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In a novel cell line we developed for direct, sensitive detection of insulin-responsive
glucose transporter (GLUT4) on the cell surface, we considered that insulin-activated
phosphatidylinositol 3-kinase (PI 3-kinase) may be involved in the signaling pathway of
insulin-stimulated GLUT4 translocation.

We report here evidence that epidermal growth factor (EGF), which stimulates PI 3-
kinase activity, also triggers GLUT4 translocation in Chinese hamster ovary (CHO) cells
stably overexpressing the EGF receptor. The EGF-dependent GLUT4 translocation is
possibly mediated by two independent pathways: one by PI 3-kinase and the other by protein
kinase C (PKC); the PI 3-kinase-mediated pathway predominates. Triggering of the GLUT4
translocation is not specific for insulin, rather it may be a common property of growth factors
which activate PI 3-kinase. © 1994 Academic Press, Inc.

One of the major physiological effects of insulin is stimulation of glucose uptake in
target cells (1), and any defect may be one major cause of non-insulin dependent diabetes
mellitus (2). The glucose uptake in target tissues is due mostly to translocation of GLUT4
from an intracellular site to the plasma membrane (3-6). The molecular mechanism by which
insulin induces this translocation of GLUT4 to the plasma membrane is not well understood.
We carlier developed a simple, direct and sensitive method to detect GLUT4
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immunologically on the cell surface (7). cDNA containing GLUT4 with an insert of a c-myc
epitope (14 amino acids) in the first ectodomain (GLUT4myc) was constructed. The chimeric
GLUT4myc was stably expressed in 3T3-L1 adipocytes (3T3-L1-GLUT4myc) and in
Chinese hamster ovary (CHO) cells (CHO-GLUT4myc). The translocation of GLUT4myc to
the cell surface could be detected in 3T3-L1 adipocytes by binding assay with an anti-c-myc
antibody, by immunoblot of subcellular fractions from the adipocytes with the anti-myc
antibody, and by the stimulation of glucose uptake (7). The chimeric GLUT4myc is
translocated to the cell surface in the same manner as GLUT4 (7). Although CHO cells do
not express GLUT4 physiologically, the exogenously-expressed GLUT4myc is translocated
to the cell surface, by insulin stimulation and this translocation was detected by binding assay
with the anti-c-myc antibody and by the stimulation glucose uptake. The degree of the
insulin-stimulated GLUT4myc translocation in CHO cells is lower than in the adipocytes, the
physiological insulin-target cells. However, CHO cells seem to possess basic machinery for
the translocation of exogenously-expressed GLUT4myc which mimics that of adipocytes, for
the following reasons : 1) Exogenously-expressed GLUT4myc and GLUT1myc showed
different intracellular distributions, and the GLUT4myc was translocated to the cell surface in
response to insulin more efficiently than was GLUTImyc in CHO cells], as noted in
adipocytes (8-11). 2) PMA, NaF and GTPYS besides insulin, which are able to trigger
GLUTH4 translocation in adipocytes (12-15), also trigger GLUT4myc translocation in CHO
cells (7). 3) Wortmannin, an inhibitor of phosphatidylinositol 3-kinase (PI 3-kinase) inhibits
PI 3-kinase activation, GLUT4myc translocation, and glucose uptake in response to insulin in
our cell system (16) and in 3T3-L1 adipocytes (17). Therefore, our cell system (CHO-
GLUT4myc) is useful to study mechanism related to GLUT4 translocation. The activation of
PI 3-kinase may be involved in the signaling pathway of insulin-stimulated GLUT4
translocation. As epidermal growth factor (EGF) activates PI 3-kinase in mammalian cells
(18,19), we asked whether EGF triggers GLUT4 translocation by PI 3-kinase activation. We
report here evidence that GLUT4myc translocates in the CHO cell system, in response to
EGF.

MATERIALS AND METHODS

Cells and materials — The parent cell line used in this study was CHO-GLUT4myc;
Chinese hamster ovary (CHO) cells overexpressing the GLUT4myc were constructed by
inserting the human c-myc epitope (14 amino acids) into the first ectodomain of GLUT4 (7).
A mouse monoclonal antibody against human c-myc (9E10) was purchased from Oncogene
Science, Inc. Wortmannin was purchased from Sigma. 1251 Jabeled EGF, 1251-labeled goat

anti-mouse IgG and [v-32P]ATP were purchased from Amersham. A mammalian expression
vector pCXN (20) was provided by Dr. J. Miyazaki, (University of Tokyo). All other reagents
from commercial sources were of analytical grade.

Establishment of CHO-GLUT4myc cells overexpressing EGF receptors — The parent
cells (CHO-GLUT4myc) were co-transfected with a mouse EGF receptor expression plasmid
pCXN-EGF-R (20,21) and the hygromycin B phosphotransferase expression plasmid pSV2-
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hph (22). The candidate clones were selected with hygromycin B. The number of wild type
EGF+R was identified by the binding of 125-labeled EGF and by immunoblot using an anti-
EGF-R antibody.

Immunoblot — Confluent CHO-GLUT4myc-EGF*R cells were treated with or
without 50 ng/ml EGF for 10 min at 37° C and lysed in the buffer (140 mM NaCl, 20 mM

Tris, pH8.0, 1 mM MgCl2, 1 mM CaCl2, 1 mM DTT (dithiothreitol), 10% glycerol, 20 uM
(p-amidinophenyl)methanesulphonyl fluoride hydrochloride, and 1% NP40). The cell lysates

(30 pg each) were separated by SDS-PAGE, transferred onto nitrocellulose paper, followed
by blocking with 3% bovine serum albumin and 1% ovalbumin, incubated overnight with an

anti-phosphotyrosine (aPY) antibody PY20 (1:1,000 dilution). Protein bands were located
by autoradiography after treatment with 125].1abeled goat anti-mouse IgG antibody (23).
PI 3-kinase assay — The cell lysates (100 pg each) were immunoprecipitated with the

oPY antibody and protein A-Sepharose. The immunoprecipitates were washed twice with
buffer (i) 20 mM Tris-HCI, pH 8.0, 150 mM NaCl, 1 % NP40 and 1 mM DTT, and three
times with buffer (ii)10 mM Tris-HCI, pH 7.4, 100 mM NaCl and 1 mM DTT, and subjected
to the PI 3-kinase assay as described previously (23). We confirmed that the PI 3-kinase
activity associated with EGF+R was specifically inhibited with 0.5% NP40.

Cell surface anti-c-myc antibody binding assay (GLUT4myc translocation) — CHO-
GLUT4myc-EGF*R cells were grown overnight in 24-well plates and the subconfluent cells
were incubated in 1 ml of KRH buffer (136 mM NaCl, 4.7 mM KCl, 1.25 mM MgSO4,_ 1.25
mM CaCl32, 20 mM Hepes, 2 mg/ml bovine serum albumin) for 30 min at 37° C, and then in

300 pul of KRH buffer with the indicated concentrations of EGF for 30 min at 37° C. They
were then incubated with 300 pl of the anti-c-myc antibody, 9E10 (1:2,000 dilution) for 2 h

on ice, washed with ice-cold KRH buffer, and incubated with 300 pl of 1251-goat anti-mouse
1gG (1: 300 dilution) for 2 h on ice. The wells were then washed four times with ice-cold
KRH buffer. Bound 12SI-goat anti-mouse IgG was solubilized with 0.05 % SDS and

radioactivity was determined in a y-counter (7).

Down-regulation of PKC by PDBu and wortmannin treatment — CHO-GLUT4myc-
EGF+R cells were grown overnight in 24-well plates and the subconfluent cells were
incubated in the absence or presence of 100 ng/m} phorbol 12, 13-dibutyrate (PDBu) for 20 h
at 37° C in medium for PKC down-regulation (24,25). For wortmannin treatment, the cells

were incubated with or without 0.1 M wortmannin for 30 min at 37° C. The cells were then

incubated for 30 min at 37° C with 1 uM phorbol 12-myristate 13-acetate (PMA), 10-7 M
insulin, 50 ng/ml EGF, or buffer alone for 30 min at 37° C. GLUT4myc translocation was
determined by anti-c-myc antibody binding assay, as described above.

2-Deoxyglucose uptake measurements — Cells in 24-well plates were treated with or

without 50 ng/ml EGF for 30 min and incubated with 0.1 mM 2-deoxy-D-{1,2-3H] glucose
(Du Pont-New England Nuclear) for 10 min at 37° C. Cells were washed, solubilized and the
radioactivity was measured (7).

RESULTS AND DISCUSSION

PI 3-kinase activation and GLUT4myc translocation by EGF — To examine the
effect of EGF on GLUT4 translocation, we used CHO cells stably expressing GLUT4myc
which was inserted with a c-myc epitope (14 amino acids) in the first ectodomain of GLUT4,
without disrupting GLUT4 function (7). When EGF receptors (EGF+R) were stably
overexpressed in the parent CHO-GLUT4myc cells, EGF stimulated autophosphorylation of
the overexpressed-EGF*R (Fig. 1A), and activated PI 3-kinase in the precipitates with an anti-
phosphotyrosine (xPY) antibody (Fig. 1B) (18,19). There is controversy concerning the
activation of PI 3-kinase by EGF (18,19,27,28). Since PI 3-kinase was more readily
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Fig. 1. EGF-dependent receptor autophosphorylation (A) and PI 3-kinase activation (B)
in CHO-GLUT4myc and CHO-GLUT4myec-EGF-R cells. (A) EGF-dependent
autophosphorylation of EGFsR. Quiescent CHO-GLUT4myc parent cells and those
overexpressing EGF+<R (CHO-GLUT4myc-EGF+R) were wreated with 50 ng/ml EGF for 10

min. The cell lysates (30 ug each) were analyzed by immunoblotting with an anti-
phosphotyrosine (pTyr) antibody, as described under MATERIALS AND METHODS. The
arrow indicates the migrating position of EGF+R. (B) PI 3-kinase activity in anti-pTyr

immunoprecipitates. The same lysates (100 pg each) as for (A) were immunoprecipitated
with the anti-pTyr antibody, and subjected to PI 3-kinase assay, as described under
MATERIALS AND METHODS. The arrow indicates the migrating position of PI 3-
phosphate in thin-layer chromatography.

dissociated from EGF<R than from other receptors (for example PDGF receptor) in vitro, we
washed the immunoprecipitate with aPY antibody, under mild conditions as described in
"MATERIALS AND METHODS". This facilitated detection of activation of PI 3-kinase by
EGF (Fig. 1B). The translocation of GLUT4myc was triggered by 1 ng/ml of EGF in celis
stably overexpressing EGF+R (Fig. 2A).

We analyzed several independent CHO-GLUT4myc clones stably overexpressing
EGF+R, and the results were much the same as shown in Figs. 1 and 2A. The EGF-triggered
GLUT4myc translocation is not caused by co-migration with endogenous GLUT1 because
the intracellular distribution and the degree of translocation of GLUT4myc differed from
those of GLUTI, as based on analyses of exogenously-expressed GLUT4myc and
GLUTImyc in CHO cellsl.

Stimulation of glucose uptake by EGF — To examine whether the GLUT4myc
translocated by EGF contributes to glucose uptake by cells, we establised several clones of
CHO cells expressing EGF*R (CHO-EGF+R) or both GLUT4myc and EGF+R (CHO-
GLUT4myc-EGF<R), respectively. The clones with almost the same number of EGF+R were
analyzed, using 1251-EGF binding and immunoblotting and an anti-EGF+R antibody. Fig. 2B
shows EGF-dependent glucose uptake in one of the typical clones. The translocated
GLUT4myc on the cell surface in CHO-GLUT4myc-EGF+R resulted in a greater glucose
uptake in response to EGF, compared to CHO-EGF<R. In addition, the EGF-stimulated
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Fig. 2. Translocation of GLUT4myc (A) and 2-deoxyglucose uptake in CHO-EGF-R
ﬂ%HU cells overexpressing EGF+R) and CHO-GLUT4myc-EGF+R cells (B). (A) The
CHO-GLUT4myc parent cells (o) and those overexpressing EGF+R () were treated with
various concentrations of EGF for 30 min. The amount of cell surface GLUT4myc was
determined by anti-c-myc antibody binding assay, as described under MATERIALS AND
METHODS. Values are means + S.E. for three separate experiments done in triplicate. (B)
Both cell lines had almost the same number of EGF+-R and were treated with (+) or without
50 ng/ml EGF for 30 min. 2-Deoxyglucose uptake assay was done, as described under
MATERIALS AND METHODS. Values are means * S.E. of three determinations.

glucose uptake in CHO-GLUT4myc-EGF-R cells increased according to levels of expression
of GLUT4myc2. Therefore, EGF triggers GLUT4myc translocation and stimulates glucose
uptake by the translocated GLUT4myc (Fig. 2A, B).

Effects of phorbol 12, 13-dibutyrate (PDBu) and wortmannin on EGF-stimulated
GLUT4myc translocation— PMA, which activates PKC (24,25), stimulates GLUT4myc
translocation in CHO cells(7) and 3T3 L1 adipocytes (12,13). Since EGF activates PI 3-
kinase (Fig. 1 B) (18,19) and PKC by stimulating PI-turnover(24-26), these two pathways
may be involved in the GLUT4myc translocation by EGF. To examine the involvement of PI
3-kinase and PKC in the EGF-stimulated GLUT4myc, we used a PI 3-kinase inhibitor,
wortmannin, and PDBu which down-regulates PKC (24,25). We examined GLUT4myc
translocation by EGF following treatment with PDBu or (and) wortmannin (Fig. 3). As
shown in Fig. 3A, the PDBu pretreatment almost completely inhibited the PMA-dependent
GLUT4myc translocation, but only slightly inhibited EGF-dependent GLUT4myc
translocation. This suggests that EGF-dependent PKC activation might be involved in the
minor pathway for the GLUT4myc translocation. In addition, this finding indicated the
existence of other pathway(s) besides PKC in EGF-dependent translocation. The PI 3-kinase
inhibitor, wortmannin, completely inhibited insulin-dependent GLUT4myc translocation, and
inhibited the EGF-dependent GLUT4myc translocation (Fig. 3B). However, the inhibition of
EGF-dependent GLUT4myc by wortmannin was incomplete. The insulin-dependent
GLUT4myc translocation may be mediated through PI 3-kinase activation only (7), and that
the EGF-dependent GLUT4myc translocation was mainly mediated by PI 3-kinase activation
and partially by other pathway(s). To confirm the presence of pathway(s) than PI 3-kinase in

2Kamohara, S., et al. unpublished observation.
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Fig. 3. Effects of PDBu (A), and wortmannin (B) and both (C) on EGF-stimulated
GLUT4myc translocation in CHO-GLUT4myc-EGF+R cells, (A) PMA-, or EGF-
stimulated GLUT4myc translocation after down-regulation of PKC by PDBu pretreatment.

Cells stably overexpressing EGF-R (CHO-GLUT4myc-EGF+R) were treated with 0.1 uM
PMA, 50 ng/ml EGF or buffer alone (-) for 30 min at 37° C, after pretreatment with 100
ng/ml PDBu (phorbol 12,13-dibutyrate) or medium alone (-) for 20 h at 37° C. The amount
of cell surface GLUT4myc was determined. Values are means * S.E. for three separate
experiments done in triplicate. (B) Insulin-, or EGF-stimulated GLUT4myc translocation
after pretreatment of a PI 3-kinase inhibitor, wortmannin. CHO-GLUT4myc-EGFR cells

were pretreated with 0.1 pM wortmannin or with buffer alone (-) for 30 min at 37° C. The

cells were treated with 10-7 M insulin, 50 ng/ml EGF or buffer alone (-) for 30 min at 37° C,
and the amount of cell surface GLUT4myc was determined by anti-c-myc antibody binding
assay. Values are means * S.E. for three separate experiments done in triplicate. (C) EGF-
stimulated GLUT4myc translocation after pretreatment of both PDBu and wortmannin.
CHO-GLUT4myc-EGF+R cells were pretreated with 100 ng/ml PDBu or medium alone (-)
for 20 h at 37° C and treated with 0.1 pM wortmannin for 30 min at 37° C. The cells were
treated with 50 ng/ml EGF or buffer alone (-) for 30 min at 37° C, and the amount of cell
surface GLUT4myc was determined by anti-c-myc antibody binding assay. Values are
means * S.E. for three separate experiments done in triplicate.

GLUT4amyc Translocation
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=3
—

the EGF-dependent GLUT4myc translocation, we examined the effects of PDBu pretreatment
on the translocation in the presence of wortmannin (Fig. 3C). PDBu pretreatment decreased
the EGF-dependent GLUT4myc translocation in the presence of wortmannin, This means
that PKC activated by EGF-dependent PI turnover, mediated the EGF-dependent GLUT4myc
translocation as well as PI 3-kinase, and that the PI 3-kinase-mediated pathway predominates
over the PKC-mediated pathway. However, the possibility that other pathway(s) besides PI
3-kinase and PKC are involved in the EGF-dependent GLUT4myc translocation will need to
be ruled out, because pretreatment with both PDBu and wortmannin did not completely
inhibit the EGF-dependent GLUT4myc translocation (Fig. 3C).

We also observed that platelet-derived growth factor (PDGF), which activates PI 3-
kinase, triggered GLUT4myc translocation in CHO-GLUT4myc cells stably overexpressing
PDGEF receptors, and that the pathway of the PDGF-stimulated GLUT4myc translocation
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mediated by PI 3-kinase predominated over that mediated by PLCy and PKC3. Thus,
triggering of the insulin-responsive glucose transporter (GLUT4) translocation is not specific
for insulin, rather it may be a common property of growth factors which activate PI 3-kinase.
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