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ABSTRACT. Growth factors and oncogenes promote glucose uptake, but the extent to which increased uptake
is regulated at the level of glucose transporter function has not been clearly established. In this paper, we show
that interleukin-3 (IL-3), a cytokine growth factor, and the transforming oncogenes ras and abl alter the
activation state of glucose transporters by distinct mechanisms. Using bone marrow-derived IL-3-dependent
32Dcl3 (32D clone 3) cells and 32D cells transformed with ras and abl oncogenes, we demonstrated that IL-3
enhanced [3H]-2-deoxyglucose (2-DOG) uptake in parental 32Dcl3 cells by 40–50% at 0.2 mM 2-DOG, and
this was associated with a 2.5-fold increase in transporter affinity for glucose (reduced Km). In comparison, ras
and abl oncogenes enhanced 2-DOG uptake by 72–112%, associated with a 2-fold greater transporter affinity for
glucose. The tyrosine kinase inhibitor genistein reversed the effects of both IL-3 and oncogenes on glucose
uptake and reduced transporter affinity for glucose. Likewise, with exponentially growing 32D cells in the
presence of IL-3, a protein kinase C inhibitor, staurosporine, and a phosphatidylinositol 3-kinase (PI-3) kinase
inhibitor, wortmannin, inhibited 2-DOG uptake and decreased transporter affinity for glucose. In contrast, in
oncogene-transformed cells, staurosporine inhibited 2-DOG uptake but failed to decrease transporter affinity for
glucose, whereas wortmannin did not affect 2-DOG uptake. Inhibition of protein tyrosine phosphatases with
vanadate enhanced 2-DOG uptake and transporter affinity for glucose in parental cells and in ras-transformed
cells but had little effect on abl-transformed cells. Consistently, the serine/threonine phosphatase type 2A
inhibitor okadaic acid enhanced 2-DOG uptake and transporter affinity for glucose in parental cells but had little
effect on ras- or abl-transformed cells. These results demonstrate differences in the regulation of glucose transport
in parental and oncogene-transformed 32D cells. Thus, IL-3 responses are dependent upon tyrosine, serine/
threonine, and PI-3 kinases, whereas ras and abl effects on glucose transport depend upon tyrosine phosphory-
lation but are compromised in their dependence upon serine/threonine and PI-3 kinases. BIOCHEM PHARMACOL
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Glucose is required for survival, growth, proliferation, and
function of most mammalian cells. Transport of glucose
across the mammalian plasma membrane occurs by a family
of stereospecific structurally related “facilitative” glucose
transporter (Gluts†) that shift glucose down its concentra-
tion gradient without expenditure of energy [1, 2]. These
Gluts are expressed in a tissue-specific manner, and their
expression and transporter function appear to be regulated
intracellularly and also by extracellular signals such as

growth factors. Glucose entry into cells has been shown to
be regulated during malignant transformation [3, 4], by
growth factors [5, 6], following treatment with death-
inducing agents [7], and in response to extracellular stress
[8, 9]. In insulin-responsive cells, insulin acutely stimulates
glucose transport by translocating Glut-4 from an intracel-
lular pool to the plasma membrane [10, 11]. Glut-1, which
is less abundant, may also be recruited to the plasma
membrane in response to insulin, but this occurs to a much
lesser extent [12]. In addition to recruitment, there is also
evidence that insulin modulates the intrinsic activity of
both Glut-1 and Glut-4 [13, 14]. Apart from insulin-
stimulated responses, regulation of glucose transport in
other systems has not been widely studied. Increased
glucose transport in response to growth factors has been
shown to occur in leukemic cells [15], retinal epithelial cells
[16], developing myocytes [17], lymphoid cells [6], and
other hemopoietic cells [18, 19]. In some cells, increased
transport has been shown to occur through increased Glut
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expression or translocation of stored transporters to the
plasma membrane [11, 17]. However, in other studies
intrinsic activation of transporters at the cell surface was
involved in the stimulation of glucose transport [6, 18],
suggesting that growth factors other than insulin can also
regulate the activation state of Gluts.

Oncogenes circumvent the growth factor requirement of
cells by mechanisms including constitutive activation of
the signalling molecules used by growth factors. A major
difference between tumour cells and cells in surrounding
tissue is the nutritional and metabolic environment in
which they survive. The functional vasculature of tumours
is often inadequate to supply the nutritional needs of the
expanding tumour. As a result, hypoxia and nutrient
deficiency contribute to cell death within a tumour. Many
cells, however, survive stressful conditions by modifying
nutrient transport. Hence, changes in cell surface proteins
associated with nutrients allow transformed cells to survive
in an altered and hostile micro-environment, and this
contributes to malignant behavior. Enhanced glucose up-
take is a characteristic biochemical feature of tumour cells
[20], and this has been associated with increased expression
of transporter mRNA and protein [3] and decreased trans-
porter turnover [21]. Acceleration of glucose uptake in
some transformed cells correlates with over-expression of
Glut-1 and Glut-3 transporters [22]. Increased affinity of
Gluts for glucose has been demonstrated in tumour cell
lines [23] and in tumourigenic revertants of suppressed
hybrid cells compared with the non-malignant phenotype
[24], but in these studies cells of widely different back-
grounds were used, and the transforming event was not
clearly defined.

Growth factors and oncogenes alter the phosphorylation
of tyrosine, serine, and threonine residues of many proteins.
Inhibitors of tyrosine kinases, serine/threonine kinases, and
PI-3 kinases have been shown to inhibit insulin-stimulated
glucose transport in adipocytes and muscle cells [25–27].
On the other hand, tyrosine and serine/threonine phospha-
tase inhibitors have been demonstrated to stimulate basal
and insulin-stimulated glucose transport in muscle cells [28,
29]. Kinase inhibitors reduce glucose transport by suppress-
ing the translocation of Glut-4 and Glut-1 to the plasma
membrane, but effects on the intrinsic properties of trans-
porters are not known. Furthermore, little is known about
the role of phosphorylation in the regulation of glucose
transport in systems other than those regulated by insulin.

Using a bone marrow-derived cell line, we and others
have shown that growth factors enhance glucose transport
by increasing the affinity of Gluts for glucose (Km) [6, 18,
30–32], and inhibitor studies have indicated the involve-
ment of protein phosphorylation in the process [18, 30].
These results, when considered alongside those of others
using transformed cells [23, 24], suggest that oncogenes may
act like growth factors to maintain the activation state of
Gluts by a mechanism involving phosphorylation.

In the present study, we compared the regulation of
glucose transport by IL-3 and specific oncogenes like ras

and abl. We demonstrated that both IL-3 and oncogenes
enhance glucose transport by activating existing transporter
molecules. Both IL-3 and oncogene-stimulated glucose
uptake were abolished by the tyrosine kinase inhibitor
genistein, and this was associated with loss of transporter
affinity for glucose. Staurosporine (a protein kinase C
inhibitor) and wortmannin (a PI-3 kinase inhibitor) also
inhibited IL-3-stimulated glucose uptake and the activation
state of transporters, but effects on oncogene-stimulated
glucose transport were compromised. The protein phospha-
tase inhibitors vanadate and okadaic acid enhanced both
basal and IL-3-stimulated glucose uptake and increased
transporter affinity for glucose, but had a differential effect
on oncogene-transformed cells. These results suggest that
IL-3 and the oncogenes ras and abl regulate glucose trans-
port by increasing the activation state of transporter mol-
ecules, but the role of phosphorylation in the functional
activity of the transporters differs between parental and
oncogene-transformed cells.

MATERIALS AND METHODS
Cells and Cell Culture

32D clone 3 (32Dcl3) cells, originally derived from long-
term bone marrow cultures of C3H/HeJ mice [33], and
temperature-sensitive (ts) ras and abl transfected 32D cells
were gifts from Dr. S. T. Anderson, Department of Pathol-
ogy, University of Colorado Health Science Center. Ts-ras
and ts-abl are clones of v-ras and v-abl retrovirus-infected
32Dcl3 cells and have been described by Stein et al. [34]
and Kipreos et al. [35]. Cells were maintained in RPMI 1640
medium (Gibco-BRL) supplemented with 25 mg/mL of
penicillin, 25 mg/mL of streptomycin, 10% (v/v) fetal
bovine serum, and 10% WEHI-3-conditioned medium as a
source of IL-3. Recombinant murine IL-3 was obtained
from Professor J. D. Watson, Genesis Research and Devel-
opment Corp., and was used where indicated. Cells were
maintained at the permissive temperature of 32° in a
humidified incubator maintained at 5% CO2. Even though
temperature-sensitive mutants were used in the present
study, their temperature-sensitive property was not used.
Cell viability was determined by trypan blue exclusion,
using a hemocytometer.

[3H]Thymidine Incorporation Assay

Proliferative responses were measured by incubating 5 3
104 cells in 0.1 mL of culture medium in 96-well microtiter
plates for periods of 16–20 hr before adding 0.5 mCi
[3H]thymidine (Amersham, U.K.) for 3 hr. Incorporation of
radioactivity into DNA was determined using an auto-
mated cell harvester and liquid-scintillation counting.

[3H]-2-Deoxyglucose Uptake

2-DOG uptake was measured by the zero-trans method
using 0.5 mCi [3H]-2-deoxy-D-glucose (2-DOG, 200 mM,
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Amersham, U.K.) as described previously [18]. Briefly, cells
were washed in RPMI-1640, resuspended at 5 3 105

cells/mL, and treated with or without growth factors and
inhibitors where appropriate at 32° for the respective
length of time. Then cells were washed twice and preincu-
bated at 37° for 5 min in GF-RPMI 1640. [3H]-2-Deoxy-
D-glucose (2-DOG, 200 mM, 0.5 mCi) was added, and
glucose uptake was determined for 5 min under conditions
where the uptake was linear for 8 min. Uptake was stopped
by adding 500 mL of ice-cold GF-RPMI 1640 containing
0.3 mM phloretin and chilling on ice for a further 5 min.
Cells were solubilized in 100 mL of 1% Triton X-100, and
radioactivity was determined by liquid scintillation count-
ing. All kinetic analysis of 2-DOG uptake used 0.1 to 2.5
mM 2-DOG in extracellular medium and was measured
over 5 min. Initial experiments were performed using 0.1 to
10 mM 2-DOG. The effects of growth factors and inhibitors
were determined by adding them to exponentially growing
cells at 32° for 2 hr. Cells were washed free of the added
factors, and glucose uptake was measured and kinetic
analysis was performed as described above.

Tyrosine Kinase Assay

Cells were washed twice with PBS (137 mM NaCl, 0.3 mM
KCl, 8.1 mM Na2HPO4, 1.5 mM KH2PO4, 0.7 mM CaCl2,
0.5 mM MgCl2, pH 7.2), resuspended at 1 3 107 cells/mL
in PBS, and sonicated at a setting of 7, using an MSE 100
W ultrasonic disintegrator for a total of 90 sec in three
30-sec pulses with an interval of 30 sec between each pulse.
The assay was performed using the Protein Tyrosine Kinase
Assay System (Gibco-BRL). The ability of cells to transfer
phosphate from [g-32P]ATP to a synthetic peptide (RR-
SRC) was measured in the supernatant of crude cell lysates
prepared after spinning the sonicate at 900 g for 5 min.
32P-Labelled peptide was spotted on PEI-cellulose paper
and counted as described by the manufacturer.

Preparation of Crude Membranes

Cells were collected, washed in PBS, and resuspended in
Tris buffer [10 mM Tris–HCl, pH 7.4, 1 mM EDTA, 200
mM sucrose, and 1 mM phenylmethylsulfonyl fluoride
(PMSF)]. Resuspended cells were sonicated, and cellular
debris was removed by centrifugation at 900 g for 10 min at
4°. The supernatant was centrifuged at 110,000 g for 75
min, and the crude membrane was solubilized in 10 mM
Tris–HCl, pH 7.4, containing 0.5% Triton X-100 and 1
mM PMSF for 1 hr at 4°. Insoluble material was removed by
centrifugation for 5 min in a microfuge, and the solubilized
membranes were stored at 270°.

SDS–PAGE and Western Blot Analysis

Solubilized cell membrane preparations (15 mg) were added
to Laemmli sample buffer and incubated at 37° for 10 min.
Proteins were separated on 8% SDS-polyacrylamide gels

using a Mini-Protean II apparatus (Bio-Rad Laboratories).
Proteins were transferred electrophoretically to supported
nitrocellulose membranes (Hybond-C Super, Amersham
International, U.K.) at 15 V for 30 min. Non-specific
binding to membranes was blocked by incubating in TBS/T
containing 5% non-fat dried milk and 5% BSA for 1 hr at
room temperature. Then membranes were incubated with
primary antisera diluted in TBS/T containing 1% BSA for
2 hr at room temperature. Rabbit polyclonal antiserum
against the C-terminus of rat Glut-1 (1/500 dilution,
EastAcres Biologicals) and affinity-purified antibodies
against the C-terminus of mouse Glut-3 (1/50 dilution, gift
from G. W. Gould, University of Glasgow) were employed.
Normal rabbit serum was used as a control in each case.
Membranes were washed with TBS/T, and then incubated
for 1 hr with affinity-purified swine Ig anti-rabbit IgG-
conjugated to horseradish peroxidase (DAKO Corp.) di-
luted 1/4000 in TBS/T. Membranes were washed and
developed using ECL (Amersham International, U.K.) and
high performance luminescence detection film (Amer-
sham).

Densitometric analysis used a Macintosh LC 630 com-
puter and the public domain NIH Image program. The
density of the immunoblot lanes was linear over the range
used.

Protein Determination

Protein was determined using a microplate adaptation of
the method of Bradford [36], and absorbance was measured
at 570 nm.

Statistical Analysis and Presentation of Results

Results are given as means 6 SEM for the number of
experiments specified. Significance of differences between
control, oncogene-transformed, and treated cells was deter-
mined by Student’s t-test.

RESULTS
Effects of IL-3 and ras and abl Oncogenes on
Proliferative Responses and Tyrosine Kinase Activity of
32D Cells

A saturating concentration of IL-3 (20 ng/mL) stimulated
[3H]thymidine incorporation into parental 32Dcl3 cells by
8-fold (Fig. 1A). 32D cells transformed with ras and abl
oncogenes showed a further 2- and 5-fold increase in
proliferative response compared with parental cells opti-
mally stimulated with IL-3. Increased proliferative re-
sponses in 32D cells in response to IL-3 and transforming
oncogenes were associated with increased tyrosine kinase
activity. The tyrosine kinase activity of the parental cells
was increased by 10-fold in the presence of a saturating
concentration of IL-3 (20 ng/mL) (Fig. 1B). A similar level
of tyrosine kinase activity was observed in ras-transformed
cells as in IL-3-stimulated parental cells, while abl oncogene

Glucose Transport Regulation by IL-3 and Oncogenes 389



increased tyrosine activity a further 3-fold. Elevated prolif-
erative responses and enhanced tyrosine kinase activity are
characteristic features of the malignant phenotype. With
abl-transformed cells, increased tyrosine kinase activity
explains constitutively activated ABL tyrosine kinase.

Effects of IL-3 and ras and abl Oncogenes on [3H]-2-
DOG Uptake by 32D Cells

IL-3 significantly stimulated 2-DOG uptake into parental
32Dcl3 cells, with the greatest increase of 45% being
observed between 1 and 4 hr (Fig. 2A). In contrast, IL-3
withdrawal caused the rate of 2-DOG uptake to decline
rapidly, 40% loss being observed by 4 hr. Loss of 2-DOG
uptake in 32Dcl3 cells under these conditions had no effect
on cell viability, which was maintained at 90–95%. 32D
cells transformed by ras and abl oncogenes showed 72–
112% increased 2-DOG uptake compared with parental
IL-3-dependent cells optimally stimulated with IL-3 (Fig.
2B).

Increased glucose uptake in response to IL-3 in parental
cells was associated with changes in the affinity of Gluts for
glucose. IL-3 increased the affinity of Gluts for glucose
(Km) by 2-fold (Table 1), resulting in an increase in glucose
transport. Enhanced glucose uptake in 32D cells trans-
formed with ras and abl oncogenes was also observed and
was associated with a further 1.75- to 2-fold increase in
affinity of Gluts for glucose (Table 1). These kinetic data
were derived using 2-DOG in the concentration range of
0.1 to 2.5 mM. At higher glucose concentrations (.2.5
mM), Km and Vmax values for parental, ras- and abl-
transformed cells showed similar trends (data not shown).
Transport data were analyzed by a Lineweaver–Burk plot

using linear regression analysis. Similar trends were ob-
tained using Eadie–Hofstee plots. The R2 value for each
plot was between 0.99 and 1.00.

Glut Expression in Parental and Oncogene-Transformed
32D Cells

IL-3-dependent 32D cells and 32D cells transfected with
transforming oncogenes ras and abl expressed Glut-1 and
Glut-3 subtypes (Fig. 3, A and B). The average molecular
mass of both Glut-1 and Glut-3 was higher in oncogene-
transformed cells than in parental cells. The relative
Glut-1/Glut-3 expression in ras- and abl-transformed cells
was 1.3- and 1.5-fold higher (the Glut-1/Glut-3 ratio was
arbitrarily set at 1 for parental 32Dcl3 cells), indicating that
enhanced 2-DOG uptake in transformed cells was not due
to a switch to the high-affinity Glut-3 isoform of the
transporter.

Effects of Protein Kinase and Phosphatase Inhibitors on
IL-3-Stimulated [3H]-2-DOG Uptake by 32Dcl3 Cells

To determine whether the activation state of Gluts on
parental 32Dcl3 cells is dependent on tyrosine, serine/
threonine, and PI-3 kinases, inhibitors of these enzymes
were used. Involvement of phosphatases was also evaluated
using vanadate and okadaic acid, which are potent inhibi-
tors for tyrosine and serine/threonine phosphatase type 2A.

Genistein, staurosporine, and wortmannin inhibited
2-DOG uptake in parental cells in a concentration-depen-
dent manner. Complete inhibition of the “IL-3-stimulated”
effect was observed within 2 hr at 0.5 mM, 2 mM, and 100
nM, respectively (Fig. 4). Under these conditions, inhibi-

FIG. 1. Effects of ts-ras and ts-abl on the proliferative responses and tyrosine kinase activity in exponentially growing 32D cells.
Parental 32Dcl3 cells and cells transformed with ras and abl oncogenes were grown exponentially in RPMI 1640 culture medium in
the presence of 10% fetal bovine serum. With 32Dcl3 cells, IL-3 (20 ng/mL) was used where appropriate. (A) [3H]Thymidine
incorporation and (B) tyrosine kinase activity were determined as described in Materials and Methods. Values are the means 6 SEM
of at least three independent experiments, each involving triplicate determinations. Key: (*) significantly different from parental cells
in the absence of IL-3, P < 0.01.
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tors had little effect on basal 2-DOG uptake, and cell
viability remained unchanged. At a higher inhibitor con-
centration, basal 2-DOG uptake (0.16 6 0.01 nmol/106

cells/min) in the absence of IL-3 was inhibited with
genistein and staurosporine (Fig. 4). Inhibition of 2-DOG
uptake by these inhibitors was associated with a 2-fold
decrease in transporter affinity for glucose (Table 2). Under
similar conditions, vanadate and okadaic acid stimulated
both basal and IL-3-dependent responses, increasing trans-
porter affinity for glucose several fold (Table 2). These
results suggest that protein kinases and phosphatases are
involved in the regulation of 2-DOG uptake in IL-3-
stimulated 32D cells. The fact that 2-DOG uptake in the
presence and absence of IL-3 can be stimulated by vanadate
and okadaic acid suggests effects additional to those of IL-3.

Effects of Inhibitors of Protein Kinase and Phosphatase
on ras- and abl-Stimulated [3H]-2-DOG Uptake by
Transformed 32D Cells

Genistein and staurosporine both inhibited 2-DOG uptake
by a maximum 40–50% in ras- and abl-transformed 32D
cells (Fig. 4, A and B). With genistein, this was associated
with decreased transporter affinity for glucose in ras- and
abl-transformed cells, but with staurosporine, even at a
5-fold higher concentration than that used for IL-3-depen-
dent cells, little effect on Km was observed, while there was
a 2- to 3-fold decrease in Vmax (Table 3). Similar effects
were observed with calphostin C, another potent PKC
inhibitor (data not shown). Little effect of okadaic acid on
transporter Km of oncogene-transformed cells was observed

FIG. 2. (A) Effect of IL-3 on 2-DOG uptake by parental 32Dcl3 cells. 32Dcl3 cells were serum-starved in the presence of 2 ng/mL
of IL-3 for 16 hr prior to adding 20 ng/mL of IL-3 for the times indicated. 2-DOG uptake was measured using a concentration of 0.2
mM. Control cells are the cells without any IL-3 (2-DOG uptake 5 0.16 6 0.01 nmol/106 cells/min). (B) 2-DOG uptake in parental
32Dcl3 cells in the presence of IL-3, and oncogene-transformed cells. 2-DOG uptake in exponentially growing ras- and abl-transformed
cells was measured in the presence of 0.2 mM 2-DOG. Parental 32Dcl3 cells were serum-starved for 2 hr before the addition of 20
ng/mL of IL-3 for an additional 2 hr. Values are the means 6 SEM of at least three independent experiments, each involving triplicate
determinations. Control cells are 32Dcl3 cells treated with IL-3 (2-DOG uptake 5 0.25 6 0.04 nmol/106 cells/min). Key: (*)
significantly different from parental cells, P < 0.02.

TABLE 1. Effects of IL-3 and oncogenes on glucose uptake by 32D cells

Cell type IL-3 (20 ng/mL) Km (mM) Vmax (nmol/106 cells/min)

32Dcl3 2 8.33 6 0.57 7.00 6 0.21
32Dcl3 1 3.03 6 0.05* 3.92 6 0.51
32D-ts-ras 2 1.73 6 0.11† 5.12 6 0.33
32D-ts-abl 2 1.74 6 0.37† 3.92 6 0.38

Exponentially growing 32Dcl3 cells were starved of serum for 2 hr before being treated with or without 20 ng/mL of IL-3 for 2 hr. 2-DOG uptake were measured, and kinetic
data were derived using Lineweaver–Burk plots and regression analysis. Values are the means 6 SEM of a minimum of four separate experiments, each performed in triplicate.

* Significantly different from IL-3-starved cells, P , 0.01.
† Significantly different from parental IL-3-treated cells, P , 0.01.
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(Table 3). The protein tyrosine phosphatase inhibitor
vanadate enhanced 2-DOG uptake in ras-transformed cells
and increased transporter affinity for glucose, but had little
effect in abl-transformed cells. Both tyrosine and serine/
threonine phosphatase inhibitors had little or no effect on
Vmax. The PI-3 kinase inhibitor wortmannin at a 5-fold
higher concentration than that used with parental 32D
cells failed to affect 2-DOG uptake by transformed cells
(Fig. 4C and Table 3), suggesting that glucose transport in
transformed cells does not require PI-3 kinase activation for
function.

DISCUSSION

In this study, we have compared the effects of IL-3 and the
transforming oncogenes ras and abl on glucose uptake in a
bone marrow-derived 32D cell line. The results presented
support the view that glucose uptake into cells is regulated

by growth factors and oncogenes, and that regulation
involves a change in the activation state of the plasma
membrane transporters. With parental 32D cells, changes
in glucose transport were observed between 0.5 and 1 hr of
IL-3 addition and withdrawal, and these results are similar
to those described previously for Ba/F3 cells [6] and for a
different clone of 32D cells [18, 30]. With oncogene-
transformed cells, uptake was elevated above that of paren-
tal 32D cells optimally stimulated with IL-3. In both cases,
increased uptake was associated with increased transporter
affinity for glucose (reduced Km). Both parental and onco-
gene-transformed 32D cells express universal Glut-1 and
high-affinity Glut-3 transporter isoforms. The apparent
molecular mass of Gluts in oncogene-transformed cells was
greater than in parental cells, indicating that structural
changes in the transporter are a consequence of transfor-
mation. These results are in general agreement with those
of White et al. [24], who showed that Gluts in transformed
human, mouse, and rat cell lines exhibited a lower Km for
glucose than was found in non-transformed cell lines, and
that tumourigenic revertants of suppressed hybrid cells also
showed reduced Km values. In that study, comparisons were
of a general nature, cells of diverse origins were used, and
the effects of clearly defined transforming events on glucose
transport in a single cell line were not explored.

Regulation of the intrinsic properties of Glut isotypes is
not well understood. Differences in Km values in response
to IL-3 and oncogene transformation may arise from struc-
tural modification to the transporter, which may involve
phosphorylation and/or glycosylation [37, 38]. Alterna-
tively, transporter-associated protein may change the in-
trinsic property of the transporter and enable cells to
survive in an environment deficient in glucose and oxygen.
In insulin-responsive tissues, insulin stimulates glucose
transport several-fold, and in some cases increased glucose
transport correlates with translocation of transporters to the
plasma membrane [11]. In cases where enhanced glucose
transport exceeds transporter translocation, transporter de-
phosphorylation has been inversely associated with intrin-
sic activation [13]. Hemopoietic systems are distinct from
insulin-responsive systems, and enhanced glucose transport
in response to growth factors is small compared with
insulin-stimulated responses [6, 22, 30].

Involvement of regulatory proteins that associate with
transporters has been postulated to contribute in intrinsic
activation in the absence of increased transporter expres-
sion. Activation of glucose transport in clone 9 fibroblasts
by azide may involve association of cytosolic proteins with
the cytoplasmic domain of Glut-1 [39], while other cyto-
solic proteins have been shown to be associated with the
C-terminal domain of Glut-4 [40]. Moreover, different
isoforms of hexokinases have been shown to be associated
with different transporter subtypes [2], suggesting that
protein–protein interactions may play a crucial role in
regulating transporter activity. Protein–protein interaction
has also been shown to be involved in the regulation of
insulin-stimulated glucose transport in adipocytes and fi-

FIG. 3. Expression of Glut-1 and Glut-3 in 32Dcl3 and onco-
gene-transformed 32D cells. Crude membranes were prepared
from exponentially growing cells, and the transporter subtypes
(A) Glut-1 and (B) Glut-3 were analyzed by western blotting
and ECL. Lane 1, 32Dcl3; lane 2, 32D-ras; and lane 3,
32D-abl. Each lane contained 15 mg protein.

392 N. Ahmed and M. V. Berridge



broblasts. The association of VAMP-2 with Syntaxin-4
plays an essential role in the translocation of Glut-4 to
plasma membranes [41]. Hence, association of regulating
proteins with Gluts can modulate glucose transport into
cells by directly activating the transporter or by transloca-
tion. This process may involve direct or indirect phosphor-
ylation, which may regulate the intrinsic activity of the
transporter protein.

To determine whether phosphorylation plays a role in
regulating transporter activation in response to IL-3 and
oncogenes, inhibitors of tyrosine kinases (genistein), PKC
(staurosporine), and PI-3 kinases (wortmannin) were used.
Genistein extensively inhibited 2-DOG uptake promoted
by IL-3 and reduced transporter affinity for glucose. The
cytoplasmic domains of Glut-1 and Glut-3 contain consen-
sus sites for PKC but lack tyrosine phosphorylation sites,

FIG. 4. Effect of inhibitors on 2-DOG uptake in parental and oncogene-transformed 32D cells. 2-DOG uptake in parental and
oncogene-transformed 32D cells was measured at a concentration of 0.2 mM. Cells were treated with inhibitors for 2 hr at 32° in
RPMI-1640 1 10% fetal bovine serum. For IL-3 effects, cells were starved of serum for 2 hr, and then equilibrated with IL-3 for 10
min before adding inhibitors for a further 2 hr. 32D cells were treated with increasing concentrations of (A) genistein, (B)
staurosporine, and (C) wortmannin. Values are the means 6 SEM of at least three independent experiments, each involving triplicate
determinations. Control responses (100%) are the responses without any inhibitor treatment (2-DOG uptake by 32Dcl3 1 IL-3 5
0.25 6 0.04 nmol/106 cells/min; 32D-ras 5 0.53 6 0.06 nmol/106 cells/min; 32D-abl 5 0.43 6 0.07 nmol/106 cells/min). With
parental cells, 0% is the response in the absence of IL-3 (2-DOG uptake 5 0.16 6 0.01 nmol/106 cells/min).

TABLE 2. Effect of inhibitors of protein kinases and phosphatases on IL-3-stimulated [3H]-2-DOG uptake by 32Dcl3 cells

Inhibitor treatment
IL-3

treatment

2-DOG uptake
(nmol/106 cells/

min) Km (mM)
Vmax (nmol/106

cells/min)

(A) Protein kinase inhibitors
None 2* 0.16 6 0.01 8.33 6 0.57 7.00 6 0.21
None 1* 0.25 6 0.04 3.03 6 0.05† 3.92 6 0.51
Genistein (500 mM) 1 0.18 6 0.02 6.32 6 1.50‡ 6.10 6 0.50
Staurosporine (2 3 1026 M) 1 0.12 6 0.01 6.50 6 0.13‡ 4.24 6 0.61
Wortmannin (100 nM) 1 0.16 6 0.02 5.73 6 0.80 5.64 6 1.58

(B) Protein phosphatase inhibitors
Vanadate (50 mM) 2 0.55 6 0.27† 1.70 6 0.50† 4.45 6 0.97
Vanadate (50 mM) 1 0.43 6 0.04‡ 1.35 6 0.27‡ 3.31 6 0.84
Okadaic acid (1 mM) 2 0.46§ 0.90§ 2.36§
Okadaic acid (1 mM) 1 0.58§ 1.20§ 4.00§

Exponentially growing cells were starved of serum for 2 hr and then treated with or without 20 ng/mL of IL-3 and inhibitors for a further 2 hr before measuring 2-DOG uptake.
Kinetic data were derived using Lineweaver–Burk plots and regression analysis. Values are the means 6 SEM of a minimum of three separate experiments, each performed in
triplicate.

* Data from Table 1 repeated for comparison.
† Significantly different from that in the absence of IL-3, P , 0.005.
‡ Significantly different from that in the presence of IL-3 alone, P , 0.01.
§ Mean value from two separate experiments performed in triplicate with a variation of 10–15%.
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indicating indirect effects of genistein on glucose transport
in 32D cells. Staurosporine and wortmannin also inhibited
IL-3-stimulated 2-DOG uptake in parental cells and inhib-
ited Glut activation, suggesting a role for PKC and PI-3
kinase in the regulation of IL-3-mediated Glut function.
These results are similar to those reported for insulin-
stimulated glucose transport in adipocytes and muscle cells
[27, 28], but in these cases translocation of Glut-4 and
Glut-1 was inhibited. Moreover, evidence that tyrosine
phosphorylation may be involved in regulating the intrinsic
activity of Gluts in adipocytes has been presented previ-
ously using genistein [26]. Wortmannin has also been
shown to inhibit insulin-, platelet-derived growth factor
(PDGF)- and epidermal growth factor (EGF)-stimulated
glucose transport in 3T3-adipocytes, but again inhibition of
transporter translocation was involved [27, 42]. On the
other hand, the tyrosine phosphatase inhibitor vanadate
and the serine/threonine phosphatase type 2A inhibitor
okadaic acid enhanced both basal and IL-3-stimulated
glucose transport and increased transporter affinity for
glucose, suggesting that the level of protein phosphoryla-
tion on both tyrosine and serine/threonine influences the
activation state of transporters. The possibility that the
inhibitors of protein kinases and phosphatases may decrease
transporter expression at the plasma membrane can be
excluded, as 2 hr is insufficient time for substantial tran-
scription, translation, and processing to occur. However,
the possibility that these inhibitors might inhibit/stimulate
glucose uptake in 32D cells by translocation has not been
investigated in this study.

In transformed 32D cells, genistein inhibited glucose
transport and reduced transporter affinity for glucose, indi-
cating that inhibition of tyrosine phosphorylation of key
proteins might play a central role in the regulation process.
Genistein has been shown to inhibit basal 2-DOG uptake

in human erythrocytes and in leukemic HL-60 and CHO
cells by interacting with Glut-1 directly [43], but that study
differed from the present one as 2-DOG uptake in this study
was measured in the absence of genistein. Although stau-
rosporine inhibited 2-DOG uptake in oncogene-trans-
formed cells, it did not greatly affect the activation state
(Km) but reduced Vmax, consistent with the reduced
2-DOG uptake observed. With wortmannin, no effect on
either 2-DOG uptake, transporter activation, or Vmax was
observed. Similar effects of wortmannin were seen in
transformed RAW 267.4 cells, where wortmannin failed to
inhibit N-formyl-methionine-leucine-phenylalanine (fMLP)
and granulocyte/macrophage colony-stimulating factor
(GM-CSF)-stimulated 2-DOG uptake [31]. The lack of
effect of staurosporine and wortmannin on the activation
state of transformed cells indicates a distinct mechanism of
regulation compared with IL-3-stimulated responses. Acti-
vation of ras and abl oncogenes in cells involves tyrosine
kinases. On the other hand, different isoforms of PKC are
induced in oncogene-transformed cells, which might be
resistant to staurosporine and calphostin C. Glucose trans-
port in transformed cells may also bypass the requirement
for PI-3 kinases. Vanadate, however, showed differential
effects on glucose transport in ras- and abl-transformed
cells. Constitutive activation of tyrosine kinases might
override the effect of vanadate on glucose transport in
abl-transformed cells, while IL-3-like effects were observed
in ras-transformed cells.

The inhibitor studies provide little information about the
specific signalling pathways linking IL-3 and oncogenes
with activation of Gluts, but do show that PI-3 kinase
involvement in transporter activation is overidden follow-
ing cell transformation with ras and abl oncogenes. Prelim-
inary experiments with genistein in 32Dcl3 and ras- and
abl-transformed 32D cells have shown inhibition of ty-

TABLE 3. Effect of inhibitors of protein kinases and phosphatases on [3H]-2-DOG uptake by transformed 32D cells

Inhibitor treatment Cell type

2-DOG uptake
(nmol/106 cells/

min) Km (mM)
Vmax (nmol/106

cells/min)

(A) Protein kinase inhibitors
None 32D-ts-ras 0.53 6 0.06 1.73 6 0.11* 5.12 6 0.33*
Genistein (500 mM) 0.26 6 0.01† 4.18 6 0.05† 3.42 6 0.26
Staurosporine (1025 M) 0.28 6 0.02† 1.28 6 0.11 2.14 6 0.36†
Wortmannin (500 nM) 0.44 6 0.02 1.77 6 0.10 4.40 6 0.80
None 32D-ts-abl 0.43 6 0.07 1.74 6 0.37* 3.92 6 0.38*
Genistein (500 mM) 0.22 6 0.01† 3.88 6 0.70† 3.62 6 0.48
Staurosporine (1025 M) 0.20 6 0.02† 2.50 6 0.03 1.25 6 0.04†
Wortmannin (500 nM) 0.49 6 0.05 1.68 6 0.02 3.82 6 0.60

(B) Protein phosphatase inhibitors
Vanadate (50 mM) 32D-ts-ras 0.95 6 0.18† 0.93 6 0.11† 4.46 6 0.50
Okadaic acid (500 nM) 0.42 6 0.03 1.56 6 0.10 4.60 6 0.70
Vanadate (50 mM) 32D-ts-abl 0.42 6 0.01 1.73 6 0.02 3.90 6 0.15
Okadaic acid (500 nM) 0.36 6 0.03 1.78 6 0.02 3.26 6 0.04

Exponentially growing cells were treated with inhibitors for 2 hr before measuring 2-DOG uptake. Kinetic data were derived using Lineweaver–Burk plots and regression analysis.
Values are the means 6 SEM of a minimum of three separate experiments, each performed in triplicate.

* Data from Table 1 repeated for comparison.
† Significantly different from control untreated cells, P , 0.01.
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rosine-phosphorylated proteins with a molecular mass of
60–80 and 160–170 kDa. Similar proteins were inhibited
when 32Dcl3 was deprived of IL-3 for 24 hr, indicating that
growth factor withdrawal and genistein treatment causes an
inhibition of the same set of tyrosine-phosphorylated pro-
teins in 32D cells. The involvement of such proteins in the
regulation of glucose transport in 32D cells is currently
under investigation. Most growth factor signalling path-
ways that have been studied, e.g. the Ras/Raf/MAP kinase
pathway and Jak/Stat pathways, involve transcriptional
activation via tyrosine kinases. However, much less is
known about membrane proximal signalling events that
lead to acute regulation of integral plasma membrane
proteins. Both tyrosine kinases and serine/threonine ki-
nases appear to be involved in acute regulation of glucose
transport, but the nature of these kinases and whether they
are components of other well-studied pathways or uniquely
adapted to the regulation of glucose transport remain to be
determined.

This study provides evidence that intrinsic activation is
an underlying mechanism regulating glucose transport in
cells in response to growth factors and oncogenes. Involve-
ment of tyrosine phosphorylation is crucial for both IL-3-
and oncogene-induced responses; serine/threonine and PI-3
kinases appear to be less important for oncogene-induced
responses but essential for IL-3-stimulated responses. Future
studies designed for further understanding the regulation of
glucose transport and elucidating the regulatory proteins
involved are under investigation.
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