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Exposure of MCF-7 human breast cancer cells to the phorbol ester 12-O-tetradecanoylphorbol- 13-acetate 
(TPA) leads to the inhibition of cell proliferation. We investigate here the short-term effects of TPA on sub- 
cellular distribution of protein kinase C, and on protein phosphorylation in cultured MCF-7 cells. We report 
a rapid and dramatic decrease in cytosolic protein kinase C activity after TPA treatment. Only 30% of the 
enzymatic activity lost in the cytosol was recovered in the particulate fraction. These data suggest that sub- 
cellular translocation of protein kinase C is accompanied by a rapid down-regulation of the enzyme (70%). 
Furthermore, TPA and other protein kinase C activators rapidly induce the phosphorylation of a 28 kDa 
protein in intact MCF-7 cells. Phorbol esters devoid of tumor-promoting activity are ineffective both for 

inducing these early biochemical events and for inhibiting cell proliferation. 

Protein kinme C Phorbol ester 

1. INTRODUCTION 

Tumor-promoting phorbol esters induce various 
and often opposite biological and biochemical ef- 
fects on cells in culture. Depending on the cell 
system, they can either stimulate proliferation and 
inhibit differentiation [1,2], or induce growth ar- 
rest and cell differentiation [3,4]. The exposure of 
MCF-7 human breast cancer cells to TPA results in 
a dose-dependent inhibition of cell proliferation 
[5-71. Although the mechanism of action of the 
phorbol esters is not clearly understood as yet, they 
are thought to act through the calcium- and 
phospholipid-dependent protein kinase (protein 
kinase C), which has been proposed as their apo- 
receptor [8]. This enzyme is activated by 
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Diacylglycerol Protein phosphorylation 

diacylglycerol produced by the breakdown of 
membrane inositol phospholipids. Phorbol esters 
can substitute for diacylglycerol and activate the 
protein kinase C directly [9]. We have investigated 
the short-term effects of TPA on protein kinase C 
activity in MCF-7 cells and found that TPA 
dramatically and rapidly decreased the cytosolic 
protein kinase C content, with a lack of complete 
recovery of the enzyme in the particulate fraction. 
We also report the effects of protein kinase C ac- 
tivators TPA, OAG and phospholipase C on pro- 
tein phosphorylation in intact MCF-7 cells. 

2. MATERIALS AND METHODS 

2.1. Chemicals 
Hl histone type IIIS, g-Br-CAMP, TPA, PDBU 

and phospholipase C (from Clostridium 
welchii/perfringens) were obtained from Sigma. 
[“PIPhosphoric acid and [y-32P]ATP (0.5-3 Ci/ 
mmol) were purchased from Amersham. DEAE 
cellulose (DE52) was from Whatman. Acrylamide 
and bisacrylamide were obtained from Eastman 
Kodak. X-ray films (X-Omat AR) were from 
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Kodak. All other chemicals were from Merck and 
OAG was a gift from Dr H. Chap (Inserm U 101, 
Toulouse). 

2.2. Methods 

2.2.1. Cell cultures 
MCF-7 cells were grown at 37°C in RPM1 1640 

medium, pH 7.3, supplemented with 2 g/l of 
sodium bicarbonate, 2 mM L-glutamine, 1 pM in- 
sulin and 5% fetal calf serum. 

2.2.2. Subcellular fractionation 
Subconfluent cells were scraped from the culture 

dishes into phosphate-buffered saline (PBS), then 
homogenized in 20 mM Tris-HCl, pH 7.5, con- 
taining 0.25 M sucrose, 2 mM EDTA, 10 mM 
EGTA, 50/1g/ml PMSF, 5 mM ,&mercapto- 
ethanol (buffer A). The cell lysate was centrifuged 
for 1 h at 105000 x g. The supernatant was used 
as the cytosolic fraction and the pellet was 
resuspended in buffer A, containing 0.5% Triton 
X-100, stored at 4°C for 45 min and centrifuged 
for 1 h at 105000 x g. The supernatant recovered 
was used as the 0.5% Triton extract of the par- 
ticulate fraction. Protein concentrations were 
determined according to Lowry et al. [lo], taking 
into account the presence of Triton. 

2.2.3. DEAE cellulose chromatography 
Cytosol or 0.5% Triton extract of particulate 

fraction obtained from 60 x lo6 cells was applied 
to a DEAE cellulose column (DE52, 0.7 x 5 cm), 
equilibrated with 20 mM Tris-HCl, pH 7.5, con- 
taining 2 mM EDTA, 1 mM EGTA, 50pg/ml 
PMSF and 5 mM ,&mercaptoethanol (buffer B). 
After washing with 30 ml of buffer B, containing 
10pM CAMP, a linear gradient of NaCl 
(O-O.35 M) in the same buffer was used to eluate 
proteins from the column. An aliquot of each col- 
lected fraction (1 ml) was immediately assayed for 
protein kinase activity. 

2.2.4. Protein kinase assay 
Protein kinase C was assayed by measuring the 

incorporation of 32 P from [Y-~~P]ATP into Hl 
histone. The standard assay mixture (200 ~1) con- 
tained 20 mM Tris-HCl, pH 7.4, 40 gg histones, 
10 FM ATP (550 cpm/pmol), 5 mM MgClz, 40 ,J 
sample and either 0.5 mM EGTA or 0.5 mM 
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CaClz, 16 pg phosphatidylserine and 0.6 /rg 
1,Zdiolein. After incubation for 5 min at 3O”C, 
10% trichloroacetic acid was added to stop the 
reaction. The protein precipitate was dissolved in 
1 N NaOH and the incorporation of “P was 
measured by scintillation counting in Pica-fluor 15 
(Packard). Enzymatic activity was expressed as 
pmol 32P incorporated into histone per min. 

2.2.5. Protein phosphorylation 
Subconfluent cultures (1 x lo6 cells/dish) were 

washed twice in a phosphate-free Krebs-Ringer 
buffer, pH 7.2, containing 20 mM Hepes, 0.1% 
BSA and 0.2% glucose, then incubated for 2 h in 
1 ml of the same buffer containing 50&i 
[32P]phosphoric acid. Stimuli were added for a fur- 
ther 30 min period. Cells were washed twice with 
cold PBS and 10% trichloroacetic acid was added. 
Trichloroacetic acid-precipitated proteins were 
dissolved in 100 pl of electrophoresis sample buf- 
fer, containing 0.06 M Tris-HCl, pH 6.7,2% SDS, 
8% glycerol, 2% P-mercaptoethanol, 0.005% 
bromophenol blue. Samples were then boiled for 
5 min at 100°C. Proteins were fractionated by 
electrophoresis on 4.5 and 10% (w/v) SDS- 
polyacrylamide slab gels as described by Laemmli 
[ 111. After protein fixation by cold trichloroacetic 
acid and Coomassie blue staining [ 121, the gels 
were dried, then exposed to Kodak X-Omat AR 
films for 24-48 h. The autoradiographs were 
scanned by densitometry, and the 32P incorporated 
into the proteins was evaluated by measuring the 
respective peak areas. 

3. RESULTS AND DISCUSSION 

When histone kinase was measured in crude 
cytosols from MCF-7 cells, no significant protein 
kinase C activity could be detected (fig.1). Iden- 
tical results were obtained when whole 
homogenates were used instead of cytosolic frac- 
tions (not shown). This inability to measure pro- 
tein kinase C activity in crude cell extracts has been 
already reported in other systems [13,14], and at- 
tributed to the presence of specific inhibitors [15] 
or phosphatase [16] in the extracts. 

Fig.2A shows the elution profile of protein 
kinase activity when cytosol from MCF-7 cells was 
analysed by DEAE cellulose chromatography. 
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Fig. 1. Protein kinase activity in crude cytosolic extracts 
from MCF-7 cells. The 105000 x g supernatant was 
prepared from subconfluent cells. Protein kinase activity 
was measured as a function of cytosol dilution, in the 
presence of 0.5 mM EGTA (0), 0.5 mM Ca2+ (o), and 
0.5 mM Ca’+, 16 pg phosphatidylserine and 0.6 pg 

diolein (A). 

Protein kinase C activity was eluted as a single 
peak at 0.04 M NaCl, while a broader peak of 
calcium- and phospholipid- (Ca, PL-)independent 
protein kinase activity was eluted between 0.13 and 
0.2 M NaCl. This latter protein kinase activity 
probably corresponds to the protein kinase M, 
already described in other systems [17,18]. 

Fig.3 shows that TPA can substitute for 
diacylglycerol in activating the protein kinase C 
eluted from DEAE cellulose. These results confirm 
those obtained with calcium- and phospholipid- 
dependent protein kinases from other cell types or 
tissues. 

Fig.ZB shows that a previous treatment of 
MCF-7 cells with 100 ng/ml TPA for 10 min leads 
to a dramatic decrease (about 90%) of the 
cytosolic protein kinase C activity, while the Ca, 
PL-independent protein kinase activity was almost 
unaffected. The inactive tumor promoter 4-O- 
methyl-TPA was unable to induce this effect (not 
shown). 

The principal finding of this work is illustrated 
in fig.4. In this experiment, protein kinase C activi- 
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I 

Fig.2. DEAE cellulose chromatography of MCF-7 
cytosol. The 105000 x g supernatants (10 mg of protein 
each) from control cells (Cont, A) or from cells treated 
for 10 min with 100 ng/ml TPA (B) were fractionated 
on DEAE cellulose. Proteins were eluted with a linear 
gradient of NaCl (O-O.35 M). Protein kinase activity 
was measured in the presence of 0.5 mM EGTA (0) 
and in the presence of 0.5 mM Ca*+, 16,~g 
phosphatidylserine and 0.6cg diolein (0). TPA was 
dissolved in DMSO. The control contained the same 

final solvent concentration (0.05010). 

ty was measured both in the cytosolic and in the 
0.5% Triton extract of the particulate fraction, 
after DEAE cellulose chromatography. (As in the 
cytosolic fraction, no protein kinase C-activity was 
measurable in the 0.5% Triton extract from par- 
ticulate fraction before fractionation on DEAE 
cellulose.) Two major facts may be observed: 

(i) The particulate fraction from non-treated cells 
contains an important bulk of protein kinase 
C activity (approx. 40% of the total amount 
of protein kinase C in MCF-7 cells). This par- 
ticulate protein kinase C did not appear 
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Fig.3. Diacylglycero~- and TPA-dependence of protein 
kinase C from MCF-7 cells. Cytosohc (A) or 0.5% 
Triton extract of particulate fraction (B) were 
fractionated separately on DEAE cellulose and the 
respective peaks of protein kinase C were studied. 
Protein kinase activity was measured in the presence of 
the indicated compounds. The concentrations used were 
those of the standard assay. TPA was added at 10 @/ml 

in DMSO (O.OSOro final concentration). 

basically different from the cytosolic enzyme. 
The same pattern of elution was obtained for 
both enzymatic activities (a major peak eluted 
at 0.04 M NaCl), following DEAE cellulose 
chromatography. Both enzymes show a 
similar behavior with regard to diacylglycerol- 
or TPA-dependence (fig.3). 

(ii) The dramatic decrease of the cytosolic protein 
kinase C content, induced by TPA is accom- 
panied by a very partial increase in the amount 
of particulate enzyme. Only 30% of the pro- 
tein kinase C, lost at the cytosolic level, was 
recovered in the particulate fraction, 
Moreover, a part of the enzyme appeared 
more tightly bound to the resin and was eluted 
between 0.1 and 0.2 M NaCl, which would 
suggest a mo~fication of the physico- 
chemical properties of the enzyme after TPA 
action. 

The incomplete recovery of the cytosolic enzyme 
at the particulate level cannot be explained by an 
inhibition of the enzyme in this fraction as protein 

kinase activities were measured after fractionation 
on DEAE cellulose. It can be objected that Triton 
X-100 induces a certain degradation of the enzyme 
in the particulate fraction during the extraction 
step. We feel that it is not the case as we have 
demonstrated that previous exposure of cytosolic 
enzyme to 0.5% Triton before DEAE cellulose 
chromatography did not modify the enzymatic ac- 
tivity (not shown). Furthermore, the enzyme 
recovery was only poorly improved when the par- 
ticulate protein kinase C was extracted with 
Nonidet P-40 instead of Triton X-100. Therefore, 
our results plead in favor of a rapid down- 
regulation of the translocated enzyme upon TPA 
action. Such a phenomenon has been reported very 
recently in chronic lymphocytic leukemia cells [ 19] 
and distinguished from the slow down-reguIation 
induced by long-time exposure of 3T3 cells to TPA 
[20]. We have also observed an almost complete 
disappearance of protein kinase C activity in 
MCF-7 cells after 24 h exposure to TPA (J.M. 
Darbon et al., in preparation). In any case, our 
results differ from those reported in parietal yolk 
sacs (PYS-2) cells, where the enzyme recovery at 
the membrane level was almost complete [21]. 

Fig.5 shows the protein phospho~lation pattern 
obtained when cultured MCF-7 cells were 
stimulated for 30 min, by different activators of 
protein kinase C. Phorbol esters, TPA and PDBU, 
phospholipase C (known to induce the formation 
of dia~ylgly~erol at the cell membrane level} and 
synthetic diacylglycerol OAG markedly increase 
the phosphorylation of at least one protein of ap- 
parent M, 28000. 100 ng/ml TPA, 100 ng/ml 
PDBU, 0.25 U/ml phospholipase C and 25 pglml 
OAG respectively enhance the phospho~lation of 
this protein by 600%, 500070, 375% and 300%. 
Moreover, there is a clear lack of synergism be- 
tween OAG and TPA, or OAG and phospholipase 
C, suggesting that these different com~unds act, 
as expected, by the same mechanism, i.e. activa- 
tion of protein kinase C. 8-Br-CAMP did not in- 
duce this specific protein phosphorylation, in- 
dicating that the 28 kDa protein is not a substrate 
for the LAMP-dependent protein kinase. The inac- 
tive tumor promoter 4cu-phorbol was as ineffective 
on protein phosphorylation as 4-0-methyl-TPA 
was without effect on protein kinase C transloca- 
tion. In the same way, while active phorbol esters 
TPA and PDBU induced growth arrest of MCF-7 
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Fig.4. Effect of TPA on subcellular distribution of protein kinase C in MCF-7 cells. The cytosolic fractions (A,B) and 
the 0.5% Triton extracts of particulate fractions (C,D) were prepared from 60 x lo6 cells treated with 0.05% DMSO 
(control, panels A,C) and from 60 x lo6 cells treated with 100 ng/ml TPA for 10 min (panels B,D), then submitted 
to DEAE cellulose fractionation. Protein kinase activity was measured in the presence of 0.5 mM EGTA (0) or 

0.5 mM calcium, 16 yg phosphatidylse~ne and 0.6 pg diolein (e). 

cells, the phorbol derivatives devoid of tumor pro- 
moting activity were without effect on cell pro- 
liferation [7]. 

In conclusion we have demonstrated that the 
treatment of MCF-7 cells with TPA leads to a 
rapid and dramatic decrease of cytosolic protein 
kinase C. Only 30% of the activity lost at the 
cytosolic level seemed translocated to the par- 

ticulate fraction, while 70% were apparently 
down-regulated. Moreover, we have shown that 
TPA and other protein kinase C activators rapidly 
induced the phosphorylation of a 28 kDa protein 
in intact MCF-7 cells. These early biochemical 
events may be related to the biological effect of 
TPA on MCF-7 cells, i.e. the inhibition of cell 
proliferation. 
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Fig.5. Effects of protein kinase C activators on the 
protein phosphorylation pattern in intact MCF-7 cells. 
Subconfluent cells were incubated with 50&i 
[3zP]phosphoric acid, in the absence (9) or presence of 
0.05% DMSO (10); 12.5 (I) or 25 pg/ml OAG (2); 0.125 
(3) or 0.25 U/ml phospholipase C (4); 100 ngfml TPA 
(5); 100 ng/ml PDBU (6); 100 ng/ml 4cu-phorbol (7); 
5 mM 8-Br-CAMP (8); 12.5 /g/ml OAG plus 100 ng/ml 
TPA (11); 12.5pg/ml OAG plus 0.125 U/ml 
phosphoiipase C (12). Phorbol esters and OAG were 
dissolved in DMSO (final concentration of 0.05%). 
Trichloroacetic acid-precipitated proteins were sepa- 
rated by SDS-polyacrylamide gel electrophoresis and 
radioactive proteins visualized by autoradiography. M, 
values were evaluated by the use of standard protein 

markers. 
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