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Normal keratinocytes, SV40-transformed keratinocytes (SVKi4), and various squamous 
carcinoma cell (XC) lines have been used as an in vitro model system to study the 
properties of phorbol ester receptor and protein kinase C expression during keratinocyte 
differentiation. The cell lines used exhibit a decreasing capacity to differentiate in the order 
of keratinocytes - SVK,,>SCC-12F2>SCC-15>SCC-4; moreover, all cell lines respond 
to a low external Ca*+ concentration by a decreased capacity to differentiate. Normal 
keratinocytes exhibited the highest number of phorbol ester receptors as compared to the 
other cell lines, while each individual cell line exhibited a higher number of phorbol ester 
receptors during growth under normal Ca*+ conditions as compared to cells grown under 
low Ca*+ conditions. The apparent dissociation constant (Kd) demonstrated only small 
variations in the various cell lines. In contrast, the cytoplasmic protein kinase C activity, 
was found to be higher in cells grown under low Ca*’ conditions than in cells grown under 
normal Ca2+ conditions, indicating the absence of a causal relationship between cytoplas- 
mic protein kinase C activity and phorbol ester receptor expression. Therefore the proper- 
ties of protein kinase C have been determined in more detail in normal keratinocytes and 
SCC-15 cells. These studies revealed differences between protein kinase C properties from 
the two cell lines grown under normal and low Ca*+ conditions. The differences included 
the effect of phorbol 12-myristate 13-acetate (PMA) on the redistribution pattern of protein 
kinase C between the cytoplasmic and particulate fractions as well as the activating effect 
of diolein in vitro on protein kinase C activity, partly purified from particulate or cytoplas- 
mic fractions. These observations demonstrate that the functional protein kinase C activity 
of keratinocytes is determined by various endogenous and exogenous activators and that 
these activators are modulated differently in various cell lines, under various growth 
conditions (low Ca*+ versus normal Ca2+). 0 1987 Academic Press, Inc. 

Mouse skin has been a main tool in the investigation of the tumor promoting 
activity of, in particular, the phorbol esters during multiple-stage carcinogenesis 
[l]. In addition to being well known as tumor promoters, these plant-derived 
cyclic diterpene compounds are known to modulate cellular differentiation and/or 
proliferation in a variety of cells and tissues (reviewed in [2]). The effects of 
phorbol esters on cellular differentiation are of particular interest since the 
regulation of cellular differentiation may be more important than the control of 
proliferation during the development of neoplasia. In skin, in contrast to many 
other tissues or organs, all three effects of phorbol esters have been demonstrat- 
ed: tumor promotion, induction of terminal differentiation, and stimulation of 
cellular proliferation [3-51. A heterogeneous response is observed often in kera- 
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tinocytes: a subpopulation of cells is induced to proliferate and another subpopu- 
lation is induced to differentiate [6-81. It has been suggested that the state of 
differentiation of epidermal cells at the time of phorbol ester exposure determines 
whether the ultimate cellular response will be in a proliferative or a differentiative 
pathway. 

The mechanism by which phorbol esters and other tumor promoters modulate 
the differentiation and proliferation of keratinocytes is not understood yet. Bind- 
ing of phorbol esters to specific receptors is an essential event during tumor 
promotion and affection of cellular differentiation. The specific phorbol ester 
receptor has been identified as a Ca*+ -activated, phospholipid-dependent protein 
kinase (protein kinase C) (reviewed in [9]). In nonstimulated cells protein kinase 
C is located in the cytoplasm in an inactive form; upon stimulation of the cells 
protein kinase C is associated with the phospholipids in the plasma membrane 
and activated, An endogenous activator of protein kinase C is diacylglycerol 
(DAG), a compound that is transiently produced in the plasma membrane during 
ligand-receptor binding-induced signal transduction, as a product of phosphoino- 
sitide hydrolysis [lo, 111. The effects of phorbol 12-myristate 13-acetate (PMA, 
the most potent phorbol ester) and DAG are twofold: the affinity of protein 
kinase C for both Ca*+ and phospholipids is increased. As a result, the enzyme is 
fully activated at physiological Ca2+ concentrations. 

Because of the effects of phorbol esters on the terminal differentiation of 
human keratinocytes, we have been interested in the expression of phorbol ester 
receptors and cellular protein kinase C activity during differentiation. Cultivating 
human keratinocytes in low (0.0.5-O. 1 mM) calcium results in a decreased capaci- 
ty of the cells to differentiate, while this capacity is increased upon addition of 
calcium [12-141. Earlier studies have demonstrated that the expression of several 
transmembrane receptors is changed in the differentiated cells. For example, the 
expression of the receptor for low-density lipoprotein (LDL) and the receptor for 
epidermal growth factor (EGF) is decreased in differentiated keratinocytes [15, 
161. We have used squamous carcinoma cells (SCC), which are defective in their 
capacity for Ca2+ -induced differentiation [ 171, in addition to normal keratinocytes 
and SV40-transformed keratinocytes [18] to study the effect of calcium-induced 
differentiation upon the expression of the phorbol ester receptors and on protein 
kinase C activity. Ca*+ and EGF have been indicated as the major modulators in 
keratinocyte proliferation and differentiation [16, 19, 201. Since phorbol esters 
inhibit EGF binding by phosphorylation of the EGF receptor [21-231, we have 
investigated also the effect of PMA on the EGF binding. 

MATERIALS AND METHODS 
Cell lines and culture conditions. Juvenile human epidermal keratinocytes were cultured using the 

Rheinwald-Green feeder layer technique. The SV40-transformed keratinocytes (SVK,*) were kindly 
provided by Dr. J. Taylor-Papadimitriou and human squamous carcinoma cell (SCC) lines by Dr. J. 
Rheinwald. The cells were cultured in a mixture of Dulbecco-Vogt and Ham’s F12 medium (3: 1) 
supplemented with 5% fetal calf serum (FCS), 0.4 ug/ml hydrocortisone, 10m6 M isoproterenol 
(normal and SV40-transformed keratinocytes), and 10 rig/ml EGF (normal keratinocytes). For the 
low-calcium cultures calcium-free Dulbecc+Vogt medium mixed with standard Ham’s F12 medium 
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(3: 1) and supplemented with 5 % Chelex-treated FCS was used. The final calcium concentration was 
0.06 mM, as determined by flame photometry. 

Phorbol dibutyrute binding. Confluent monolayers of cells were washed twice with phosphate- 
buffered saline (PBS), and Hepes-buffered DMEM containing 0.1% bovine serum albumin (BSA) was 
added. Phorbol ester binding was performed in duplicate by adding 40,000 cpm 13H]phorbol dibutyrate 
(PDBu) per 200 ul DMEM ([PDBu]=l6 nM). [3H]PDBu binding was measured in the presence of 10, 
20, 40, 80, 120, or 160 nM unlabeled PDBu. 

Nonspecific binding was determined in the presence of 20 $4 PDBu and yielded an average value 
of 25%. The incubation was carried out for 60 min at room temperature. The cells were washed five 
times with icecold PBS and, before liquid scintillation counting, the cells were scraped off and 
solubilized in 0.5 M NaOH. 

Scatchard analysis was performed using the LIGAND program written and described by Munson 
and Rodbard [24]. 

Protein kinase C assay. The Ca2’- and phospholipid-dependent protein kinase (protein kinase C) 
activity was determined after partial purification of cell lysates. Monolayers were washed twice with 
Ca”, Mg*+-free PBS and scraped into the same buffer containing 8 mM EGTA. The cells were 
collected by centrifugation and resuspended in lysis buffer (20 mM Tris, pH 7.5, 2 mM EDTA, 0.5 
mM EGTA, 330 mM sucrose, 2 mM phenylmethylsulfonyl fluoride (PMSF), 5 mM P-mercapto- 
ethanol) and homogenized by 20 strokes in a Dounce homogenizer. The 10000 g supematant was 
centrifuged for 1 h at 105,000 g. The 105,000 g supernatant was passed over a DEAE (DE52) column, 
equilibrated in lysis buffer. The protein kinase C-containing fraction was removed from the column 
with lysis buffer containing 0.2 M NaCl. Fatty acid-free BSA was added to the sample to a 
concentration of 2 mgiml and the samples were kept for at least 20 h at 4°C before the protein kinase C 
activity was assayed. 

The particulate protein kinase C activity was extracted from the combined 10,000 g and 105,000 g 
pellets with lysis buffer containing 1% Nonidet-P40 and purified as described for the 105,000 g 
supernatant. 

The Ca2+- and phospholipid-dependent protein kinase C activity was assayed by adding 2.5-5 ug of 
cell lysate protein to a reaction mixture (final volume 125 ul) containing 200 ug/ml histone HIS, 96 
ug/ml phosphatidylserine (PS), and 1 mM CaCl,, in the presence or absence of 3.2 ug/ml diolein as 
indicated. The control values were determined in the same reaction mixture in the presence of PS or 
CaCl,, or 1 mM EGTA. These measurements indicated the absence of calcium-dependent or phospho- 
lipid-dependent kinase activities. The mixtures were preincubated for 5 min at 30°C and the reaction 
was started by the addition of ATP and [Y-~*P] ATP (10 pM, 2x lo6 cpm/incubation) and allowed to 
proceed at 30°C for 5 min. The reaction was stopped by adding 1 ml ice-cold 25% TCA to the reaction 
mixture. The precipitated protein was collected on a Millipore filter (0.45 urn) and washed five times 
with 3 ml ice-cold 10% TCA containing 10 mM sodium pyrophosphate. The standard error of the 
mean of the measurements was on average 10%. 

PMA distribution in cell fractions. Cells were incubated with I uCi r3H]PMA (10 Ci/mmol)+lO 
&ml unlabeled PMA for 20 min at 37°C in Hepes-buffered DMEM containing 0.1% BSA. The cells 
were treated as described for the protein kinase C assay and during each step the ‘[HI-content of the 
fraction was determined. 

EGF binding. The binding assay buffer consisted of DMEM containing Hepes (25 mM) and 0.1% 
BSA. Confluent cell monolayers were incubated with “‘1-EGF (1.67x lo-” M, 250,000 cpm, NEN) 
with or without PMA preincubation (100 rig/ml) in 1 ml binding buffer for 2 h at room temperature. 
The mixture was aspirated and the dishes were washed five times with ice-cold PBS. Cells were 
solubilized in 0.5 M NaOH and radioactivity was measured. Nonspecific binding was determined by 
measuring the radioactivity bound in the presence of a large excess (200-fold) of unlabeled EGF. 

Materials. Phorbol esters (PDBu, PMA), histones (111s from calf thymus), and diolein were 
purchased from Sigma. PS was from Lipid Products (Surrey, UK). r3H]PMA and [‘H]PDBu were 
from NEN, and [y-“PI-ATP was from Amersham (UK). 

PDBu Binding 

RESULTS 

PDBu binding was performed at room temperature in monolayer cultures of 
normal keratinocytes, SV40-transformed keratinocytes, and the squamous carci- 
noma cell lines SCC-12F2, SCC-15, and SCC-4 as described under Materials and 
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Fig. 1. Effect of external Ca’+ concentrations on total number of phorbol ester receptors (A) and 
receptor afftnity (B). Cells were grown under normal (1.6 mM, striped bars) or low (0.06 mM, black 
bars) external Ca2+ concentrations as described under Materials and Methods. The total number of 
phorbol ester receptors and the aftinity were obtained from Scatchard analysis. The Scatchard 
analysis was based on four different experiments. 

Methods. Since no specific PDBu binding was observed in the absence of Cazf, 
the binding assay was performed in the presence of 1 mM Ca2+ under all 
conditions. A steady state of PDBu binding was obtained within 60 min of 
incubation in the presence of various external concentrations of PDBu in all cell 
lines (unpublished data). Subsequently, the concentration dependency of PDBu 
binding was determined and the data were subjected to Scatchard analysis using 
the LIGAND computer program [24]. A best fit through,the data points revealed 
one class of PDBu binding sites in all cell lines, suggesting the presence of only 
one class of PDBu receptors. As shown in Fig. 1, culturing the cells under low 
Ca*’ conditions resulted in a decrease in the number of PDBu binding sites in all 
cell lines as compared to cells cultured under normal Ca*+. This difference was 
most striking in normal keratinocytes in which the total receptor number de- 
creased from 5.6x lo6 binding sites/cell under normal Ca*+ conditions to 2.6~ lo6 
binding sites/cell under low Ca*’ conditions (Fig. 1 A). 

Little variation was observed in receptor affinity (Fig. lB), although the 
affinity was relatively low in normal keratinocytes under both normal and low 
Ca*+ conditions as compared to the other cell lines. Furthermore, in all cell lines 
the affinity appeared to be slightly higher under normal Ca*+ conditions than 
under low Ca*+ conditions (Fig. 1B). 

Cytoplasmic Protein Kinase C Activity 
Since a Ca*+- and phospholipid-dependent protein kinase (protein kinase C) is 

considered to represent the phorbol ester receptor, the cytoplasmic activity of 
protein kinase C has been determined in all cell lines cultured under both normal 
and low Ca*+ conditions (Fig. 2). In general, cytoplasmic protein kinase C 
activity was higher in low-Ca*+ -cultured cells than in cells grown under normal 



150 Snoek et al. 

2 3oo 
Q) 
z 
h 250 

F 
' .c 200 

E 
> 
al 150 

5 
E 

% 100 
.' 
'S 
0 50 

Fig. 2. Effect of external Ca*+ concentrations on cytoplasmic protein kinase C activity. Cells were 
grown under normal (1.6 m&I, striped bars) or low (0.06 mA4, black bars) Ca*+ concentrations as 
described under Materials and Methods. The specific protein kinase C activity was measured in the 
presence of PS, Ca2+, and diolein as described under Materials and Methods and is expressed as 
picomoles 32P incorporated in histones per minute per milligram cellular protein. Each value repre- 
sents the mean of three experiments. 

Cazf conditions, except for SCC-15. However, in contrast to EGF binding [I61 
and LDL binding [ 151, no clear correlation was observed between cytoplasmic 
protein kinase C activity and the differentiation capacity of the cell lines. Further- 
more, no correlation was found between the number of phorbol ester binding 
sites and cytoplasmic protein kinase C activity (Figs. 1A and 2). Binding of 
phorbol esters to cells is known to be accompanied by association of protein 
kinase C with the plasma membrane. Therefore, it would be more appropriate to 
correlate phorbol ester binding with plasma membrane-associated protein kinase 
C activity. 

PMA-Induced Redistribution of Protein Kinase C Activity 

The plasma membrane association of protein kinase C might be influenced by 
exogenous factors and the physicochemical properties of the plasma membrane. 
For that reason, the effects of PMA on the redistribution pattern of protein kinase 
C activity between the cytoplasmic and particulate fractions in two cell lines, 
normal keratinocytes and SCC-15 cells, cultured under both normal and low Ca2+ 
conditions, were studied. The redistribution pattern is established by measuring 
protein kinase C activity in the absence of diolein. 

Incubation of normal keratinocytes and SCC-15 cells, grown under both nor- 
mal and low Ca2+ concentrations in the presence of 50 rig/ml PMA for 30 min, 
induced redistribution of protein kinase C from the cytoplasmic to the particulate 
fraction in both cell types. The relative protein kinase C activity in both cytoplas- 
mic and particulate fractions in shown in Fig. 3. 
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Fig. 3. Effect of external Ca*+ on the relative phorbol ester-induced relocalization of protein kinase 
C from cytoplasmic to particulate fractions in normal keratinocytes and XC-15 cells. Growth 
conditions were as described under Materials and Methods. Cells were incubated with PMA (50 
&ml) for 30 min at 37°C in Hepes-buffered DMEM medium containing 0.1% BSA before lysis and 
further preparation for protein kinase C assay. Protein kinase C activity was measured as described 
under Materials and Methods in the absence of diolein. Cells were grown under normal (1.6 mM, open 
bars) or low (0.06 r&f, black bars) Ca*’ concentrations. 

An increase in protein kinase C activity upon incubation with PMA is shown in 
the particulate fractions of both cell lines under both normal and low Ca2’ 
conditions, although this effect is more pronounced in SSC-15 cells than in 
normal keratinocytes (Figs. 3A and 3B, Table 1). The relative amount of protein 
kinase C in the particulate fraction in the absence of PMA appears to be lower in 
cells cultured under normal calcium conditions than in cells cultured under low 
Ca” conditions [ 12-27 % for normal keratinocytes (Fig. 3 A) and 14-32 % for SCC- 
15 (Fig. 3B)]. The process of redistribution from the cytoplasm to the particulate 
fraction appears to be more efficient in cells grown under low Ca2’ conditions (76 
and 94% for keratinocytes and SSC-15 respectively) than in cells cultured under 
normal Ca2+ conditions (70 and 83 % for keratinocytes and SCC- 15, respectively), 
although the differences are not significant. The results presented in Fig. 3 and 
Table 1 indicate differences in the redistribution behavior of protein kinase C 
between the two cell lines under normal and low Ca*+ conditions. 

Effect of Diolein 
The apparent contradiction between PDBu binding sites and cytoplasmic and 

membrane-associated protein kinase C activity suggests additional regulatory 
factors in both protein kinase C activity and PDBu binding. Such factors could be 
related to the immediate membrane environment of protein kinase C, as, for 
example, the endogenous activator diacylglycerol. Diolein has been demonstrat- 
ed to have differential activating effects on protein kinase C in cytoplasmic or 
particulate fractions isolated from various cell types (manuscript in preparation). 
We measured the potentiating effect of diolein on the PS-dependent activation of 
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TABLE 1 
SpeciJic activity of protein kinase C (picomoles 32P incorporated in 

histone per minute per milligram protein) in cytoplasmic and 
particulate fractions of normal keratinocytes and SSC-15 

cells grown under normal or low Ca2’ conditions 

Cytoplasmic Particulate 

Normal Ca” Low Ca’+ Normal Ca*+ Low Ca2’ 

Normal keratinocytes 
-PMA 41 90 28 42 
+PMA 9 30 52 93 

xc-15 
-PMA 150 60 45 35 
+PMA 41 25 278 260 

Note. Cells were incubated with PMA (50 &ml) for 30 min at 37°C. Growth 
conditions, preparation of cytoplasmic and particulate fractions, and assay of protein 
kinase C activity were as described under Materials and Methods in the absence of 
diolein. Each value represents the mean of three experiments. 

protein kinase C isolated from cytoplasmic and particulate fractions of normal 
keratinocytes and SCC-15 cells grown under both normal and low Ca2+ condi- 
tions. During the partial purification procedure of the cellular fractions, all PMA 
is removed from the protein kinase C-containing preparation. After incubation of 
the cells with [3H]PMA and fractionation as described for the protein kinase C 
assay procedure, the crude cytoplasmic fraction does not contain any [3HlPMA, 
in contrast with the crude particulate fraction. However, after solubilization of 
the particulate protein kinase C with 1% Nonidet-P40, followed by DEAE- 
chromatography, all [3H]PMA is removed from the particulate fraction as 
well. 

(1) Comparison of normal keratinocytes and SSC-15, cytoplasmic and particu- 
late fractions. The effect of diolein on protein kinase C activity has been meas- 
ured in the presence of 0.5-l mM Ca2+ and PS. Addition of diolein results in a 
stimulation of protein kinase C activity under all conditions in both particulate 
and cytoplasmic fractions isolated from both cell lines. Furthermore, as shown in 
Table 2, protein kinase C activity in the particulate fractions from normal kera- 
tinocytes and XC-15, grown under normal Ca2+ conditions, can be stimulated by 
diolein to a significantly higher level than that isolated from the cytoplasmic 
fraction in these cells. In this respect it is of interest that the particulate protein 
kinase C activity in normal keratinocytes grown in normal Ca2+ is stimulated by 
diolein to a higher level than that in SCC-15 cells (Table 2). On the other hand, we 
found no differences in stimulation by diolein between particulate and cytoplas- 
mic protein kinase C from both normal keratinocytes and SCC-15 grown under 
low Ca2+ conditions (Table 2). 
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TABLE 2 
Ca2’ and PS-dependent protein kinase activity: Relative stimulation 

by diolein 

Cytoplasmic Particulate 

Norma1 Ca2+ Low Ca” Normal Cal* Low Ca*‘ 

Normal keratinocytes 
-PMA 
+PMA 

xc-15 
-PMA 
+PMA 

1.8 2.2 5.6 2.0 
1.9 2.8 6.3 4.6 

1.3 2.9 2.7 2.5 
1.4 2.7 2.5 1.5 

NOW. Protein kinase C was isolated from cytoplasmic and particulate fractions of 
normal keratinocytes and KC-15 cells grown under normal or low Ca*+ conditions. 
Cells were incubated with PMA (50 @ml) for 30 min at 37°C. Growth conditions, 
preparation of cytoplasmic and particulate fractions, and assay of protein kinase C 
activity were as described under Materials and Methods. Protein kinase C activity was 
measured in the presence and absence of diolein. 

(2) Comparison of normal keratinocytes and SSC-15 grown under normal and 
low Ca*+ conditions. Cells grown in low Ca2+ contain relatively more particulate 
protein kinase C than do cells grown in normal Ca2+. This has been found in all 
conditions, i.e., both in normal keratinocytes and in SSC- 15, in control and PMA- 
treated cells (Figs. 3A and 3 B). 

A comparison of the activation of protein kinase C by diolein results in the 
conclusion that cytoplasmic protein kinase C from cells grown in low Ca2+ is 
stimulated to a higher level by diolein than is cytoplasmic protein kinase C 
isolated from cells grown in normal Ca2+ (Table 2). 

In addition, protein kinase C isolated from the particulate fraction from cells 
grown under low Ca2+ conditions could not be stimulated to a higher level by 
diolein when compared to that isolated from the cytoplasmic fraction except for 
normal keratinocytes prestimulated with PMA (Table 2). 

The data presented in Fig. 3 and Table 2 clearly demonstrate differences in 
PMA-induced redistribution of protein kinase C activity and in the activation by 
diolein in vitro of cytoplasmic and particulate protein kinase C activity in the two 
cell lines grown under different conditions. 

Inhibition of EGF Binding by PMA 
We have measured the inhibition of EGF binding by PMA in normal keratino- 

cytes, in SVK,&ransformed keratinocytes, and in several SCC lines grown in 
low and normal Ca2’ (Fig. 4). 

Some correlation was found between the number of phorbol ester receptor 
sites and inhibition of EGF binding, for example, when comparing normal kera- 
tinocytes with the SCC lines and cells grown in low and normal Ca*“. No 
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Fig. 4. Effects of external Ca2+ concentration on the PMA-induced inhibition of EGF binding. Cells 
were grown under normal (1.6 mM, open bars) or low (0.06 mM, black bars) Ca2+ concentrations. 
Cells were preincubated with PMA (50 &ml) for 30 min at 37°C before EGF binding was determined 
as described under Materials and Methods. Each value represents the mean of two experiments. 

correlation was found between inhibition of EGF binding and number of EGF 
receptors [16] or cytoplasmic protein kinase C (Fig. 2). 

DISCUSSION 

The study of the molecular regulation of keratinocyte differentiation has been 
facilitated by the establishment of various squamous carcinoma cell lines with 
varying degrees of defects in differentiation capacity in uitro. Using the SCC lines 
in addition to SVKr4 cells and normal keratinocytes, it has been demonstrated 
that keratinocyte differentiation was accompanied by a decrease in LDL and 
EGF receptor expression and by modulation of lipid synthesis [IS, 161. Since 
phorbol esters are known to modulate keratinocyte differentiation and prolifera- 
tion and, in addition, to interfere with EGF binding and processing, EGF receptor 
phosphorylation, LDL processing, and lipid synthesis, we studied the properties 
of phorbol ester binding and protein kinase C activity in the transformed and 
normal keratinocytes cultured under both normal and low Ca2+ conditions. It is 
shown that normal keratinocytes contained a high number of phorbol ester 
receptors as compared to the transformed cell lines. Furthermore, lowering the 
external Ca*’ concentration, thereby reducing the keratinocyte differentiation 
capacity, resulted in a decrease in the number of phorbol ester binding sites in all 
cell lines (Fig. 1). 

Protein kinase C has been shown to be the specific receptor for phorbol esters 
and it has been demonstrated for several cell types that the amount of protein 
kinase C activity parallels the number of phorbol ester binding sites [25]. Howev- 
er, determination of cytoplasmic protein kinase C activity in the various keratino- 
cyte cell lines, grown under both normal and low Ca*+ conditions, revealed no 
correlation between phorbol ester binding and protein kinase C activity. In all cell 
lines, except for SCC-15, protein kinase C activity was higher in low-Ca2+- 
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cultured cells than in cells cultured under normal Ca2+ conditions, in contrast to 
the number of phorbol ester binding sites. Determination of the plasma mem- 
brane-associated protein kinase C activity revealed again a discrepancy between 
phorbol ester binding and protein kinase C activity. 

From these results it must be concluded that the function of protein kinase C as 
receptor for phorbol esters is influenced and regulated by other factors, intracel- 
lular or membrane-associated. The composition of the plasma membrane is an 
important factor regulating the association of protein kinase C with the plasma 
membrane. It has been demonstrated that the PS/PC ratio in artificial bilayers 
affects the activation of protein kinase C and the insertion of protein kinase C into 
the bilayer [26, 271. Furthermore, the fatty acid composition of the activating 
phospholipids has been shown to affect the activation of protein C, both the Ca*+ 
and phospholipid-dependent protein kinase C activity, and the effects of DAG or 
PMA (Snoek et al., submitted). Another aspect of membranes that has been 
shown to affect the association of protein kinase C with the plasma membrane is 
the cholesterol content. Manipulation of the cholesterol content of the plasma 
membrane results in an unchanged cellular protein kinase C content but induces 
variations in the PMA-induced redistribution of protein kinase C and the phorbol 
ester binding capacity of the cells (unpublished results). The effect of the phos- 
pholipid composition of the plasma membrane has been demonstrated by Cabot, 
who showed that phorbol ester binding to human promyelocytic cells was affect- 
ed by changes in the phospholipid composition of the plasma membrane [28]. 

In addition to external regulatory factors, intrinsic variations of protein kinase 
C probably have a function in the regulation of its activation. Recently, the 
sequences of three to six different genes coding for protein kinase C have been 
identified [29, 301, each giving rise to enzymes with identical molecular weights. 
As yet the difference between the gene products is not known but it has been 
suggested that the variations will be found in the Ca*+ binding domain of the 
protein. In view of the fact that diolein affects the affinity of protein kinase C for 
calcium 1311, the variation in sensitivity for diolein activation described in the 
present study may illustrate the presence of several protein kinase C gene 
products in cytoplasmic and particulate fractions of normal and SVK14-trans- 
formed keratinocytes and the SCC lines. 

These observations clearly demonstrate that the functional protein kinase C 
activity is determined not only by the number of enzyme copies and the presence 
of various exogenous activators, but presumably by other parameters as well, 
such as the composition and physicochemical properties of the membrane or the 
intrinsic properties of the enzyme itself. The relatively small differences in 
inhibition of EGF binding by PMA also demonstrate the absence of a direct 
correlation between number of phorbol ester receptors, the cellular protein 
kinase C activity, and the number of EGF receptors, indicating another regula- 
tory fact in protein kinase C activation and biochemical or cellular effects: 
substrate specificity and affinity. 

In summary the activation process of protein kinase C can be regulated by 
factors outside the enzyme (plasma membrane composition, DAG, phorbol es- 
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ters, fatty acid composition, etc.) and in the enzyme itself. Following this theory, 
it is possible that even when cytoplasmic protein kinase C is present, in some cell 
types it is only associated or activated to a certain level at the plasma membrane 
or available as receptor for exogenous phorbol esters or endogenous DAG. 

Keeping in mind the functions of phorbol esters as tumor promoters and 
inducers/inhibitors of cellular differentiation, it must be concluded that the pres- 
ence of protein kinase C and phorbol esters is not sufficient to induce the 
activation process. Regulatory elements as mentioned before will be able to 
determine the actual level of activation of protein kinase C by phorbol esters. A 
comparison of these regulatory elements in cells/tissues where differential effects 
of phorbol esters are found could shed light on the mechanisms of these pro- 
cesses and the involvement of protein kinase C in tumor promotion or cellular 
growth and differentiation. 
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