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A small amount (50-200 PM) of deoxycholate (DOC), a colon tumor-promoting bile acid, did not show 
a direct effect on protein kinase C activity in a cell-free system, but enhanced fibroblast growth factor 
(FGF)-induced diacylglycerol formation and protein kinase C activation in Swiss 3T3 cells. DOC potentiat- 
ed both reactions induced by submaximal doses of FGF but showed little effect on the maximal levels of 
the reactions. DOC alone was inactive in eliciting both reactions in the absence of FGF. DOC did not affect 
the binding of FGF to the cells. Since it has been described that diacylglycerol serves as a messenger for 
the activation of protein kinase C in the action of FGF in Swiss 3T3 cells [(1985) FEBS Lett. 191, 205-2101, 
these results suggest that a small amount of DOC increases the sensitivity to FGF of diacylglycerol forma- 
tion and thereby potentiates protein kinase C activation in this cell line. This action of DOC was in marked 
contrast to that of 12-O-tetradecanoylphorbol- 13-acetate, a potent tumor-promoting phorbol ester, which 

directly activated protein kinase C in cell-free and intact cell systems. 

(Colon) Tumor promoter Bile acid Growth factor Phorbol ester Protein kinase 

1. INTRODUCTION 

DOC, one of the secondary bile acids, has been 
shown from epidemiological and experimental 
studies to serve as a tumor promoter for colon car- 
cinoma [l-13], but its mode of action has not yet 
been clarified. In contrast, other types of tumor 
promoters such as phorbol esters [ 14-161, 
mezerein [ 171 and aplysiatoxin [ 181 have been 
demonstrated to exert at least a part of their ac- 
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Abbreviations: DOC, deoxycholate; FGF, fibroblast 
growth factor; TPA, 12-0-tetradecanoylphorbol-13- 
acetate; DMEM, Dulbecco’s modified Eagle’s medium; 
FCS, fetal calf serum 

tions through the direct activation of protein 
kinase C. A preceding report from our laboratories 
has described that a small amount (25-200 PM) of 
DOC by itself does not induce DNA synthesis but 
potentiates the FGF-induced reaction in Swiss 3T3 
cells [19]. In contrast, TPA, one of the most potent 
tumor-promoting phorbol esters, by itself 
substitutes for FGF and stimulates DNA synthesis 
in this cell line [19-211. FGF elicits diacylglycerol 
formation which serves as a messenger for the ac- 
tivation of protein kinase C [21], whereas TPA 
substitutes for diacylglycerol and directly activates 
this enzyme [14-161. Here, we describe that DOC 
does not show a direct effect on protein kinase C 
activity but enhances FGF-induced diacylglycerol 
formation and thereby potentiates the activation 
of this enzyme indirectly in Swiss 3T3 cells. 
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2. MATERIALS AND METHODS 

2.1. Materials and chemicals 
Swiss 3T3 cells and homogeneous bovine 

pituitary FGF were kindly supplied by Dr E. 
Rozengurt (Imperial Cancer Research Fund, Lon- 
don, England) and Dr D. Gospodarowicz (Univer- 
sity of California, San Francisco, USA), respec- 
tively. Protein kinase C was purified partially from 
the soluble fraction of rat brain by DEAE-cellulose 
column chromatography followed by gel filtration 
on a Sephadex G- 150 column as described [22]. A 
mixture of phospholipid was extracted from 
bovine brain and histone Hl was prepared from 
calf thymus as described [23]. Sodium DOC was 
purchased from Difco. [3H]Arachidonic acid, 
carrier-free 32Pi and [Y-~~P]ATP were obtained 
from Amersham. [3H]Thymidine was from New 
England Nuclear. Other materials and chemicals 
were obtained from commercial sources. 

incorporation of 32 P from [Y-~~P]ATP into calf 
thymus histone Hl according to [23]. The reaction 
mixture (0.25 ml) contained 20 mM Tris-HCl at 
pH 7.5, 5 mM magnesium acetate, 50,~g histone 
Hl, 10 PM [T-~~P]ATP (4 x 104 cpm/nmol) and 
0.5 pg protein kinase C. CaClz, phospholipid, 
EGTA, TPA and DOC were added as indicated in 
the experiment. Incubation was carried out for 
3 min at 30°C. The reaction was stopped by the 
addition of 25% trichloroacetic acid and the acid- 
precipitable radioactivity determined as in [23]. 

2.5. Assay for diacylglycerol formation 

2.2. Cell culture 
Stock cultures of Swiss 3T3 cells were main- 

tained in DMEM supplemented with 10% FCS, 
penicillin (100 units/ml) and streptomycin 
(100 pug/ml) in a humidified atmosphere of 10% 
C02:90% air at 37°C as described [24]. For ex- 
perimental purposes, the cells were seeded at a den- 
sity of 5.7 x 104/35 mm dish in 2.5 ml DMEM 
containing 10% FCS, refed with the same medium 
after 2 days and used at least 5 days after the last 
change of the medium. 

The cells prelabeled with 1.5 ,&i [3H]arachi- 
donic acid for 24 h were stimulated by FGF for 
15 min at 37°C under the conditions stated in [21]. 
Where indicated, DOC was added to the cells in 
l/20 volume of total 10 s before the stimulation by 
FGF. Neutral lipids were separated by silica gel G 
plate thin-layer chromatography, the area cor- 
responding to diacylglycerol was scraped into a 
vial, and the radioactivity determined as in [21]. 

2.3. Assay for protein phosphorylation in intact 
cells 

The cells prelabeled with 200&i 32P, for 1 h 
were stimulated for 5 min at 37°C by FGF or TPA 
under the conditions in [21]. Where indicated, 
DOC was added to the cells in l/20 volume of total 
1 min before the stimulation by FGF or TPA. The 
radioactive proteins were subjected to SDS- 
polyacrylamide gel electrophoresis and an 
autoradiograph was prepared as described in [21]. 
The relative intensity of each band was quantitated 
by densitometric tracing of the autoradiograph at 
430 nm by using a Shimadzu model CS-930 dual- 
wavelength chromatogram scanner. 

2.4. Assay for protein kinase C in a cell-free 
system 

Fig. 1. Effect of DOC on protein phosphorylation in 
Swiss 3T3 cells. Quiescent cultures labeled with ‘*Pi were 
stimulated by FGF or TPA in the absence and presence 
of DOC. The phosphorylated proteins were analyzed by 
SDS-polyacrylamide gel electrophoresis followed by 
autoradiography as described in section 2. A, (---) 
none; (-) with 3 ng/ml FGF; B, (---) with 
3 ng/ml FGF; (-) with 3 ng/ml FGF and IOOpM 
DOC; C, (---) none; (-) with 1OOrM DOC; D, 
(---) none; (-) with 50 nM TPA; E, (---) with 
50 nM TPA; (-) with 50 nM TPA and 1OOpM 
DOC. The arrow indicates the 80 kDa protein. The data 

Protein kinase C was assayed by measuring the shown are typical of 3 different experiments. 
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3. RESULTS 

In Swiss 3T3 cells, an 80 kDa protein has been 
identified as an endogenous substrate for protein 
kinase C [21,25]. It is possible to estimate the ac- 
tivation of protein kinase C by measuring the 
phosphoryiation of this protein in this cell line. 
Consistent with the earlier observation [21], in- 
cubation of quiescent cultures of Swiss 3T3 cells 
with FGF caused phosphorylation of the 80 kDa 
protein as shown in fig. 1. FGF-induced 
phosphorylation of this protein was further 
enhanced by the addition of a small amount 
(100 ,uM) of DOC. DOC by itself did not stimulate 
the phosphorylation of this protein in the absence 
of FGF. In contrast, TPA by itself induced the 

I I 

5 

FGF (ng/ml) 
10 

Fig.2. Dose-response curves of FGF for 80 kDa protein 
phosphorylation in the absence and presence of DOC. 
Quiescent cultures labeled with 32Pi were stimulated by 
various doses of FGF in the absence and presence of 
lOO@M DOC. Other details are described in section 2. 
(O---O) In the absence of DOC, (o--o) in the presence 
of DOC. Values of 80 kDa protein phosphoryiation are 
expressed as the relative increase in A at 430 nm 
compared with unstimulated control cells. The data 

EGTA 1470 
CaC12 + phospholipid 4130 
CaCIz + phosphoiipid + 50 pM DOC 4120 
CaClz + phospholipid + 100 PM DOC 4230 
CaClz + phospholipid + TPA 10520 
CaCl2 + phospholipid + TPA + 50 pM DOC 10390 
CaCl2 + phospholipid + TPA + 100/1M DOC 10590 

Protein kinase C was assayed as described in section 2. 
1 mM EGTA, 50pM CaCI2, 40 pg/ml phosphoiipid, 
17 nM TPA and 50 or 1OOrM DOC were added as 

shown are typical of 3 different experiments. indicated 

phosphorylation of the 80 kDa protein. DOC did 
not affect TPA-induced phosphorylation of this 
protein. Fig.2 shows dose-response curves of FGF 
for 80 kDa protein phosphorylation in the absence 
and presence of 1OOpM DOC. DOC potentiated 
particularly markedly this protein phosphorylation 
which was induced by submaximal doses of FGF, 
but showed Iittle effect on the maximal level of the 
reaction. This effect of DOC was dose-dependent 
and DOC in the range 50-2OOpM was effective. 

Although a small amount of DOC potentiated 
FGF-induced protein kinase C activation in intact 
cells, this compound did not show a direct effect 
on protein kinase C activity in a cell-free system. 
As shown in table 1, DOC did not stimulate fur- 
ther protein kinase C activity in the presence of 
Ca”’ and phospholipid under the conditions where 
TPA stimulated further this activity, DOC also did 
not affect the enzymatic activity in the presence of 
Ca’+, phospholipid and TPA. 

It has been demonstrated that FGF-induced pro- 
tein kinase C activation is mediated by 
diacylglycerol which is produced from the 
hydrolysis of phosphoinositides by the action of 
phospholipase C [21]. In the next set of ex- 
periments, the effect of DOC on FGF-induced 
diacylglycerol formation was examined. FGF 
elicited diacylglycerol formation in a dose- 
dependent manner as shown in fig.3. This result is 

Table 1 

Effect of DOC on protein kinase C activity in a cell-free 
system 

Addition Protein 
kinase 

activity 

(cpm) 
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in gmd agreement with the ~b~~rv~tio~ in pt]_ 
The addition of 100yM DOC enhanced FCF- 
induced diacylglycerol formation, ~~ti~nl~l~ at 
s~b~~i~al doses of the agonist, BQC by itself 
did nrtt elicit this reaction in the absences of FGF, 
The amounts of DOC necessary for enhancing 
K&induced diacylgIycero1 formation were nearly 
the same $8 those necessary for FGF-induced 
80 kDa pm&n ~hos~h~ryfat~o~~ tfnder corn- 
oboe ~o~ditions~ -X-PA did nsl% in&~ 
d~~~~~~~~~ro~ formaticrn as describes in [z&q_ XXX 
did not affeti the binding of ~~~~-~~b~led FGF to 
the cells as described previously [19], 

Preceding reports from our ~ab~r~~~r~~s have 
described that (i) protein kinase C as well as Ca*“’ 
may be irrvolved in FGF-induced DNA synthesis in 
Swiss 3T3 c&s @I], (ii) a smaff am~unr af me 

enhances ~~~~~~d~c~d DNA synthesis ~~~~~u~ 
changing the binding of this growth factor to the 
cells [X9], and (iii) DQC does nat affect FGF- 
induced DNA synthesis in the cells in which pra- 
tein kinase C is d~~n-r~~~ated but the FGF- 
iB&ced @aZ” ~ob~~~~~o~ system is still act%e 
after ~ro~~~~~ treatment of t&e c&s with 
~horbo~-~2~ ~3-dibut~~at~ [I9,26]. This paper has 
de~o~str~~~d that &bough DOC does not show a 
direct effect on protein kinase C activity, this com- 
pound ~nh~~~~s FGF-induced dia~yl~~~~~~~~ fm- 
m&m aad ~~~r~b~ potentiates the a~t~v~t~~~ of 
this enzyme, Tb~refore, these results suggest that 
DOC may enhance FGF-induced DNA synthesis 
by pot~nt~~~~~~ selectively the diacylglycerol- 
protein kinase C system without affecting the Cazf 
systeXn. This m&e crf ation af DOC is ~~f~re~t 
from that of ~~or~~ esters, s&ee the Eatter tumor 
prom&ers s~bstitu~~ liar dia~y~~y~ro~ and direct- 
Iy activate protein kinase C ffJ-16,20,21f, 
However, it may be emphasized that both the bile 
acid and phorbol esters may play functionally the 
same role in ~t~~nlati~g DNA synthesis and such 
an action ~~~ be mediated through the ~~tj~~~tio~ 
of the same protein kinase C. 

Anather point to be discussed here is cotlecrned 
with the mode of action of DOC iu enhancing 
FGF-induceed di~~y~~~y&~ro~ formatloB, DOC is 
kz~own as zm ~~io~i~ deterge&. ft has beep &- 
scribed ~reY~~~~s~~ that a farge aznoJXXt (2.5 mM) & 
DUC by itseif stipulates the hydrolysis of pbos- 
~hoi~ositid~~ and generation of d~$~yigIy~~r~I by 
the action of phospholipase C in horse platelets 
1271. fn this experiment, the effect of DOC is in- 
de~~nd~~~ sE the agonist and presumably related 
to its action as 8 detergent. The effect af D53C 
described here is different from this agonist- 
independent one, since a small amount (less than 
2W~M) of DOC by itself does not elicit 
dia~~~~~~~~r~~ formation but increases the sen- 
sitivity $0 RX? of the react&n Ed thereby poteD- 
tiates the ~~~is~-~~d~~~ reaction, HcWever, it is 
not knuwn ;re this time whether this agonist- 
dependent effect of DUC is related to its action as 
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a detergent. The mode of action of DOC in sen- 
sitizing FGF-induced diacylglycerol formation is 
now under investigation. 
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