT1 protein (less than 10% inhibition). Interest-
ingly, verapamil at 100 ,uM also inhibited the uptake of
2-deoxy-D-glucose in these injected oocytes, to about 40% of
the value for controls without inhibitors. On the other hand,
the presence of 100 FM vinblastine during the assay in-
creased by at least 50% the uptake of 2-deoxy-D-glucose in
oocytes expressing the rat GLUT1 protein.
MDR and drug-sensitive Chinese hamster cells are sensitive

to verapamil, cytochalasin B, and phloretin but not to cytoch-
alasin E. The results presented above provide direct evi-
dence that expression of the rat GLUT1 protein in X. laevis
oocytes confers a drug-resistant phenotype (as defined by
the drug accumulation assay) to these cells. This phenotype
can be functionally distinguished from the similar phenotype
produced by expression of the mouse Mdrlb P-glycoprotein
in Xenopus oocytes because cytochalsin B and phloretin
inhibit only the decreased accumulation of vinblastine pro-
duced by expression of the glucose transporter. Given these
observations, we studied whether inhibitors of the facilita-
tive glucose transport affected the accumulation of vinblas-
tine in Chinese hamster MDR cells selected by resistance to
dactinomycin (49). In preliminary experiments, we mea-
sured the accumulation of vinblastine in drug-resistant (DC-
3F/AD X) and drug-sensitive (DC-3F) Chinese hamster cells
after incubation in the presence of vinblastine concentra-
tions ranging from 10 to 150 nM. Depending on the concen-
tration of drug in the incubation medium, approximately 3 to
15 times more vinblastine accumulated in sensitive versus
resistant cells after 30 min of incubation in the presence of
the drug (data not shown). Verapamil significantly increased
(about sevenfold) vinblastine accumulation in resistant DC-
3F/AD X cells incubated in medium containing 50 nM
vinblastine, to levels similar to those observed in sensitive
DC-3F cells (compare Fig. 6A and 7). Cytochalasin B and
phloretin also increased the accumulation of vinblastine in
resistant cells, four- and fivefold, respectively, in compari-
son with cells incubated only in the presence of vinblastine
(Fig. 6A). No significant effect of cytochalasin E on vinblas-
tine accumulation was observed in these experiments (Fig.
6A). An additional control experiment was done to rule out
the possibility that the increased accumulation of vinblastine
observed in the presence of the these drugs could have
resulted from nonspecific interference with the physiology of
the cells. Resistant DC-3F/AD X cells were incubated in the
presence of either verapamil, cytochalasin B, or phloretin
for 30 min, washed extensively, and then challenged with
radioactive vinblastine for 30 min. As shown in Fig. 6B, no
significant increase in vinblastine accumulation was ob-
served in these cells compared with the cells preincubated in
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FIG. 6. Effects of verapamil and inhibitors of glucose-facilitated diffusion on the accumulation and efflux of vinblastine and 2-deoxy-D-
glucose in MDR Chinese hamster cells. (A) Accumulation of vinblastine in drug-resistant Chinese hamster cells. DC-3F/AD X cells were
incubated with 50 nM [3H]vinblastine for 30 min in the absence (C) or presence of 100 ,uM verapamil (VP), phloretin (PHL), cytochalasin B
(CYTB), or cytochalasin E (CYTE). Drug accumulation was determined as indicated in Materials and Methods. Data represent means +

standard errors of four to six determinations. (B) Reversibility of the effects of verapamil and inhibitors of glucose-facilitated diffusion on the
accumulation of vinblastine in drug-resistant Chinese hamster cells. DC-3F/AD X cells were incubated in the absence (C) or presence of 100
F.M verapamil (VP), phloretin (PHL), or cytochalasin B (CYTB), thoroughly washed, and then assayed for vinblastine accumulation after a
further incubation in the presence of 50 nM [3H]vinblastine for 30 min at room temperature. Data represent means + standard error of four
determinations. (C) Efflux of vinblastine from drug-resistant Chinese hamster cells. DC-3F/AD X cells were incubated in the presence of 100
,uM [3H]vinblastine for 30 min, washed, and then incubated for the indicated times in drug-free medium before the amount of vinblastine
remaining associated with the cells was measured. The final incubation was carried out in the absence (0) or presence of 100 ,uM verapamil
(0), phloretin (U), or cytochalasin B (A). Results are expressed as percentage of the total radioactivity associated with the cells after the initial
30-min incubation period in the presence of 100 ,uM vinblastine. Data represent means ± standard errors of six determinations. (D) Effects
of increasing concentrations of cytochalasin B on the uptake of 2-deoxy-D-glucose (0) and the efflux of vinblastine (D) by drug-resistant
DC-3F/AD X cells. For the hexose uptake assay, cells were incubated at room temperature with medium containing the indicated
concentrations of cytochalasin B for 10 min before measurement of the uptake of 0.1 mM radioactive 2-deoxy-D-glucose in a 5-min uptake
assay (see Materials and Methods). Results are expressed as percentage of the inhibition in uptake observed in the presence of 100 F.M
cytochalasin B. For the drug efflux assay, cells were incubated for 60 min at 4°C in medium containing 1 p.M radioactive vinblastine and the
indicated concentrations of cytochalasin B, washed at the same temperature in vinblastine-free medium (containing cytochalasin B), and then
incubated for 10 min at room temperature in medium containing the appropriate concentrations of cytochalasin B before the amount of
vinblastine remaining associated with the cells was measured. Results are expressed as percentage of the maximal inhibition of efflux observed
in the presence of 100 F.M cytochalasin B.

the absence of any drug. In other experiments, resistant
DC-3F/AD X cells were loaded with vinblastine and then the
efflux of vinblastine was measured in the presence of either
verapamil, cytochalasin B, or phloretin. Vinblastine was
released rapidly from DC-3F/AD X cells incubated in drug-
free medium (Fig. 6C); almost 90%o of the drug was released
in less than 20 min. On the other hand, the release of
vinblastine was almost completely inhibited by the presence
of 100 ,uM verapamil in the incubation medium, and a

significant inhibition was also observed when cytochalasin B
or phloretin was added (Fig. 6C). To evaluate further the
effect of cytochalasin B on the resistant DC-3F/AD X cells,
the concentration dependence of cytochalasin B inhibition of
2-deoxy-D-glucose uptake and vinblastine efflux was exam-
ined. In a 5-min uptake assay (under conditions of initial
velocity), cytochalasin B inhibited the uptake of 2-deoxy-D-
glucose by the drug-resistant cells with an apparent K1 of less
than 1 ,uM, and a maximum degree of inhibition was attained
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FIG. 7. Effects of inhibitors of glucose-facilitated diffusion on
the accumulation of vinblastine in drug-sensitive Chinese hamster
cells. For the drug accumulation assay, DC-3F cells were incubated
with 50 nM [3H]vinblastine for 30 min in the absence (C) or presence
of 100 ,uM verapamil (VP), phloretin (PHL), or cytochalasin B
(CYTB). Data represent means ± standard error of four determina-
tions.

at 20 ,uM (Fig. 6D). In parallel experiments, resistant DC-
3F/AD X cells were loaded with vinblastine and the efflux of
the drug was measured in the presence of different concen-
trations of cytochalasin B. Using a 10-min incubation assay
(to remain in the linear part of the efflux curve; Fig. 6C), the
concentration dependence of cytochalasin B inhibition of the
efflux of vinblastine was similar to its effect on 2-deoxy-D-
glucose uptake. Again, maximal inhibition was attained at 20
FxM cytochalasin B (Fig. 6D).
To determine whether inhibitors of facilitated glucose

diffusion also increased the accumulation of vinblastine in
drug-sensitive DC-3F cells (as they do in uninjected Xenopus
oocytes), we measured the accumulation of radioactive
vinblastine in DC-3F cells in the presence of verapamil,
cytochalasin B, and phloretin. Each of the three drugs
increased the accumulation of vinblastine 1.8- to 2.2-fold
(Fig. 7). Thus, as is the case in Xenopus oocytes, Chinese
hamster DC-3F cells express a basal level of drug resistance
which is antagonized by cytochalasin B and phloretin. Taken
together, these results suggest the participation of the facil-
itative glucose transporter in the modulation of drug resis-
tance in Chinese hamster cells.

Overexpression of P-glycoprotein but not of glucose trans-
porters in MDR Chinese hamster cells. To confirm the over-
expression of the P-glycoprotein in drug-resistant DC-3F/AD
X cells versus drug-sensitive DC-3F cells, membrane frac-
tions from these cells were analyzed for the presence of
P-glycoprotein. We used an affinity-purified antipeptide an-
tibody directed against the oligopeptide CALDTESEKV
VQEALDKAREG, a sequence conserved within the C-ter-
minal region of all known members of the high-molecular-
weight family of P-glycoproteins (17, 36). As expected, the
antibody recognized one major band of protein (with an
apparent Mr of about 170,000) that was overexpressed in
drug-resistant DC-3F/AD X cells (Fig. 8A, lane 1). On the
other hand, this protein band was barely detectable in
membranes prepared from drug-sensitive DC-3F cells (Fig.
8A, lane 2).
Because drug resistance in DC-3F/AD X cells appears to

be sensitive to inhibitors of facilitated glucose diffusion, we
investigated the possibility that a glucose transport protein is
also overexpressed in DC-3F/AD X versus DC-3P cells. For
these experiments, we used an antipeptide antibody raised in
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FIG. 8. Immunoblot analysis of membrane-enriched fractions
from DC-3F (drug sensitive) and DC-3F/AD X (drug resistant)
Chinese hamster cells. Membrane-enriched fractions were solubi-
lized in gel sample buffer and submitted to SDS-polyacrylamide gel
electrophoresis. After transfer to nitrocellulose, the membranes
were probed with an antipeptide antibody prepared against P-glyco-
protein (A) or an antipeptide antibody against the glucose trans-
porter (B). About 30 and 120 ,ug of membrane protein were loaded in
each lane for panels A (7.5% acrylamide gel) and B (12% acrylamide
gel), respectively. Lanes: 1, membranes from DC-3F/AD X cells; 2,
membranes from DC-3F cells. The blots were developed by using
125I-protein A (Amersham) (A) and AuroProbe (Janssen) (B). Posi-
tions of molecular weight markers are shown at the left.

rabbits against the peptide IPWFIVAELFSQGPRPAAVA.
This antibody reacts with three major members of the family
of mammalian facilitative glucose transporters, the GLUT1,
GLUT2, and GLUT4 proteins (72a). When this antibody was
used, one broad protein band of apparent Mr 45,000 was
identified in both cell lines, DC-3F/AD X (Fig. 8B, lane 1)
and DC-3F (Fig. 8B, lane 2). Although higher amounts of the
immunoreactive protein ofMr 45,000 appear to be present in
the drug-resistant cell line DC-3F/AD X than in the drug-
sensitive cell line DC-3F (compare lanes 1 and 2 in Fig. 8B),
this increase was by no means comparable to the increased
overexpression of P-glycoprotein in the drug-resistant cells.
Similar results were obtained when the immunoblotting
experiments were repeated using plasma membrane-en-
riched fractions prepared from a murine cell line selected for
its resistance to colchicine (data not shown). We next
examined the capacity of drug-resistant (DC-3F/AD X) and
drug-sensitive (DC-3F) cells to accumulate 2-deoxy-D-glu-
cose. Initial experiments indicated that the uptake of 0.1 mM
2-deoxy-D-glucose by both cells increased linearly with time
for at least 5 min. Using short incubation periods, less than
a twofold increase in uptake of 2-deoxy-D-glucose was
observed in drug-resistant DC-3F/AC X cells (70 pmol/rflin
per 106 cells) versus drug-sensitive DC-3F cells (40 pmol/min
per 106 cells). These results suggest that there is only a minor
increase in the expression of a glucose transporter-like
protein in drug-resistant versus drug-sensitive Chinese ham-
ster cells.

DISCUSSION
We have demonstrated that X. laevis oocytes injected with

RNA encoding the mammalian erythrocyte/brain facilitative
glucose transporter (the rat GLUT1 protein) show a lower
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accumulation of vinblastine and a greater capacity to extrude
the drug than do oocytes injected with water in a drug
accumulation assay. The expression of this phenotype was

dependent on the amount of RNA injected into the oocytes
and also on the synthesis of a protein that was functionally
active as a hexose transporter. Hexose uptake assays and
immunoblot analysis demonstrated that the rat GLUT1
protein was expressed in a functional form in oocytes
injected with RNA transcribed form the respective cloned
cDNA (this study; 71, 72). Results of hexose uptake exper-
iments using oocytes expressing the rat GLUT1 protein
show that verapamil inhibits and vinblastine stimulates hex-
ose uptake. These results support the idea that the expressed
mammalian facilitative hexose transporter participates in
modulating the drug sensitivity of the injected oocytes. This
conclusion is reinforced by the competition experiments
which indicate that the accumulation of vinblastine in
oocytes expressing the rat GLUT1 protein is sensitive to
specific drugs, in comparison with oocytes expressing the
mouse Mdrlb P-glycoprotein. Although the accumulation of
vinblastine is sensitive to verapamil in both cases (7), two
inhibitors of facilitated glucose diffusion, cytochalasin B and
phloretin, affect the accumulation of vinblastine in oocytes
expressing the rat GLUT1 protein but have no significant
effect on oocytes expressing the mouse Mdrlb P-glycopro-
tein. We (71, 72), and others (26, 41) have shown that
different mammalian facilitative glucose transporters ex-
pressed in Xenopus oocytes show functional properties
similar to those of the transporters present in the tissues
from which they were originally cloned. These properties
include stereospecificity for D-hexoses and inhibition by
cytochalasin B and phloretin. Identical conclusions apply to
the Mdrlb P-glycoprotein expressed in Xenopus oocytes.
Thus, oocytes expressing the Mdrlb P-glycoprotein show a

decreased accumulation of vinblastine when assayed in a

drug accumulation assay, phenotype that is reverted by
verapamil but not by colchicine (7).
The differential sensitivity to cytochalasin B and phloretin

suggests the possible participation of an endogenous facili-
tative glucose transporter-like protein in uninjected oocytes
that are refractory to the entry of low concentrations of
vinblastine (measured in a drug accumulation assay). The
activity of this transporter is sensitive to cytochalasin B and
phloretin (21, 26, 41, 71, 72). We have shown that 2-deoxy-
D-glucose, 3-0-methyl-D-glucose, and D-glucose, but not
L-glucose, induce a rapid and reversible increase in the level
of vinblastine accumulated by oocytes expressing the mouse

Mdrlb P-glycoprotein. The specificity of the effect of D-hex-
oses, the temporal correlation of the initial burst of vinblas-
tine influx with the linear phase of the uptake of hexoses by
oocytes, the fact that the maximal level of drug accumulation
was observed at about 10 mM 2-deoxy-D-glucose, the Km of
the Xenopus oocyte endogenous glucose transporter of
about 1.5 mM (71), and the obseryation that the expression
of the mouse Mdrlb P-glycoprotein had no effect on the
transport of hexoses by Xenopus oocytes all suggest that the
putative endogenous facilitative glucose transporters in Xe-
nopus oocytes modulate the accumulation of vinblastine in
oocytes expressing the mouse Mdrlb P-glycoprotein. A
plausible alternative explanation is that the effect of the
hexoses on drug accumulation is indirectly mediated through
the, modulation of the activify of Ca2" channels by the
hexoses (63). This hypothesis seems plausible given the
dramatic effect of verapamil, a Ca2" channel blocker, on the
accumulation of vinblastine in uninjected oocytes and on
oocytes expressing the rat GLUT1 protein or the mouse

Mdrlb P-glycoprotein (7). However, the metabolism of
glucose is required for modulation of Ca2" channel activity
(63). Clearly this is not the case for the action of hexoses on
the accumulation of vinblastine by Xenopus oocytes because
2-deoxy-D-glucose and 3-O-methyl-D-glucose cause the
same effect as D-glucose in this system.
Evidence supporting the validity of the results obtained

with the Xenopus oocyte system is provided by our obser-
vations indicating that the glucose transporter may also be
involved in modulating drug resistance in mammalian cell
lines. The results obtained in drug accumulation assays using
the drug-sensitive DC-3F cells in the presence of verapamil,
cytochalasin B, or phloretin suggest that a facilitative glu-
cose transport-like protein may be involved in the basal
resistance to the accumulation of vinblastine observed in this
cell line. Moreover, the sensitivity of drug accumulation and
efflux by MDR DC-3F/AD X cells to cytochalasin B and
phloretin gives additional support to the idea of a role for the
facilitative glucose transporter in the drug-resistant pheno-
type. The lack of effect of cytochalasin E and the reversibil-
ity of the effects of verapamil, cytochalasin B, and phloretin
on drug accumulation rule out the possibility of an artifact
originated by the irreversible disruption of some important
physiological process by these drugs in DC-3F/AD X cells.
An intriguing observation is that drug-resistant cells (DC-3F/
AD) show only a minor increase (in comparison with DC-3F
drug-sensitive cells) in the amount of a protein cross-reactive
with antibodies directed against the mammalian facilitative
glucose transporters and in their capacity to take 2-deoxy-
D-glucose, suggesting that the development of resistance to
drugs is not accompanied by a significant increase in the
expression of a facilitative glucose transport-like protein. On
the other hand, the correlation observed in the sensitivity of
these resistant cell lines to cytochalasin B is consistent with
a possible role for the facilitative glucose transporter in the
development of drug resistance. This conclusion is sup-
ported by the work of Tsuruo and lida (64) demonstrating an
increased accumulation of vincristine and daunomycin in
several tumor cells (both drug resistant and drug sensitive)
incubated in the presence of either cytochalasin B or vera-

pamil.
There is additional evidence in the literature compatible

with the suggested role for the glucose transporter in the
development of multidrug resistance. Chinese hamster cells
develop resistance to drugs when cultured under conditions
of glucose deprivation; this resistance developed rapidly and
was totally reversible within 24 h of refeeding (62). A number
of well-characterized cell lines grown under conditions of
glucose deprivation characteristically show increased
expression of a facilitative glucose transporter (12, 34). In
addition, it has been shown that exposure of drug-sensitive
cell lines to phorbol esters rapidly induces a drug-resistant
phenotype that is sensitive to verapamil, which is-accompa-
nied by a net decrease in intracellular drug accumulation
(vincristine and doxorubicin) (20). It is interesting that
phorbol esters, when added to cultured cell lines, induce the
increased expression of a facilitative glucose transporter (42,
51, 75).
Our results indicate that two polypeptides, the rat GLUT1

protein and the Mdrlb P-glycoprotein, which appear to be
unrelated in terms of primary structure, can confer similar
phenotypes (as defined by the drug accumulation assay)
when expressed in X. laevis oocytes. These two polypep-
tides are similar only in that they are highly hydrophobic and
show a striking similarity in predicted secondary structure
that includes the presence of 12 putative transmembrane
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domains (27, 52). On the other hand, the mammalian facili-
tative glucose transporters appear to contain putative ATP
binding sites not related in sequence to those described in
P-glycoprotein (6). Thus, although these proteins can be
related from a functional point of view, with respect to
sequence homology the glucose transporter appears not to
be a member of the superfamily of nucleotide-binding pro-
teins involved in transport processes. This superfamily com-
prises the high-molecular-weight membrane proteins in-
volved in the development of multidrug resistance (19, 23,
25, 39, 67, 74), the Saccharomyces cerevisiae STE6 gene
product involved in protein export (44, 48), and a group of
well-characterized ATP-dependent proteins involved in sev-
eral bacterial transport systems (1).
How the facilitative glucose transporter might contribute

to drug resistance remains unclear. It is possible that the
glucose transporter acts directly as a drug efflux pump, the
functional hallmark that defines the activity of mammalian
P-glycoproteins. Our results obtained for the X. laevis
oocyte expression system can be interpreted as giving some
support to this hypothesis. The fact that the human erythro-
cyte hexose transporter contains a putative ATP binding site
which is conserved in the different members of the mamma-
lian family of facilitative glucose transporters is also consis-
tent with this hypothesis (6). On the other hand, immuno-
logical and functional studies appear to indicate that there is
only a minor increase in the expression of a hexose trans-
port-like protein in drug-resistant versus drug-sensitive Chi-
nese hamster cells. We do not know whether the glucose
transporter is able to interact with P-glycoprotein in the
membrane of drug-resistant cells and whether an interaction
of this kind can modulate the functional activity of P-glyco-
protein. Given the considerations noted above, this is an
intriguing possibility worth exploring.

ACKNOWLEDGMENTS

We thank Stephen Hsu for the mouse Mdrlb cDNA and Marian
Meyers for her generosity in providing the Chinese hamster cell
lines DC-3F and DC-3F/AD X.

This work was supported by Public Health Service grant DK
35158 from the National Institutes of Health and grant NP 6225 from
the American Cancer Society to O.M.R.

REFERENCES
1. Ames, G. 1986. Bacterial periplasmic transport systems: struc-

ture, mechanism, and evolution. Annu. Rev. Biochem. 55:397-
425.

2. Asano, T., Y. Shibasaki, S. Ohno, H. Taira, J.-L. Lin, M.
Kasuga, Y. Kanasawa, Y. Akanuma, F. Takaku, and Y. Oka.
1989. Rabbit brain glucose transporter responds to insulin when
expressed in insulin-sensitive Chinese hamster ovary cells. J.
Biol. Chem. 264:3416-3420.

3. Azzaria, M., E. Schurr, and P. Gross. 1989. Discrete mutations
introduced in the predicted nucleotide-binding sites of the mdrl
gene abolish its ability to confer multidrug resistance. Mol. Cell.
Biol. 9:5289-5297.

4. Beck, W., T. Mueller, and L. Tanzer. 1979. Altered surface
membrane glycoproteins in Vinca alcaloid-resistant humen leu-
kemic lymphoblasts. Cancer Res. 39:2070-2076.

5. Birnbaum, M., H. Haspel, and 0. M. Rosen. 1986. Cloning and
characterization of a cDNA encoding the rat brain glucose-
transporter protein. Proc. Natl. Acad. Sci. USA 83:5784-5788.

6. Carruthers, A., and A. Helgerson. 1989. The human erythrocyte
sugar transporter is also a nucleotide binding protein. Biochem-
istry 28:8337-8346.

7. Castiflo, G., J. C. Vera, C-P. H. Yang, S. B. Horwitiz, and 0. M.
Rosen. 1990. Functional expression of murine multidrug resis-
tance in Xenopus laevis oocytes. Proc. Natl. Acad. Sci. USA

87:4737-4741.
8. Chen, C-J., J. Chin, K. Ueda, D. Clark, I. Pastan, M. Gottes-

man, and I. Roninso. 1986. Internal duplication and homology
with bacterial transport proteins in the mdrl (P-glycoprotein)
gene from multidrug-resistant human cells. Cell 47:381-389.

9. Cornwell, M., M. Gottesman, and I. Pastan. 1986. Increased
vinblastine binding to membrane vesicles from multidrug-resis-
tant KB cells. J. Biol. Chem. 261:7921-7928.

10. Cornwell, M., I. Pastan, and M. Gottesman. 1987. Certain
calcium channel blockers bind specifically to multidrug-resistant
human KB carcinoma membrane vesicles and inhibit drug
binding to P-glycoprotein. J. Biol. Chem. 262:2166-2170.

11. Cornwell, M., A. Safa, R. Felsted, M. Gottesman, and I. Pastan.
1986. Membrane vesicles from multidrug-resistant human can-
cer cells contain a specific 150- to 170-kDa protein detected by
photoaffinity labeling. Proc. Natl. Acad. Sci. USA 83:3847-
3850.

12. D'amore, T., M. Cheung, V. Duronio, and T. Lo. 1986. Stimu-
lation of hexose transport in L6 rat myoblasts by antibody and
by glucose starvation. Biochem. J. 238:831-836.

13. Dano, K. 1973. Active outward transport of daunomycin in
resistant Erlich ascites tumor cells. Biochim. Biophys. Acta
323:466-483.

14. Debenham, P., M. Kartner, L. Siminovitch, J. Riordan, and V.
Ling. 1982. DNA-mediated transfer of multiple drug resistance
and plasma membrane glycoprotein expression. Mol. Cell. Biol.
2:881-889.

15. deBruQn, M., A. Van der Bliek, J. Biedler, and P. Borst. 1986.
Differential amplification and disproportionate expression of
five genes in three multidrug-resistant Chinese hamster lung cell
lines. Mol. Cell. Biol. 6:4717-4722.

16. Deuchars, K., R.-P. Du, M. Naik, D. Evernden-Porelle, N.
Kartner, A. van der Bliek, and V. Ling. 1987. Expression of
hamster P-glycoprotein and multidrug resistance in DNA-medi-
ated transformants of mouse LTA cells. Mol. Cell. Biol. 7:718-
724.

17. Devault, A., and P. Gros. 1989. Two members of the mouse mdr
gene family confer multidrug resistance with overlapping but
distinct drug specificities. Mol. Cell. Biol. 10:1652-1663.

18. Dumont, J. N. 1972. Oogenesis in Xenopus laevis (Daudin). I.
Stages of oocyte development in laboratory maintained animals.
J. Morphol. 136:153-180.

19. Endicott, J., and V. Ling. 1989. The biochemistry of P-glyco-
protein-mediated multidrug resistance. Annu. Rev. Biochem.
58:137-171.

20. Fine, R., J. Patel, and B. Chabner. 1988. Phorbol esters induce
multidrug resistance in human breast cancer cells. Proc. Natl.
Acad. Sci. USA 85:582-586.

21. Fischbarg, J., K. Kuang, J. C. Vera, S. Arant, S. Silverstein, J.
Loike, and 0. M. Rosen. 1990. Glucose transporters serve as
water channels. Proc. Natl. Acad. Sci. USA 87:3244-3247.

22. Fojo, A., M. Akiyama, M. Gottesman, and I. Pastan. 1985.
Reduced drug accumulation in multiple drug-resistant human
KB carcinoma cell lines. Cancer Res. 45:3002-3007.

23. Foote, S., J. Thompson, A. Cowman, and D. Kemp. 1989.
Amplification of the multidrug resistance gene in some chloro-
quine-resistant isolates of P. falciparum. Cell 57:921-930.

24. Gerlach, J., J. Endicott, P. Juranka, G. Henderson, F. Sarangi,
K. Deuchars, and V. Ling. 1986. Homology between P-glyco-
protein and a bacterial haemolysin transport protein suggests a
model for multidrug resistance. Nature (London) 324:485-489.

25. Gottesman, M., and I. Pastan. 1989. The multidrug transporter,
a double-edged sword. J. Biol. Chem. 263:12163-12166.

26. Gould, G., and G. Lienhard. 1989. Expression of a functional
glucose transporter in Xenopus oocytes. Biochemistry 28:9447-
9452.

27. Gros, P., J. Croop, and D. Housman. 1986. Mammalian multi-
drug resistant gene: complete cDNA sequence indicates strong
homology to bacterial transport proteins. Cell 47:371-380.

28. Gros, P., Y. Neriah, J. Croop, and D. Housman. 1986. Isolation
and expression of a complementary DNA that confers multidrug
resistance. Nature (London) 323:728-731.

29. Gros, P., M. Raymond, J. Bell, and D. Housman. 1988. Cloning

MOL. CELL. BIOL.



HEXOSE TRANSPORTERS AND DRUG RESISTANCE 3417

and characterization of a second member of the mouse mdr
family. Mol. Cell. Biol. 8:2770-2778.

30. Hamada, H., and T. Tsuruo. 1986. Functional role of the
170-180-kDa glycoprotein specific to drug-resistant tumor cells
as revealed by monoclonal antibodies. Proc. Natl. Acad. Sci.
USA 83:7785-7789.

31. Hamada, H., and T. Tsuruo. 1988. Purification of the 170- to
180-kilodalton membrane glycoprotein associated with multi-
drug resistance. 170- to 180-kilodalton membrane glycoprotein
is an ATPase. J. Biol. Chem. 263:1454-1458.

32. Hammond, J., R. Johnstone, and P. Gros. 1989. Enhanced efflux
of [3H]vinblastine from Chinese hamster ovary cells transfected
with a full-length complementary DNA clone for the mdrl gene.
Cancer Res. 49:3867-3871.

33. Haspel, H., M. Rosenfeld, and 0. M. Rosen. 1988. Characteri-
zation of antisera to a synthetic carboxyl-terminal peptide of the
glucose transporter protein. J. Biol. Chem. 263:398-403.

34. Haspel, H., E. Wilk, M. Birnbaum, S. Cushman, and 0. M.
Rosen. 1986. Glucose deprivation and hexose transporter poly-
peptides of murine fibroblasts. J. Biol. Chem. 261:6778-6789.

35. Horio, M., M. Gottesman, and I. Pastan. 1988. ATP-dependent
transport of vinblastine in vesicles from human multidrug-
resistant cells. Proc. Natl. Acad. Sci. USA 85:3580-3584.

36. Hsu, S., L. Lothstein, and S. Horwitz. 1989. Differential over-
expression of three mdr gene family members in multidrug-
resistant J774.2 mouse cells. Evidence that distinct P-glycopro-
tein precursors are encoded by unique mdr genes. J. Biol.
Chem. 264:12053-12062.

37. Inaba, M., H. Kobayashi, Y. Sakurai, and R. Johnson. 1979.
Active efflux of daunorubicin and Adriamycin in sensitive and
resistant sublines of P388 leukemia. Cancer Res. 39:2200-2203.

38. Juliano, R., and V. Ling. 1976. A surface glycoprotein modu-
lating drug permeability in Chinese hamster ovary cell mutants.
Biochim. Biophys. Acta 455:152-162.

39. Juranka, P., R. Zastawny, and V. Ling. 1989. P-glycoprotein:
multidrug resistance and a superfamily of membrane-associated
transport proteins. FASEB J. 3:2583-2592.

40. Kartner, N., J. Riordan, and V. Ling. 1983. Cell surface
P-glycoprotein associated with multidrug resistance in mamma-
lian cells. Science 221:1285-1288.

41. Keller, K., M. Strube, and M. Mueckler. 1989. Functional
expression of the human HepG2 and rat adipocyte glucose
transporters in Xenopus oocytes. Comparison of kinetic param-
eters. J. Biol. Chem. 264:18884-18889.

42. Kitagawa, T., M. Tanaka, and Y. Akamatsu. 1989. Regulation of
glucose transport activity and expression of glucose transporter
mRNA by serum, growth factors and phorbol ester in quiescent
mouse fibroblasts. Biochim. Biophys. Acta 980:100-108.

43. Koch, G., M. Smith, P. Twentyman, and K. Wright. 1986.
Identification of a novel calcium-binding protein (CP22) in
multidrug-resistant murine and hamster cells. FEBS Lett. 195:
275-279.

44. Kuchler, K., R. Sterne, and J. Thorner. 1989. Saccharomyces
cerevisiae STE6 gene product: a novel pathway for protein
export in eukaryotic cells. EMBO J. 8:3973-3984.

45. Laemmli, U. K. 1970. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature (London)
227:680-685.

46. Ling, V., and L. Thompson. 1974. Reduced permeability in CHO
cells as a mechanism of resistance to colchicine. J. Cell.
Physiol. 83:103-116.

47. Martinsson, T., B. Dahllof, Y. Wettergren, H. Leffler, and G.
Levan. 1985. Pleiotropic drug resistance and gene amplification
in a SEWA mouse tumor cell line. Exp. Cell Res. 158:382-394.

48. McGrath, J., and A. Varshavsky. 1989. The yeast STE6 gene
encodes a homologue of the mammalian multidrug resistance
P-glycoprotein. Nature (London) 340:400-404.

49. Meyers, M., L. Rittmann-Grauer, J. O'Brien, and A. Safa. 1989.
Characterization of monoclonal antibodies recognizing a Mr
180,000 P-glycoprotein: differential expression of the Mr
180,000 and Mr 170,000 P-glycoproteins in multidrug-resistant
human tumor cells. Cancer Res. 49:3209-3214.

50. Meyers, M., B. Spengler, T.-D. Chang, P. Melera, and J.

Biedler. 1985. Gene amplification-associated cytogenetic aber-
rations and protein changes in vincristine-resistant Chinese
hamster, mouse, and human cells. J. Cell Biol. 100:588-597.

51. Mud, L., H. Werner, Z. Shen-Orr, C. Roberts, D. LeRoith, D.
Haspel, and M. Raizada. 1990. Regulation of rat brain/Hep G2
glucose transporter gene expression by phorbol esters in pri-
mary cultures of neuronal and astrocytic glial cells. Endocrinol-
ogy 126:545-549.

52. Mueckler, M., C. Caruso, S. Baldwin, M. Panico, I. Blench, H.
Morris, W. Allard, G. Lienhard, and H. Lodish. 1985. Sequence
and structure of a human glucose transporter. Science 229:941-
945.

53. Oka, Y., T. Asano, Y. Shibasaki, J. L. Lin, K. Tsukuda, H.
Katagiri, Y. Akanuma, and F. Takaku. 1990. C-terminal trun-
cated glucose transporter is locked into an inward-facing form
without transport activity. Nature (London) 345:550-553.

54. Peterson, R., and J. Biedler. 1978. Plasma membrane proteins
and glycoproteins from Chinese hamster cells sensitive and
resistant to actinomycin D. J. Supramol. Struct. 9:289-298.

55. Peterson, R., M. Meyers, B. Spengler, and J. Biedler. 1983.
Alteration of plasma membrane glycopeptides and gangliosides
of Chinese hamster cells accompanying development of resis-
tance to daunorubicin and vincristine. Cancer Res. 43:222-228.

56. Raymond, M., E. Rose, D. Housman, and P. Gros. 1990.
Physical mapping, amplification, and overexpression of the
mouse mdr gene family in multidrug-resistant cells. Mol. Cell.
Biol. 10:1642-1651.

57. Riordan, J., K. Deuchars, N. Kartner, N. Alon, J. Trent, and V.
Ling. 1985. Amplification of P-glycoprotein genes in multidrug-
resistant mammalian cell lines. Nature (London) 316:817-819.

58. Riordan, J., and V. Ling. 1979. Purification of P-glycoprotein
from plasma membrane vesicles of Chinese hamster ovary cell
mutants with reduced colchicine permeability. J. Biol. Chem.
254:12701-12705.

59. Roninson, I., J. Chin, K. Choi, P. Gros, D. Housman, A. Fojo, D.
Shen, M. Gottesman, and I. Pastan. 1986. Isolation of human
mdr DNA sequences amplified in multidrug resistant KB carci-
noma cells. Proc. Natl. Acad. Sci. USA 83:4538-4542.

60. Safa, A., C. Glover, M. Meyers, J. Biedler, and R. Felsted. 1986.
Vinblastine photoaffinity labeling of a high molecular weight
surface membrane glycoprotein specific for multidrug-resistant
cells. J. Biol. Chem. 261:6137-6140.

61. Shen, D.-W., C. Cardarelli, J. Hwang, M. Cornwell, N. Richert,
S. Ishlii, I. Pastan, and M. Gottesman. 1986. Multiple drug-
resistant human KB carcinoma cells independently selected for
high resistance to colchicine, adriamycin, or vinblastine show
changes in expression of specific proteins. J. Biol. Chem.
261:7762-7770.

62. Shen, J., C. Hughes, C. Chao, J. Cai, C. Bartels, T. Gessner, and
J. Subjeck. 1987. Coinduction of glucose-regulated proteins and
doxorubicin resistance in Chinese hamster cells. Proc. Natl.
Acad. Sci. USA 84:3278-3282.

63. Smith, P., P. Rorsman, and F. Ashcroft. 1989. Modulation of
dihydropyridine-sensitive Ca2+ channels by glucose metabolism
in mouse pancreatic P-cells. Nature (London) 342:550-553.

64. Tsuruo, T., and H. Iida. 1986. Effects of cytochalasins and
colchicine on the accumulation and retention of daunomycin
and vincristine in drug resistant tumor cells. Biochem. Pharma-
col. 35:1087-1090.

65. Ueda, K., C. Cardarefli, M. Gottesman, and I. Pastan. 1987.
Expression of a full-length cDNA for the human "MDR1" gene
confers resistance to colchicine, doxorubicin, and vinblastine.
Proc. Natl. Acad. Sci. USA 84:3004-3008.

66. van der Bliek, A., F. Bass, T. deLange, P. Kooiman, T. van der
Velde-Koerts, and P. Borst. 1987. The human mdr3 gene en-
codes a novel P-glycoprotein homologue and gives rise to
alternatively spliced mRNAs in liver. EMBO J. 6:3325-3331.

67. van der Bliek, A., and P. Borst. 1989. Multidrug resistance. Adv.
Cancer Res. 52:165-202.

68. van der Bliek, A., P. Kooiman, C. Schneider, and P. Borst. 1988.
Sequence of mdr3 cDNA encoding a human P-glycoprotein.
Gene 71:401-411.

69. van der Bliek, A., M. Meyers, J. Biedler, E. Hes, and P. Borst.

VOL . 1 l, 1991



3418 VERA ET AL. MOL. CELL. BIOL.

1986. A 22-kd protein (sorcinNV19) encoded by an amplified gene
in multidrug-resistant cells, is homologous to the calcium-
binding light chain of calpain. EMBO J. 5:3201-3208.

70. van der Bliek, A., T. van der Velde-Koerts, V. Ling, and P.
Borst. 1986. Overexpression and amplification of five genes in a
multidrug-resistant Chinese hamster ovary cell line. Mol. Cell.
Biol. 6:1671-1678.

71. Vera, J. C., and 0. M. Rosen. 1989. Functional expression of
mammalian glucose transporters in Xenopus laevis oocytes:
evidence for cell-dependent insulin sensitivity. Mol. Cell. Biol.
9:4187-4195.

72. Vera, J. C., and 0. M. Rosen. 1990. Reconstitution of an insulin
signaling pathway in Xenopus laevis oocytes: coexpression of a
mammalian insulin receptor and three different mammalian

hexose transporters. Mol. Cell. Biol. 10:743-751.
72a.Vera, J. C., and 0. M. Rosen. Unpublished data.
73. Willingham, M., M. Cornwell, C. Cardareili, M. Gottesman, and

I. Pastan. 1986. Single cell analysis of daunomycin uptake and
efflux in multidrug-resistant and -sensitive KB cells: effects of
verapamil and other drugs. Cancer Res. 46:5941-5946.

74. Wilson, C. A. Serrano, A. Wasley, M. Bogenschutz, A. Shankar,
and D. Wirth. 1989. Amplification of a gene related to a
mammalian mdr genes in drug-resistant Plasmodium falciparum.
Science 244:1184-1186.

75. Yamada, K., L. Tilloston, and K. Isselbacher. 1986. Regulation
of hexose transporters in chicken embryo fibroblasts: stimula-
tion by the forbol ester TPA lead to increased numbers of
functioning transporters. J. Cell. Physiol. 127:211-215.


