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Regulation of glucose transport activity and expression of glucose 
transporter mRNA by serum, growth factors and phorbol ester 

in quiescent mouse fibroblasts 

Takayuk i  K i t agawa ,  M a r i k o  T a n a k a  a n d  Y u z u r u  A k a m a l s u  

Depa.'~,.en,,t of Cherrdst~. Natior.a.1 lr.sti:'~e af HeaP.~ Sh.~'.ag.~z~.Yc,.:. Tc~'o t4!  ~alr,...n) 

(Received 3 October 1988) 

KO" words: Glucose transport; Glucose transporter mRNA: Serum: G r o ~  factor. ~ l  ester. (Mouse fibroblasts 3"i3) 

We hm,: investigated the effects of g ron~ factoPs such as sermn, plate~z,,,d, erlved growth factor (PDGF) and fihroblast 
g ro~h  factor (IF'GF) on glucose transport activity in quiescent mouse Swiss 3T3 cells. DNA synthesis was sym'hro- 
nously induced by either calf sermn, or platelebpoor plasma in com~naf i~  with PDGF or FGF. Early stimulation of 
gluc~e ~'ansport in the q~escent cdIs ~as also caused by senmz, or ~ '  either PDGF of FGF. The ~ coarses for the 
stimulation of transpml were idc,nfieal for serum, PDGF and FGF, and Ihe s t i m u h ~  uptake in each ease was 
a~seciated ~-.'th a 5-6-fold increase in V~,+ Tliere were no detectable changes in apparent K~. Exl~'essinn of glucose 
transporter mRNA ~as also e n l ~ c ~  by these g roa~  factors. By contrast, EGF+ insulin and platelet-imor i?~,sma had 
little effect on glucose transport and transpo~er-gene expression, allho~gh m'kline uptake was enhanced by ~ll of these 
grow~ factors. These results suggest that cell cycle-dependent stimelal/on of glucose translant and expression of the 
transporter t:~ENA a.~ regulated by a specific class of growth lactors such as PDGF and FGF. The tttmor promoter 
phorbol 12-r ) T ~ t e  L3-ace~te (PMA) also slimulated glucose transport and expresshm of Iransporler mRNA in 
~ e s c e n t  3TS cells. These slimelations were absent in PMA-prelreated cells. However, serem, PDGF and FGF were 
able to stimulate glucose transport as well as expression of the translmxter mRNA in PMA-Iwetreated cells, suggesting 
that there are at least m o  independent pathways for regulating glucose Iransport and glucose transporter mRNA level in 
qaJescent fibro~asts. 

Introduction 

Cuhurcd cells arrested in the G O phase undergo 
synchronous progression through the cell cycle upon the 
addition of whole serum or a combination of growth 
promoting factors, sltch ~ PDGF, FGF, insulin [1]. In 
recent years, evidence has accumulated that these growth 
factors can be separated into two distinct classes with 
respect to their potentiating action on the cell cycle 
[2,3]: one class, including PDGF and FGF, renders 
quiescent cells competent to synthesize DNA; the sec- 

Abbre'dafions: PDGF. plat¢lct-derived growth factor: FGF+ fibrob- 
last growth factor: EGF, epidermal grov.'th factor; PMA, phorbol 
12-myristate 13-acetate; PDBu, phorbol 1Ll3-dibutyrate; OAG. l- 
oleoyl-2-acetylglyccrol: DMEM. Dulbecco's modified Eagle's medium: 
PBS. phosphate-buffered saline: FCS. fetal calf scram; CH. cyclo- 
hcximidc: RBC. red blood cell. 
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ond class, including somatomedin C (IGF-I) and in- 
sulin, potcntiatc the mitogenic effects of the competence 
factors. 

Stimulation of glucose t r a n ~ . q  is one of the early 
events that occur prior to the reinitiat/on of DNA 
synthesis in quiescent cells [1,3.4 !. Transport is also 
activated by various growth-promoting agents such as 
serum [5-71, insulin [8-10], EGF [11,12], phorbol esters 
[13,14], FGF [15] and transforming growth factor 
[161. Activity is also modulated by transformation 
[17,18], differentiation [10,19] and glucose starvation 
[20]. However, the molecular mechanism for these 
changes in glucose transport remains unknown. Since 
glucose enters manunal/an cc~s by a carrier-mediated 
diffusion through one or more specific glucose trans- 
porters in the plasma membrane, growth factors and 
transforming gene products could affect glucose trans- 
port activity either by modulating the transport activity 
directly or by modulating the localization and bio- 
synthesis of the transporter [18-21]. Recently, the eDNA 
encoding a hexose transporter homologous to the hu- 
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man RBC transporter was cloned from rat brain [22] 
and human hepatoma cells [23]. 

In the present study, we attempted to determine what 
kinds of growth factors are the most effective in stimu- 
lating glucose transport activity in quiescent Swiss 3T3 
cells during the course of the transition from the Go- 
arrested state to the proliferative state. We found that 
glucose transport and fne content of tr;msporter mRNA 
are increased by groglh factors which exhibit com- 
petence activity, such as PDGF, FGF and PMA. We 
also suggest that there are at least two independent 
pathways for stimulation of ~ueose transport in quies- 
cent cells. A preliminary, report of this work in an 
abstract form has been published elsewhere [24]. 

Materials and Metheds 

Chemicals. [Me-3HlThymidine (25 Ci/mmol), 2-de- 
oxy[1-3H]glucose (30 Ci/mmol), 3-O-methyl[1-3H]glu - 
cose (5.9 Ci/raraol), [5-3Hlufidine (29 Ci/mmol) and 
[a-32p]dCTP (3000 Ci /mmd)  were obtained from the 
Radioebemical Center, Amersham, U.IL Other chem- 
icals and inlfibitors were obtained from Sigma, St. Louis, 
MO. 

Growth factors. Fetal calf serum and calf serum, and 
platelet-poor plasma prcoared from fresh bovine serum 
were purchased from How Laboratories, Osaka, Japan 
and Biomedical Teclmelogies, Inc., Cambridge, MA, 
respeclivel~f. Highly r, urified human PDGF (HPLC 
grade) wa~ obtained from Collaborative Research Inc., 
Lexington MA. Bovine brain FGF and mouse submax- 
illary gland EGF were obtained from Toyobo Co., 
Osaka, Japan. Bovine insulin and phorbol 12-myristate 
13-acetate (PMA) were obtained from Sigma and LC 
Service Co., ~L~, respectively, 

Cell culture. Swiss 3T3 cells were maintained in 
DMEM supplemented with 10% fetal calf serum (FCS), 
penicillin (10O units/ml) and streptomydn (100/tg/ml) 
at 37°C in a humidified atmosphere of 5% CO 2, as 
described previously [25]. At 6-8-week intervals, fresh 
cultures were in/tiated. 

Assay of DNA synthesis. 3T3 cells were grown in 
35-mm plastic dishes in 2 ml of DMEM containing 10% 
FCS for 5-7 days. Confluent cultures were then in- 
cubated for 18-24 h in medium containing 0.57o FCS. 
The quiescent monolayers were then incubated for a 
further 24 h in 1 or 2 ml of DMEM containing 
[3H]thymidine (0.2 t~Ci/mL 1 /~M) and various con- 
centrafions of growth factors, Following incubation at 
37°C, the cells were washed with ice-cold PBS and 
fixed with cold 5,% trichloroacetic acid. The acid-pre- 
dpi~ble fraction was soluhilized in 0.5 M NaOH, neu- 
tralized with HCL and then the radioactivity was mea- 
sured with a liquid scintillation counter. The quiescent 
cells were also treated with the indicated growth factors 
in DMEM containing [3H]thymidine (1 t~Ci/ml, 1 ~tM) 

for 25 h to determine the percentage of labeled nuclei. 
Cells were fixed with 3.7% formalin and then processed 
for autoradiography as described previously [26]. In the 
quiescent cultures used in the present experiments the 
numbers of labeled nuclei were as low as l'g. 

Measurement of glucose uptake. Quiescent cultures of 
3T3 cells grown in 35-ram dishes were washed twice 
with DMEM and then incubated with various con- 
centrations of growth factors in I ml of DMEM at 
37 ° C. After the indicated incubation period, the col- 
tures were washed twice with PBS, and then the medium 
was replenished with 1 ml of prewarmed glucose-free 
DMEM containing 2-deoxy[3H]glucose (1 /~Ci/ml) or 
3-O-methyl[3H]glucose (1 #Ci/ml) at the indicated con- 
centrations, as described previously [27]. The cells were 
then incubated at 37°C for 5-15 min or 1-2 rain, 
respectively. During that period, incorporation of the 
radioactivity into the cells was observed to be linear. 
Cells were then washed twice with cold PBS, and the 
radioactive materials inside the cells were extracted with 
5% trichloroacetic acid. 

Measurement of uridine uptake. Quiescent 3'f3 cells 
were incubated with growth factors, as described above, 
in 1 ml of DMEM for 3 h and then the cells were 
further incubated in duplicate with I ml of fresh DMEM 
containing [3H]ufidin~ (0.5 #Ci/ml, 1/xM) for 15 min 
at 37 • C. The cells were washed twice with cold PBS, 
and 5% trichloroacetic acid-soluble radioactivity in the 
cells was extracted and counted. 

RNA blot analysis. Total ceilttlar RNA was isolated 
from guanidine isocyanate lysates of growth factor- 
treated and untreated resting 3T3 cells by the procedure 
of Maniatis et al. [28], denatured, run on a 1.5% agarose 
gel containing 22 M formaldehyde, and transfered to a 
nylon membrane (Hybond-N, Amersham). The mem- 
branes were hybridized with a 32P-labeled glucose trans- 
porter cDNA in 50~o formamide, 5 x SSPE, 5 x 
Denhardt's (0.05% bovine serum albomin/0.05% 
Ficoll/0.05% polyvinylpyrrolidone ) and i00 ttg/ml of 
denatured salmon testis DNA at 42°C for 20-40 h [28]. 
After hybridization, the membranes were washed with 
2 x SSC containing 0.1% SDS at room temperature, and 
again with 0.2 × SSC containing 0.1% SDS at 45°C. 
The hybridized blots were exposed to an X-ray film at 
-70  °C with an intensifying screen. The cDNA probe 
isolated from rat brain [22] was labeled gith [a- 
32 P]dCTP by nick translation [28]. 

Protein was determined by the method of Lowry et 
al. with bovine serum albumin as a standard [29]. 

Results 

Stimulation of DNA synthesis by serum or growth factors 
DNA synthesis in Go-arrested cells was reinitiated 

synchronously after a lag period for 12-15 h by the 
addition of fresh calf serum. This transition from the Go 
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Fig. I. F..ff~.'ts of PDGF izad FGF oa stimulation of DNA synthes/.s 
in 33"3 cells. (a) Quiescent ce l t  were incubated for 24 h with ! ml 
DMEM con~,~ining various co~eatrations of PDGF vdth (e) or 
v.'i~om (o)  5,% plasma, aad ~ stimulation of DNA syath~is in the 
cel~s was measured. (b) SLrm3~ experiments pcrfcm,.~l v,~th FGF. In 
this experiment, the radioactivity incorporated into the cells incubated 
with 10% FCS was 165-10 ~ cpm/dish and the $ labeled nuclei was 

% ~ .  wkile "kat of umremed culture was 1.5'$. 

phase to the S phase was stimulated by 5-10% calf 
serum, but platelet-poor plasma containing similar 
mounts  of protein d/d not induce DNA synthesis in 
the cells. The complete stlmulatory activity on DNA 
synthesis was recovered when PDGF, a major :uitogenic 
peptide derived from blood platelets [2,3,30], was added 
together with 5~ platelet-poor plasma to the quiescent 
cultures, although P I ~ F  alone showed tittle activity at 
these concentrations (Fig. la). Similar results were ob- 
tahaed when FGF was used instead of PDGF (Fig. lb). 
These results for Swiss 3"1"3 ceils were consistent with 
the pr_~vious ones for Balb/C 3T3 cells [2], indicating 
that for serum-induced DNA synthesis in quiescent 
fibroblasts a combination of two independent growth 
factors, a competence factor and platelet-poor plasma 
containing progress/on factors, is required. 
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Fig. 2, Stimulation of 3-O-mcthylghmas¢ uptake in qui~:c~mt ceils. 
Qu/escem 3T3 c~ll_s ~,'e~e im:tdrated v.'/th i rnl of DMEM containing 
~-ar/ous amounts of serum (®) or plasma (a)  at 37°C for 3 h, and the 
uptake of 3 - O - m e t h ) ~ 3 H ~ o s ¢  (1 g O / m L  1 /~M) at 37°C for 2 
m/n in tbe treamd cens ~as  determ/ned as descr/bed in Maiterials and 

~Mcttmds. 

2-dcox~jg!ucos¢. The concentrations of PDGF and FGF 
required for induct/on of DNA synthesis were sim;lar to 
those req-sh'ed for stimulation of glucose transport. 

Increases in 2 - d e o x y g l ~  uptake in cells treated 
with serum (5~), PDGF (10 ng) or FGF (10T) rig) were 
evident within 1 h after the addition of the growth 
factors, and achieved m a g i m n l  lo re l s  a f t e r  treatment for 
3-5 h (F/g. 4). The transport activity stimulated by 
g ro~h  factors returned to a basal level after 20 h 
incubation (data not shown). The prof'des for stimula- 

Stimulation qf glucose transport by growth factors 
To determine the effects of growth factors on the 

early change in the uptake of 3-O-methylglucose, cells 
were treated with various concentrations of either calf 
serum or platelet-poor plasma for 3 h at 37°C. As 
shown in Fig. 2, serum-treatment greatly stimulated 
transport activity in the cells but platelet-poor plasma 
was far less effective suggesting an important role for 
platelet components in the regulation of glucose trans- 
port. 

To examine this possibility, quiescent cells were 
treated with various concentrations of PDGF for 3 h, 
and changes in 2-deoxyghcose uptake were followed. 
Fig. 3a shows that uptake was stimulated by PDGF 
alone to the same level as that seen with 5% serum. 
Maximum stimulation was observed with 5-10 ng/ml 
of PDGF. FGF also stimulated hexose uptake in a dose 
dependent manner (Fig. 3b). Similar results were also 
obtained when 3-O-methylglucos¢ wa~ used in place of 
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Fig. 3. Stimulation of 2-deoxygluco~t uptake by PDGF or FGF in 
313 cclE. Quiescent 3"1-3 cells were incubated with various concentra- 
tions of PDGF (a) or FGF (b) ia DMEM for 3 h at 37°C, and 
2-deoxyglu~os¢ uptakc was mea.sur ",:d. Thc radioactivity incorporated 
into cells, wldch had been tremed gith 5~ serum for 3 h was 

8.3-10 " mol/mg protein per 10 rain. 
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tion of glucose transport in growth factor-treated cells 
were quite similar to those obtained with cultures 
stimulated with serum, DPGF and FGF, suggesting the 
existence of a common mechanism. 

Effects of  vario~ growth factors on glucose and uridine 
uptake 

As described above, PDOF or FGF alone stimulated 
glucose transport in quiescent 3T3 cells to the level seen 
with whole serum. In addition, a potent tumor promo- 
ter, PMA, also enhanced 2-deoxyglucose uptake activity 
in the ceils under ~ e  sane  conditions (Table I). These 
three different growth promoting factors, PDGF, FGF 
and PMA, which stimulated 2-deoxyglucose uptake in 
G O 3"1"3 cells, have been classified as competence growth 
factors [2,3]. By contrast the factors reported as progres- 
sion factors, including platelet-poor plasma (5-10%), 
insulin (1 /~g) and EGF (50-100 lag), exhibited much 
lower stimulatory activities. 

To determine whether these characteristics of the 
growth factors are specific for the glucose transport 
system, we also studied their effects on uridine uptake. 
As expected [1,4,5,26], ufidine up!a__ke by cells activated 
with 5% serum for 3 h was increased about 4-fold 
(Table 1). However, platelet-poor plasma stimulated 
uridine uptake similarly. Furthermore, all of the growth 
factors tested, including PDGF (10 ng), FGF (100 ng), 
PMA (50 ng), insulin (1 /~g) and EGF {50-I,~ ng), 

10- 

~g 

g~  
~ o  
= E  " 7  

O r T i T - -  
1 2 3 4 5 
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Fig. 4. Period of exposure to growth factors for stimulation of 
2-deoxyglucose uptake. Quiegcent aT3 cells were in,bated with 1 ml 
of DMEM containing 5% serum (o~. i0 ng PDGF (e), 100 ng FGF 
(v). 5% pla~sma (A) or DMEM alone (t,). After incubation for the 
indicated period, d~oxy[3~glucose uptake for 10 rain in the cells was 

determined. 

TABLE I 

Effects of growth factors on glucose and uridine uptake in 37"3 cells 

Quiescent 3T3 cells were incubated with various growth factors in 1 
ml DMEM for 3 h at 37 ¢ C. and the uptake of 2-dcoxy[3 Hlglucose (1 
pCi/ml, 1 #M) for 10 i;iin or [3Hluridine (05/~Ci/ml. 1 t~M) for 1~ 
rain at 37 ° C was determined as described in Materials and Methods. 
The results are the means±g.E, for 2--4 experiments, n,d., not de- 
termineA. 

Added growth factors Deoxyglucose Uridine uptake 
uptake (10 - 1o 
(10- n tool/ mol/mg protein) 
mg protein) 

None 1.10+O.OS 0.62±0.15 
Serum (5%) 7.684-0.20 2.674-0.6 
Plasma (5%) 1.454-0.30 2.55±0.35 
PDGF (10 ng) 1.50_+0.70 2.10±0.5 
FGF (100 ng) S.03 4-0.50 2.004-0.5 
PMA (10ng) 6.13+0.10 n.d. 

(50 ng) 6.334.0.06 225±0.6 
Insulin (1 ,~g) 2.174-0.38 2.104-0.2 
EGF (50 ng) 1.68 4-0.40 1.55 ±0.1 

(100 ng) 1.73+0.27 1.505:0.1 

enhanced uridine uptake about 3-4-fold. Thus in this 
case there were no significant differences in the activity 
of the two classes of growth factors. 

Characteristics of  the stimulated glucose transport 
The stimulated uptake of 2-deoxyglucose or 3-0- 

methyiglucose was completely inhibited by either 0.5 
~tM cytochalasin B or 100/tM phroretin in cultures of 
both quiescent cells and cells stimulated with serum, 
PDGF, FGF or PMA (data not shown). However, 
phroridine (100 /tM) a preferential inhibitor of the 
Na+-dependent glucose transport system [19], showed 
only a small inhibitory effect (10-15%). These results, 
as well as the results of kinetic analysis described below, 
indicate that the glucose transport activity in both 
quiescent and stimulated 3T3 cells reflects a transport 
system involving a carrier-mediated facilitated diffu- 
sion, as described for other mammalian cells [17,20,31]. 

The results of the kinetic constants obtained from 
Lineweaver-Burk plots of 2-deoxyghicose uptake in dif- 
ferent states of quiescence and on stimulation by vari- 
ous growth factors shows that the Vm~ for the uptake 
increased 5-6-fold in the culture stimulated by either 
serum, PDGF, FGF or PMA (data not shown). How- 
ever, the K m for the uptake in these cells was approxi- 
mately 1-1.5 mM under all culture conditions. These 
Vrnax and K m values for glucose uptake are w!thin the 
:ange reported for other systems mediated by carrier- 
mediated facilitated diffusion [13,171. 

To determine further the requirements for new pro- 
tein and RNA synthesis in this stimulation by the 
growth factors, the effects of inhibitors of macromolecu- 
lar synthesis were examined. In all cultures stimulated 
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Fig. 5. RNA blot analysis of glucose transporter gene. Quiescent 31"3 cells were incubated with 5~ serum m DMEM at 37 ° C  for O, 0.5. L 2 and 5 h 
and th~ total R.NA was extracted and separated on an agarose gel (20 - - 32 /~g/lanc). The blotted fdtm" was then hybridized w~th P-labeled glucose 

transporter cDNA probe (a). After hybridization, ",he fiftcx was s,,aJned v, ith act/dine orange (b). 

with serum, PDGF, FGF or PMA, an early increase in 
glucose uptake was detoetable and at 1 h of incubation 
was insensitive to both of the inhibitors (Table II). 
However, the uptake on stimulation for 3 h was in- 
hibited about 70% by either cycloheximide or 
aetinomycin D, suggesting that new protein and RNA 
synthesis are required for maximal glucose transport 
activity. It should also be noted that the residual activi- 
ties after 3 h incubation with the growth factors in the 
presence of one of the inhibitors were nearly the same 
as those after 1 h incubation, that were insensitive to 
the inhibitors. These results demonstrate that the stimu- 
lation by growth factors of glucose transport activity 
involves macromolecular (protein and P.dNA) synthesis- 

independent and -dependent processes. DNA synthesis 
is not required for the stimulation, since the cells remain 
in the pterepl/cative p -base. 

Stimulation of expression of glucose transporter mRNA by 
growth factors 

Changes in level of glucose transporter mRNA in 
quiescent 31"3 cells were also determined by RNA blot 
analysis. As shown in Fig. 5, an increase in glucose 
tran~k-orter mILNA (2.8 kb) occurred 1 h after serum 
stimulation, and reached a maximal level after 2-5 h of 
stimulation. In agreement with the results of glucose 
transport. PDGF, FGF and PMA also stimulated the 
accumulation of glucose transporter mRNA during 1-3 

a" 1 2 3 4 5 6 b. 1 2 3 4 5 c'1 2 3 4 5 
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Fig. 6. Changes in glucose transporter mRNA levels in growth factors-treatecl 3T3 cells. Quiescent 31"3 cells were incubated for 3 h (a. b) or 20 h (c) 
with various growth factors as follows and changes in glucose transporter mRNA level were determir.ed: (a): (I) DMEM. (2) 5~ serum. (3) 5~ 
plasma, (4) 1/~g insulin, (5) 100 n 8 FGF, (6) 25 ng PMA; (b): (1) DMEM, (2) 5~ ~rum. (3) 5~ plasma, (4) 10 ng PDGF, (S) 100 ng EGF: (c): (1) 

DMEM, (2) 5~ serum, (3) 100 ng FGF. (4) 25 ng PMA. (5) 25 ng PMA, 3 h. 



TABLE II 

Effects of tTcloheximide and actinomycm D on the increased uptake in 
31"3 cells 

Quiescent cells were incubated with DMEM containing the indicated 
growth factors and either ~-cloheximide (10 lttg/ml) or actinomycin D 
(I Fg/ml). After incubation for 1 or 3 h at 37°C, deoxy[~H]glucose 
uptake was determined, n.d, not detemuned. 

Grov.lb factors Ttr~ Deoxy[ 3Hlglucose uptake 
(h) (10 -u  mol/mg protein) 

-inhibitor +CH +AcL D 

None 1.0 1.0 n.d. n.d. 
Scram (5~) 1,0 2-6 2.6 2.2 
PDGF (10 ng) 1.0 3.0 3,1 3.6 
FGF (50 ng) 1.0 2.8 2.9 2.5 
PMA (25 ng) 1.0 2.7 2.3 2.1 

None 3,0 l.l n.d. n.d. 
Serum (5c~) 3.0 7.4 3.2 2.4 
PDGF ( l0 rig) 3.0 73 3.1 2.8 
FGF (50 rig) 3.0 7.3 2.5 2.4 
PMA (25 rig) 3.0 5.2 2.4 2.2 

h incubation, bu t  they became undetectable by 20 h 
(Fig. 6). In  contrast,  plasma, insulin and  E G F  failed to 
enhance the m R N A  level. 

The increased level of ~ m R N A  in serum-treated 
3T3 cells was completely inhibited by act inomycin D, 
suggesting that  this increase is due to, at  least  in part,  
enhanced transcript ion of  the gene (Fig. 7). However, 

m R N A  accumulat ions induced by serum, F G F  or  PMA 
were not significantly affected by a protein synthesis 

inhibitor,  cycloheximide. 
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TABLE Ill 

Effect of pretreatment with PMA on the growth factor.dependent in. 
crease in deoxy[~H]glucose uptake in 31"3 ceils 

Quiescent 3T3 cells were preincubated with 25 ng/ml PMA it DMEM 
for 24 h at 37°C. The cells were washed and then further i Icubated 
for 3 h with the indicated growth factors in DMEM. Deox)[3H]glu- 
co~ uptake in the cultare was determined as described in Materials 
and Methods. 

Growth factors Deoxy[ 3H]glucose uptake 
(10-11 mol/mg protein) 

untreated PMA-treated 
cells cells 

None 0.60 0.65 
PMA (2:5 ng) 4.07 0.73 
OAG (25 ttg) 3.90 0.90 
Serum (5%) 6.33 4.53 
FGF (50 ng) 6.50 5.20 
PDG r" l io ng) 6.27 5.60 

Studies  wi th  P M A - p r e t r e a t e d  cells 

We have shown that  serum, P D G F  and F G F  as well 

as PMA st imulate  glucose t ransport  activity and expres- 

sion of glucose t ransporter  m R N A  with similar char- 
acteristics in quiescent 3T3 cells. I t  has already been 
reported that  P D G F  End F G F  elicit the rapid forma- 
tion of diacylglycerol,  activation of protein kinase C 
and Ca 2 ÷ mobil izat ion when added to quiescent of cells, 

including Swiss 3T3 cells [32-34]. Consequently,  it was 

feasible that  act ivat ion of protein kinase C init iated by 

the P D G F -  or FGF-induced breakdown of phosphati-  

dyiinosit ides led to st imulat ion of glucoge transport  
activity through direct  act ivat ion of  protein kinase C. 

a. 1 2 3 4 5 b" 1 2 3 4 c'1 2 3 4 
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Fig. 7. Effec:s of metabolic inhibitors on expression of glucose trar, sportcr mRNA. Resting 3T3 cells were treated with 5% serum [a), 25 ng PMA 
(b) or 190 ng FGF (c) for 3 h in the presence or absence of the indicated inhibitors and exprcsston of glucose transporter mRNA was determined. 
Lane I. DMEM. lane 2, DMEM + CH (20 gg/ml), lane 3. growth factor, lane 4, growth factor + CH, lane 5 in a. serum + actinomycin D (1 gg/nd). 
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Fig. 8. Eff~ts of PMA-Ix~etreatmem on expression off glm:ose trans- 
porter mRNA. Untreated (lane 1-4) or PMA-treated (lane 5-8) 3T3 
cens as descXl'bad ha Table I! ~'ere ~ treated with DMEM alone 
(1, 5L 25 ng PMA (2. 6), 5% serum (3, 7L or 100 ng FGF (4. 8) fo~ 3 h 
and lmw.h d gkmo~ t r ' ~  mRNA of ~ ~Us were detem~tmd. 

This mechanism has been implicated in the cases of the 
phosphorylation of several cellular proteins [35-37]. 

Blackshear et aL [37] and Kuibuchi et al. [34] recently 
reported that protein kinase C activity in 3]'3 ceils can 
be almost compb,ely abolished by prolonged exposure 
to phorbol esters. When quiescent 31"3 cells were ex- 
posed to various concentrations of PMA for 24 h in 
DMEM, PMA-dependent stimulation of glucose uptake 
was completely abolished (Table Ill), as described re- 
cently by Kitagawa et al. [38]. This decrease in the PMA 
response was observed in cells preh-eated wiht as little 
as 10 ng/ml of PMA. In the protein kina~ C-deficient 
cultures, OAG-dependont stimulation of glucose uptake 
was also apparently suppressed. However, glucose up- 
take by these cells was sill] enhanced by serum, PDGF 
and FGF. SimiInr ~ t s  wele obtained when the cells 
were prctrcated with PDBu, an analogue of PMA (dam 
not sho~n). 

In 31"3 cells pretreated ~ t h  PMA, the PMA-induci- 
ble increase in glucose transporter mRNA also became 
undetectable (Fig. 8). However, the mRNA level was 
still increased by serum or FGF, demonstrating the 
presence of a PMA-independent pathway to regulate 
glucose transport as well as the accumulation of trans- 
porter mRNA. 

DLscuss~ 

In the present study there are three principal find- 
ings. First, an early increase in glucose transport in 
quiescent 3T3 cells is caused by PDGF or FGF alone, 
and does not require the simultaneous presence of 

plasma components. This is in apparent contrast to the 
effect on DNA synthesis in the cells, for which the 
presence of platelet-poor plasma with either PDGF or 
FGF is required (Fig. 1). PDGF and FGF stimulated 
glucose ffznsport activity in 3"1"3 cells to the same extent 
as serum (Fig. 3}. The characteristics of the increased 
transport were also quite .~milar tO those obtained with 
serum: the thne courses for the stimulation (Fig. 4), 
changes in kineth: constants with increased V~,~ values 
v,~thout changes in apparent Kin, and sensitivity of the 
increased activity to iab/bitors of macromoleeular 
synthesis Gable  Ilk In addition, the concentrations of 
PDGF and FGF required for stimulation of glucose 
L, mLqX~ and DNA synthesis are well correlated (Figs. 
i and 3). These results are not conclusive but strongly 
s ages t  that the early increase in glucose transport 
coup~d m the transition from the quiescent state (Go) 
to the prol/ferafive state is mainly regulated by a single 
pepfide growth factor such as PDGF and FGF. 

The stimulation of  glucose transport is mediated by 
growth factors ~ c h  have been reported to have com- 
petence activities [2,3], including serum, PDGF and 
FGF as well as PMA, but growth factors classified as 
progression factors. Le-, plasma, insulin and EGF, have 
much less effect ~ the same experimental condi- 
tions {Table I). In contrast to these results, ufidine 
uptake, another earl)- permeability change in the same 
quiescent cultures [5~, -is stimulated similarly by com- 
petence growth factors and progression factors. Of par- 
ficuiar relevance to the present results is the observation 
of Owen et aL, that mnino acid transport system A in 
Balb 3T3 cells is stimulated by PDGF alone but not by 
plasma components [39]. 

Second. we observed that the stimulated glucose 
transport activity in the quie~ent 3T3 c¢ils was accom- 
pauied by an enhanced les'el of glucose transporter 
mRNA e-Adent after 1 h of stimulation (Figs. 5 and 6). 
This could be due to an increase in transcription of the 
gene, since the specific inhibitor, actinomycin D, 
inhibited the increase in the transporter mRNA as well 
as maximal stimulation of the glucose u a n s ~ r t  (Fig. 7, 
Table II). Furthermore this enhancement of the trans- 
porter mRNA level was not greatly affected by cyclo- 
bexinfide, suggesting that a newly synthesized cellular 
protein is not required for the accumulation of this 
mRNA. These facts together with the results from kinetic 
analysis of the transport suggest that the cell-cycle 
dependent stimulation of glucose u'anstmrt by growth 
factors such as PDGF and FGF are partly regulated at 
the transer/otional level of the ~ ,  although 
more direct anulysh of  the uan~-~iption is required. 

Third, we ha-:e shown that there are at least two 
independent pathways for growth factor-induced stimu- 
lation of  glucose wan.q~rt in quiescent 3T3 cells. One 
of these pathways probably involves activation of pro- 
tein kinase C. As described previously [13,14], phorbol 
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esters such as PMA (Table I) and PDBu (data not 
shown) stimulated glucose transport, and the character- 
istics of the stimulated activity were found to be similar 
to those induced by serum, PDGF and FGF. OAG, a 
synthetic analogue of diacy, lglycerol, enhanced the 
wansl~rt activity like PMA (Table I11). However, glu- 
cose transort can no longer be stimulated by PMA or 
OAG in cells that are protein klnase C deficient [34.37]. 

As described, PDGF and FGF generate di- 
aeylglycerol as well as inositol phosphates by stimulat- 
ing the hydrolysis of phosphoinnsitides [32-37]. How- 
ever. serum. PDGF and FGF are able to stimulate 
glucose transport in PMA-pretreatecl, protein kinase 
C.deficient 31"3 cells, as reported recently [38]. These 
two different pathways also seem to be operating at the 
level of gene expression (Fig. 8). These results indicate 
the presence of a prolein kinase C-independent pathway 
for control of glucose transporter mRNA level and 
tramport activity; it also implies that this pathway 
mainly operates for the stimulation of glucose transport 
during the course of serum-haduced mitogenesis. 

The findings reported here have important implica- 
tions for future studies on the regulatory mechanisms of 
glucose transport and cell proliferation. As reported 
preciously in serum or PMA-haduc~ fihrohlasts 
[5-7,14]. a PDGF or FGF-induced increase in glucose 
transport in 31"3 cells ~ of an early macromolecu- 
lar synthesis-insensitive process and a later sensitive 
step (Table II). in fat cells, insulin rapidly stimulates 
glucose transport, mainly due to translocation of the 
glucose transporter from cellular pools to the plasma 
membrane [8,9]. These results taken together may indi- 
cate that the stimulation of glucose transport by growth 
factors could be controlled by increasing the number of 
active glucose transgortem in the plasma membrane due 
to early (within 1 h) translocation and the later (1-3 h) 
biosynthesis of the transporter, though they have not 
been measured directly. Furthermore, of interest is the 
fact that the reguhfion of proto-oncogenes (c-/os, c- 
myc), since their expressions are also stimulated by 
competence growth factors ha fibroblasts 139-421, was 
also confirmed under our experimental conditions 
(Kitagawa, T., Tanaka, M. and Akamatsu, Y., unpub- 
lisbed data). Thus, it is important to determine further 
cellular components which regulate glucose transporter 
mRNA level. 

Note added in prou[: (Received 13 February 19891 

After submission of the manuscript, a rapid activa- 
tion of the glucose transporter gene by growth factors 
including PDGF. FGF, EGF and PMA at transcrip- 
tional level was observed by HirakL Y. et aL (J. Biol. 
CherrL 263, 13655-13662 (1988). Similar results were 
also reported by Rollins, B.J. et al. (J. BioL Chem. 263, 
16523-16526 (1988). 
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