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Protein Kinase C Down-Regulation, and Not Transient Activation, Correlates with

Melanocyte Growth
Gavin Brooks,' Rosemary E. Wilson, Thomas P. Dooley, Martin W. Goss, and Ian R. Hart
Biology of Metastasis Laboratory, Imperial Cancer Research Fund. Lincoln's Inn Fields, London H'C2A 3PX, L'niled Kingdom

ABSTRACT

The nontumorigenic, immortal line of murine melanocytes, Mcl-ab,
requires the continual presence of biologically active phorbol esters for
growth (R. E. Wilson et al.. Cancer Res., 49:711-716,1989). Comparable
treatments of B16 murine melanoma cells result in partial inhibition of
cell proliferation. The role of protein kinase C (PKC) in the modulation
of growth of cells from these two melanocytic cell lines has been inves
tigated. Significant levels of PKC were present in quiescent Mel-ab cells
as determined by Western blotting, whereas no immunoreactive protein
was detected in cell extracts from either proliferating Mel-ab or BI6.K1
cells. Phosphorylation of a M, 80,000 protein, which by one- and two-
dimensional gel analysis comigrated with the known VI,80,000 protein
substrate of PKC in fibroblasts, was induced in 12-t>-tetradecanoylphor-
bol-13-acetate-stimulated quiescent Mel-ab cells but not in proliferating
Mel-ab cells or B16.F1 melanoma cells. Direct measurement of PKC
activity in these cells demonstrated a 10-fold greater level of activity in
quiescent Mel-ab cells (262 Â±50 pmol/min/mg SD) compared with
growing cells (22.8 Â±11.8 pmol/min/mg SD). An intermediate level of
activity was detected in proliferating B16.K1 melanoma cells (148.5 Â±
20.4 pmol/min/mg SD). The subcellular distribution of PKC was depend
ent upon the growth state of the cells such that quiescent Mel-ab cells
displayed a higher level of activity in the cytosol, whereas growing Mel-
ab cells displayed greater activity in the particulate fraction. Like many
other transformed lines, B16.F1 melanoma cells constitutive!) expressed
the majority of enzyme activity in the particulate fraction. Measurement
of I'Hjphorbol ester binding in intact cells paralleled the PKC activation

data such that quiescent Mel-ab cells displayed binding of 1612 Â±147
quii 10"cells, whereas proliferating Mel-ab and BI6.FI melanoma cells
displayed binding of 652 Â±28 and 947 Â±81 cpm/106 cells, respectively.
Membrane-permeant diacylglycerol analogues, which activated but did
not down-regulate PKC, were devoid of growth-stimulating effects on
melanocytes, even in the presence of the specific diacylglycerol kinase
inhibitor, R59022. Together, these data show that PKC down-regulation,
and not activation, correlates with the growth of melanocytes in culture.

PKC (4, 5). This enzyme exists as a family of at least seven
isoforms that differ slightly from each other in terms of their
tissue distribution and modes of activation (6-13). Phorbol
esters form a covalently bound complex with PKC and activate
the enzyme by increasing its affinity for calcium (14). Exposure
of cells to phorbol ester also causes a rapid translocation of
PKC from the cytosol to the membrane (15). The activation of
PKC results in the phosphorylation of a number of intracellular
proteins, including a specific Mr 80,000 substrate first described
in Swiss 3T3 fibroblasts (16). Evidence exists suggesting that
phosphorylation of such proteins may play a role in triggering
the early events leading to cell proliferation (17).

Depletion of PKC can be achieved by continual exposure of
the cells to phorbol esters such as, in the case of Swiss 3T3
fibroblasts, 400 nM PDB for 40 h (18). Since these cells are
unresponsive to further stimulation by phorbol esters, they are
said to be down-regulated with respect to PKC (18).

We previously have characterized a line of murine melano
cytes which, while being immortal, are nontumorigenic in both
immunocompetent syngeneic mice and immunoincompetent
athymic nude mice (19). Like strains of normal human melan
ocytes, this established cell line maintains an absolute require
ment for the continual presence of biologically active phorbol
esters in order to grow in tissue culture (3, 19). The withdrawal
of phorbol ester from the medium caused these cells to become
quiescent and has allowed us to determine whether cellular
proliferation in this cell line correlates with PKC down-regu
lation. Our findings indicate that, in nontransformed melano
cytes, PKC may be acting to inhibit cellular growth while the
subcellular distribution of this enzyme plays an important role
in determining the proliferative state of melanocyte-derived
cells.

INTRODUCTION

There are considerable differences in the in vitro growth
requirements of normal, nontransformed melanocytes and
transformed melanoma cells (1) such that, with malignant
progression, there is an increasing lack of requirement for
exogenous mitogens. Thus, normal melanocytes need the con
tinual presence of a biologically active phorbol ester, e.g.. TPA,:

in order to grow in culture, whereas the same treatment partially
inhibits the growth of transformed melanoma cells (2, 3).

The major cellular receptor for the tumor-promoting phorbol
esters is the calcium- and phospholipid-dependent enzyme.
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DAG. diacylglycerol: DiC8. 1.2-dioctanoyl-rac-glycerol: DMEM. Dulbecco's
modified Eagle's medium: DOPP. 12-dco\vphorbol-l3-phcnylacetate: ECÃ¬TA.
ethyleneglycol-bis(aminoethyl ether)-A", A '-tetraacetic acid: EC'S, fetal calf serum;

OAG. 1-monooctanoyl-rar-glycerol: PAGE, polyacrylamidc gel electrophoresis:
PBS. phosphate-buffered saline; PDB. phorbol-l2.l3-dibutyrate: PKC. protein
kinase C: PMSF. phcnylmethylsulfonyl fluoride: SAP. sapintoxin: SDS. sodium
dodecvl sulfate.

MATERIALS AND METHODS

Materials. PDB and TPA were purchased from Scientific Marketing
Associates. London. United Kingdom; |'H]PDB (925 GBq/mmol. 49.4
mCi/mg), [>-32P]ATP (37 MBq/ml, 1 mCi/ml), '^I-sheep anti-mouse

antibody (703 kBq/^g. 19 ^Ci/Mg). and a monoclonal antibody to PKC
were obtained from Amersham International. PLC, Buckinghamshire,
United Kingdom; PCS was from GIBCO (Paisley, Scotland); and
cholera toxin, OAG, DiCÂ».and digitonin were from Sigma (Poole,
Dorset, United Kingdom). The diacylglycerol kinase inhibitor, R59022,
was obtained from Janssen Life Sciences Products (Louvain, Belgium).
SAP A was isolated from the unripe seeds of Sapium indicum (20) and
S. sebiferum (21). SAP D was synthesized from phorbol as previously
described (22). All other chemicals were of the purest grade commer
cially available.

Cell Culture. The nontumorigenic, immortal line of murine melano
cytes, Mel-ab, was cultured routinely as described previously (23). Cells
were maintained in DMEM containing 10% PCS, 324 nisi PDB, and
10~9Mcholera toxin. Hydrophilic PDB was used at a higher dose than

TPA (23) since, though less potent, it could be washed out of the culture
systems (24). It was established that 200 nM TPA and 324 nM PDB
induced comparable growth of Mel-ab cells.1 Quiescent Mel-ab cells

were obtained by refeeding cells, originally plated in phorbol ester-

' G. Brooks, unpublished results.
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containing medium, with DMEM:Waymouth's medium (2:1) for 3

days. Swiss 3T3 fibroblasts and transformed B16.F1 melanoma cells of
murine origin were maintained in DM EM supplemented with 10%
PCS as described elsewhere (25, 26). All cells were kept in a humidified
atmosphere at 10% CO2, 9090 air at 37Â°C.

Measurement of Cellular Proliferation. Two methods were used to
measure cell proliferation: (a) direct cell counting (3); and (b) ['H[-

thymidine incorporation (27). Measurements were determined exactly
as described previously (3, 27).

Phosphorylation in Permeabilized Cells. Confluent cultures of cells
were permeabilized with 40 /IM digitonin as described elsewhere (28).
TPA (200 nM) was added to the permeabilization medium, containing
10 AiCiof [T-12P1ATP(0.2 to 1 Ci/mmol) in isotonic KC1 salt solution
for 1 min at 37Â°C.Samples to be analyzed by one-dimensional gel

electrophoresis were prepared by solubilizing the cells in 50 p\ of
Laemmli's sample buffer (2% SDS:10% glycerol:5% rf-mercaptoetha-

nol). The cells were immediately scraped off the dishes and heated to
100Â°Cfor 5 min prior to separation of proteins by 8% SDS-polyacryl-

amide gel electrophoresis. After drying down, the gels were analyzed
by autoradiography and densitometry as described previously (29).

Western Analysis. Immunoblot analyses were carried out on whole
cell lysates as previously described (30). After separation of proteins by
8% SDS-PAGE, proteins were transferred electrophoretically onto a
nitrocellulose membrane (Hybond-C extra, 0.45 tim) using a transfer
buffer of Tris base (0.58%). glycine (0.29%), SDS (0.037%), and meth-
anol (20%). The membrane was incubated overnight at 4Â°Cin

PBS:0.2% Tween 20:5% nonfat milk, washed 3 times with PBS:0.2%
Tween 20, and incubated for 4 h at room temperature with a monoclo
nal antibody directed against the Â«-and Â¿-isoformsof PKC (Amersham
International. PLC). After washing 4 times with PBS:0.2% Tween 20,
the membrane was incubated with i;5I-sheep anti-mouse antibody for 1

h at room temperature. Following washing with PBS:0.2% Tween 20,
the membrane was dried, and reacting antigens were visualized by
autoradiography.

PKC Activation Assay. Confluent cells were scraped into homogeni-
zation buffer [20 m\i Tris-HCl (pH 7.5): 10 mM EDTA:10 m\i
EGTA:0.3% (v/v) i)-mercaptoethanol:10 mM benzamidine:50 Mg/ml of
PMSF:10 Mg/ml of leupeptin:0.5% Triton X-100] and lysed by sonica-
tion. Fractionation of the lysate into cytosolic and membrane fractions
was achieved in the absence (cytosolic) and presence (membrane) of
EDTA, EGTA, and Triton X-100 in the homogenization buffer accord
ing to published techniques (e.g., Ref. 31). Whole lysates or subcellular
fractions were loaded onto a DEAE-cellulose column preequilibrated
with Buffer A |20 mM Tris (pH 7.5):0.5 mM EGTA:0.5 mM EDTA:1
mM dithiothreitol]. PKC was eluted from the column with 0.3 M NaCl.
One-mi fractions were collected and assayed for PKC activity using the
Amersham protein kinase C assay system kit (RPN.77).

|3H|PDB Binding Assay. ['HJPDB binding to intact melanocytic cells

was analyzed as described elsewhere (31). Briefly, cells grown to conflu
ence in 3.5-cm2 dishes were washed twice with binding solution
[DMEM:1 mg/ml of bovine serum albumin:10 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (pH 7.0). 37Â°C]followed by incubation
of cells at 37Â°Cfor 30 min in binding medium containing 5 nM ['HJ

PDB in the presence (nonspecific binding) or absence (total binding) of
5 /Â»MPDB. After washing with ice-cold PBS 3 times, cells were lysed
in 500 p\ of l M NaOH. and cell-bound radioactivity was measured by
scintillation counting. Cell numbers per dish were measured in duplicate
dishes by dislodging in 0.5 ml of trypsin, diluting in PBS, and counting
on a Coulter Counter (Coulter Electronics, Ltd., Harpendon, Herts,
United Kingdom). Results were expressed as specific cell-associated
radioactivity (cpm) per IO6cells.

Protein Determination. Protein concentrations in homogenized cell
lysates were determined by the method of Bradford (32).

RESULTS

Nontumorigenic Melanocytes Require the Continual Presence
of Various Phorbol Esters for Growth. The nontumorigenic
murine melanocyte line, Mel-ab, requires the continual presence

of a biologically active phorbol ester, e.g., PDB, for normal
growth in culture (Fig. \A). In contrast to this result, a similar
treatment of syngeneic transformed melanoma cells did not
stimulate proliferation and, indeed, led to a partial inhibition
of cell growth (Fig. \B). Quiescence was achieved in Mel-ab
cells by replacing normal growth medium (i.e., containing PDB)
with DMEM:Waymouth's medium (2:1) for 3 days (Fig. \A).

Cells from which PDB had been withdrawn showed abortive
dendrite formation and adoption of a generally more epithelioid
shape compared with proliferating Mel-ab cells (Fig. 2). While
quiescent Mel-ab cells did not proliferate (Fig. l A), DNA
synthesis could be reinitiated by the addition of a variety of
biologically active phorbol esters, including the non-tumor-
promoting compounds, SAP A and DOPP (33), to the culture
medium (data not shown).

Diacylglycerols Do Not Maintain the Growth of Nontumori
genic Melanocytes in Culture. Two membrane-permeant syn
thetic diacylglycerol analogues, OAG and DiCÂ»,failed to initi
ate DNA synthesis in quiescent Mel-ab cells at doses from 10
to 100 Mg/ml as shown in Fig. 3. When biologically active doses
of these compounds were added to the culture medium of
quiescent Mel-ab cells, DNA synthesis was not induced as
measured by incorporation of a 4-h pulse of [3H]thymidine 48

and 72 h after addition of compounds (Fig. 3). Additional
experiments were carried out with these analogues in the pres
ence of the diacylglycerol kinase inhibitor, R59022, at a final
concentration of 5 ÃŸM.This combination also failed to induce
DNA synthesis in quiescent Mel-ab cells (Fig. 3). In marked
contrast, the addition of 200 nM TPA evoked a substantial
increase in [3H]thymidine incorporation (Fig. 3) that was re

flected in increased cell number with this treatment (data not
shown).

Phosphorylation of the A/r 80,000 Protein in Cells of Melan
ocytic Origin. Phosphorylation of the M, 80,000 protein sub
strate of PKC was measured in digitonin-permeabilized cells

treated with or without 200 nM TPA for 60 s as described in
"Materials and Methods." Fig. 4 clearly shows that a 5- to 6-

fold increase in phosphorylation of this protein was induced in
quiescent Mel-ab cells compared with untreated cells (Lane 5
versus Lane 6). Comigration on one- and two-dimensional gels
(data not shown) indicated that this phosphoprotein was indis
tinguishable from 80K, a specific PKC substrate first identified
in Swiss 3T3 fibroblasts (16). No increase in phosphorylation
of this protein was observed in TPA-treated proliferating Mel-
ab cells that were maintained in the presence of PDB (Lane 7
versus Lane 8). Transformed B16.F1 melanoma cells similarly
manifested no increased phosphorylation of 80K following
exposure to TPA (Fig. 4, Lane 1 versus Lane 2). The Swiss 3T3
fibroblast response (Lane 3 versus Lane 4) is included as a
positive control to show the appearance of induced
phosphorylation.

PKC Protein Levels in Melanocytic Cells. Total cell lysates
of nontransformed Mel-ab (proliferating and quiescent) and
transformed B16.F1 melanoma cells were prepared, and the
proteins were separated by 8% SDS-PAGE and transferred to
nitrocellulose membranes as described in "Materials and Meth
ods." Fig. 5 shows a representative autoradiograph of an im-

munoblot obtained following incubation of the nitrocellulose
membrane with a PKC monoclonal antibody. The presence of
a M, 80,000 band corresponding to the PKC protein is evident
in quiescent Mel-ab cells and control Swiss 3T3 fibroblasts
(Fig. 5, Lanes 2 and 4), whereas levels of this protein were
undetectable in both proliferating Mel-ab cells and B16.F1

3282

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/12/3281/2443909/cr0510123281.pdf by guest on 19 M

ay 2023



PKC DOWN-REGULATION AND MELANOCVTE GROWTH
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Fig. 1. A. growth of Mel-ab cells cultured under different conditions. Cells were plated at 2 x IO4cells/well in DMEM:10ÃÃPCS containing 324 nM PDB. The
medium was aspirated off after 24 h and cells were refed with either DMEM:IOrr FCS:324 nM PDB (normal growth medium) (D) or DMEM:\\aymouth's medium
(2:1 ) (â€¢).Cell numbers were determined with a Coulter Counter after various periods of time as described in "Materials and Methods." B. BI6.F1 melanoma cell
growth following exposure to different biologically active phorbol esters. A total of 5 x 10' cells/well were plated in DMEMMO'V FCS. and cells were allowed to
adhere. Twenty-four h later, cells were refed with fresh medium containing the test compounds, and total cell numbers were assayed over the next 6 days by counting
on a Coulter Counter as described in "Materials and Methods." â€¢.control, vehicle alone: D. 50 nM SAP A: â€¢.50 n\i SAP D: A. 200 nsi TPA.

Fig. 2. Morphology of proliferating (grown
in the presence of 324 nM PDB) (.4) and quies
cent [maintained in DMEMAVaymouth's me
dium (2:1) for 3 days] (B) Mel-ab cells, x 100.

k-Â»**'..)
?

A)Proliferating Mel-ab B) Quiescent Mel-ab

melanoma cells (Fig. 5, Lanes 1 and 3). That equal amounts of Â¡zedSwiss 3T3 fibroblast cell line confirmed, by both Western
protein were loaded per lane was verified by incubating a
duplicate immunoblot with Â«-tubulin antibody (data not
shown). The results shown in Fig. 5 suggested that PKC protein
levels in proliferating Mel-ab cells and B16.F1 melanoma cells
were down-regulated with respect to quiescent Mel-ab cells.
The levels of SAP A, SAP D, and DOPP which supported
continued growth of Mel-ab cells also were able to induce PKC
down-regulation.4 Control experiments with the well-character-

4 Unpublished observations.

blot and analysis of phosphorylation of the M, 80,000 substrate,
that such treatments were down-regulating PKC (data not
shown).

The time course for the down-regulation of PKC in quiescent
Mel-ab cells following exposure to 200 nM TPA is shown in
Fig. 6. The /i.: for down-regulation was approximately 6 h
following addition of 200 n\i TPA. with the majority of the
enzyme being down-regulated within 25 h of exposure to this
phorbol ester, a time course that accorded well with initiation
of DNA synthesis in these cells.'
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Fig. 3. Effects of diacylglycerol analogues on the stimulation of |'H]thymidine incorporation in quiescent Mcl-ab cells. Cells were plated at a density of 5 x IO4
cells/well in 24-well Nunc plates and grown in DMEMMO'V FC"S:324 n\t I'DB. Two days later, the medium was aspirated off. and the cells were washed twice with
I)MIAI:\\a>moulh's medium (2:1) and refed with DMLM:\Vaymouth's medium (2:1) for 3 days. Phorbol ester and diacylglycerol analogues were added to the
medium, and 44 or 68 h later. I iiCi of ['Hjthymidine was added to each well for 4 h. Radioactivity incorporated into proliferating cells was determined as previously
described (27). Columns, mean cpm/well from triplicate determinations for Mcl-ab cells treated with agents for 48 h (.-1)and 72 h (B); bars. SD. Similar results were
obtained in two other separate experiments. /. untreated control: 2. 200 nM TPA: 3. 10 |ig/ml of Did; 4. 50 iig/ml of Did; -'. 100 ng/ml of Did; f>.5 UMR59022;
7, SUM R59022 + 50 |ig/ml of Did: X. 5 Ã•IMR59022: 9. 100 â€žg/mlof Did; 10. 10 |ig/ml of OAG; //. 50 Â»ig/mlof OAG; 12. 100 ng/ml of OAG; 13. 5 UMR59022
+ 50 Kg/ml of OAG; 14. 5 nM R59022 + 100 â€žg/mlof OAG.

Levels of PKC Activity in Cells of Melanocytic Lineage.
Measured levels of PKC activity in transformed and nontrans-
formed melanocytic cells grown under different culture condi
tions are presented in Table 1. PKC activity was measured in
DE-52-purified cell lysates by assaying eluted fractions for the

B16.F1 3T3
Melab
(E4)

Melab
(TPA)

92.5-

SOkDa

Fig. 4. Autoradiograph of 8rr SDS-polyacrylamide gel electrophoresis of
digitonin-permeabilized melanocytic cells treated with TPA for 60 s. After wash
ing cells with DMEM (37'C). 0.5 ml of permeabilization medium (140 m\i

KCI:60mM NaCI:2 mM PIPES:2 mM KH,PO.,:lOmM MgCI,:2 m\t EGTA:0.074
IHMCaCI2:40 nM digitonin:IO nCi of [vMP]ATP:20 MMATP) with or without
200 n.MTPA was added to cells for 60 s at 37Â°C.The reaction was terminated by

the addition of 200 Â«ilof Lacmmli buffer containing 2 mM ATP and equal volumes
(80 pi) of the boiled lysales loaded onto 8'r SDS-PAGE. Results were determined
by autoradiography. Swiss 3T3 fibroblasts were used as positive control, and the
positions of molecular weight markers are indicated. Mel-ah (E4). quiescent cells;
Mi'l-uh (TPA). growing cells.

ability to catalyze the transfer of the 7-phosphate of ATP to
the threonine group on a peptide which is specific for PKC.
Quiescent Mel-ab cells displayed an activity of 262 Â±50 pmol/
min/mg of total protein (Table 1), whereas proliferating cells
maintained in the continual presence of PDB or TPA contained

Melab

MW TPA E4 B16.F1 3T3

PKC
9-

46-

30-

Fig. 5. Western blot showing levels of PKC protein in quiescent (E4) and
growing (TPA) Mel-ab cells and BI6.F1 melanoma cells. One hundred |ig of
protein per lane of whole cell lysates were loaded onto 8?c SDS-polyacrylamide
gels and electrophoresed at 40 V for 16 h. Proteins were transferred to Hybond-
C extra nitrocellulose filters and probed with PKC monoclonal antibody (Amer-
sham) at a 1:100 dilution. Detection of primary antibody binding was determined
with i;'l-sheep anti-mouse antibody (10 /iCi). and the results were analyzed by

autoradiography. Swiss 3T3 fibroblasts were used as a positive control, and the
positions of the molecular weight markers are indicated.
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Fig. 6. Time course of down-regulation of PKC in quiescent Mel-ab cells
exposed to 200 nM TPA for various lengths of time. Cell lysates (100 j/g of
protein) were loaded onto 8ri SDS-PAGE gels, and separated proteins were
transferred to nitrocellulose membranes as described for Fig. 5. Following auto-
radiography, the amount of PKC' protein was determined by densitometry, and

the results are presented graphically as above. Points, mean values obtained from
three separate experiments.

Table I Results of PKC activation studies using l)E-52-purified cell lysales
Cells, grown in 35-mnr Nunc dishes, were scraped into Buffer A (50 m\i Tris-

HCI:5 mM EDT/V10 mM EGT.V1 mM dithiothreitol:10 mM benzamidine:50ng/
ml of PMSFMO Mg/ml of leupep(in:0.5ri Triton X-100. pH 7.5) and sonicated
on ice. After centrifugation at 1300 rpm (4Â°C)for 20 min. the supernatant was
loaded onto a DE-52 column preequilibrated in Buffer B (20 IHMTris:0.5 niM
EDTA:0.5 mM EGTA:1 m\t dithiothreitol. pH 7.5). PKC was eluted with 0.3 M
NaCI. and 1-ml fractions were collected and assayed for enzyme activity using
the Amersham PKC assay system. ['H]PDB binding studies were carried out on

intact cells as described previously (31). Duplicate dishes were used for determi
nation of cell number.

CelltypeQuiescent
Mel-ab

(Â¡rowingMel-ab
B16.F1
BI6.F1 + 200 nM TPA for 24 hPKC(pmol/min/mg)262.0

Â±50*

22.8 Â±11.8
148.5Â±20.4

9.6 Â±3.2|'H]PDB

binding(cpm/lO6
cells)"1612Â±

147
652 Â±28
974 Â±81

NDr"

Corrected for background.
* Mean Â±SD.
' ND, not determined.

a 10-fold lower level of activity (22.8 Â±11.8 pmol/min/mg).
B16 melanoma cells exhibited activities in the range of 148.5
Â±20.4 pmol/min/mg, which was significantly decreased to
levels below 10.0 pmol/min/mg following exposure of the cells
to 200 nM TPA for 24 h. Cytosolic and paniculate fractions
were prepared from total cell lysates, and the PKC levels were
measured in DE-52-purified fractions to obtain a measure of
the subcellular distribution of the enzyme in these cells. Table
2 presents averaged data from three separate experiments as a
ratio of cytosolic to paniculate activity. It can be seen that the
majority of PKC activity is associated with the cytosolic fraction
in quiescent Mel-ab cells. Translocation of PKC from the
cytosol to the paniculate or membrane fraction occurs when
Mel-ab cells are treated with TPA for 10 min. Proliferating
Mel-ab cells, which are maintained in the presence of phorbol
esters, display a higher level of PKC activity in the paniculate
fraction. Interestingly, this ratio of cytosolic to paniculate
activity is very similar to that observed in proliferating B16
cells (Table 2). Brief exposure of B16 cells to TPA resulted in
an increased translocation of PKC activity to the membrane
fraction as evidenced by a shift in the cytosol:particulate ratio,
but this appeared to be as a consequence of reduction in the
cytosol fraction rather than an increase in the membrane frac
tion.

Phorbol Ester Binding to Intact Melanocytic Cells. The degree
of specific binding of ['H]PDB to intact melanocytic cells also

is shown in Table 1. The number of phorbol ester binding sites
in these cells paralleled the results obtained for PKC activity
(Table 1) such that quiescent Mel-ab cells displayed approxi
mately 3-fold greater numbers of binding sites than did prolif
erating cells (Table 1). The proliferating B16.F1 melanoma
cells displayed an intermediate degree of binding such that they
bound less ['HJPDB than did quiescent Mel-ab cells (974 Â±81
versus 1612 Â±147 cpm/lO6 cells) but more than proliferating
Mel-ab cells (974 Â±81 versus 652 Â±28 cpm/10" cells).

Effect of Diacylglycerols on PKC Activation and Down-Regu
lation. Because the diacylglycerol analogues, DiG and OAG,
failed to support the growth of Mel-ab cells (Fig. 3), we sought
to determine whether they activated and down-regulated PKC.

MW 1 2345678

200-

Table 2 Subcellular ilistrihution of PKC in melanocytic cells
Results shown are calculated from the average of three separate experiments.

Cells were harvested and lysed as detailed in Table I except the harvesting buffer
lacked EDTA. EGTA. and Triton X-100. The Usate was centrifugea at 100.000
x g for l h at 4Â°C.the supernatant was removed, and EDTA (5 mM final
concentration). EGTA (10 m\i final concentration), and Triton X-100 (0.5'Y final

concentration) were added to what constituted the cytosolic fraction. The pellet
was suspended in the original volume of Buffer A. mixed vigorously, and then
centrifuged as above. Supernatant from this spin constituted the paniculate
fraction. Both fractions were loaded onto DE-52 columns, eluted. and assayed as
described for Table I.

Cytosolic:part Â¡culaie
PKCactivityCell

typeQuiescent
Mel-ab

Quiescent Mel-ab
Proliferating Mel-ab
Proliferating B16.F1
Proliferating B16.F1Absolute

Treatment Ratio(pmol/min/mg)7

10-minTPA (200 n\t) 0.48
0.24
0.21

10-minTPA(200nM) 0.111.7"

0.01
0.02
0.04
0.04210:30

107:224
8:37

14:67
5:53

" Mean Â±SD.

92.5-

69-

46-

Fig. 7. Autoradiograph of 8''ÃSDS-polyacrylamide gel electrophoresis of

digilonin-pcrmcabili/ed quiescent Mel-ab cells treated with various concentra
tions of diacylglycerol analogues for 60 s. Quiescent Mel-ab cells were treated
with DiCÂ»(1() fig/ml. Lane 3: 50 fjg/ml. Lane 4: 100 Mg/ml. Lane 5) and OAG
(10 fig/ml. Lane 6; 50 Â»ig/ml.Lane 7; 100 . â€¢.â€¢ml Lane 8) in pcrmcabilization
medium for 60 s as described for Fig. 4. Cells treated with 200 nM TPA were
used as positive control (Lane 2). and cells treated with vehicle alone (Lane /)
were used to determine basal levels of phosphorylation. The positions of molecular
weight markers are indicated.
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Fig. 8. Measurement of ['HJPDB binding lo intacl. quiescent Mel-ah cells
pretreated with phorbol ester or diacylglycerol analogues for 40 h. Quiescent Mel-
ab cells were treated for 40 h with cither /. vehicle alone; 2. 200 n\i TPA;.?. 100
â€žg/mlof DiC,; 4. 100 â€žg/mlof OAG: 5. 5 ^M R59022; 6. 5 Â«MR59022 + 100
Â»jg/mlof DiCÂ«;or 7. 5 ><MR59022 + 100 fig/ml of OAG. |'H|PDB binding assays
were carried out on these cells as described in "Materialsand Methods." Duplicate

dishes were used for the determination of cell number. Columns, mean specific
binding (cpm/106 cells); bars, SD. Similar results were shown in one other

experiment.

That both DiC* and OAG caused transient activation of PKC
is illustrated in Fig. 7. Here phosphorylation of the M, 80,000
protein substrate is shown to occur in digitonin-permeabilized
cells treated with 10 ng/ml, 50 Mg/ml. and 100 /ig/ml of DiCs
(Fig. 7, Lanes 3 to 5, respectively) and 10 Â¿ig/ml,50 Mg/m'. and
100 Mg/ml of OAG (Lanes 6 to 8, respectively), similar to the
phosphorylation induced by 200 nM TPA (Lane 2). The re
sponse of cells treated with diluent alone is shown in Lane 1.

That continuous treatment with the diacylglycerol analogues
did not bring about PKC down-regulation is shown in Fig. 8.
In the experiment presented, one of two, ['H]PDB binding has
been assessed in quiescent Mel-ab cells treated for 40 h with
200 n\i TPA or either with OAG ( 100 Mg/ml) or DiCÂ«( 100 /*g/
ml). Binding is expressed relative to that exhibited by control
cells treated with diluent/vehicle alone (Fig. 8). Extended pre
treatment with TPA caused almost a 90% decrease in specific
binding (244 Â±27 cpm/106 cells compared with 2205 Â±27
cpm/106 cells in control cultures), but neither OAG nor DiC8
had any significant effect upon ['H]PDB binding. Additional

experiments using lO-^g/ml and SO-^g/ml concentrations of
these diacylglycerol analogues similarly failed to induce down-
regulation of PKC as assessed by this method. However, there
was a dose-dependent increase in inhibition of ['H]PDB binding

with increasing concentrations of TPA from 50 to 200 nmol
(data not shown), doses which are mitogenic for Mel-ab cells
(3). A similar result was obtained when quiescent Mel-ab cells,
pretreated for 40 h with TPA or diacylglycerol analogues, were
permeabilized with digitonin and treated with the same agent

for 1 min and when the degree of M, 80,000 protein phosphor
ylation was monitored as described for Figs. 4 and 7 (data not
shown). Thus, an abrogation of the phosphorylation of the M,
80,000 protein was observed only in cells pretreated with TPA
(data not shown). These results are consistent with those of
Issandou and Rozengurt (34) who have shown that diacylglyc-
erols do not down-regulate PKC in Swiss 3T3 cells.

DISCUSSION

The present studies show that growth of nontumorigenic
melanocytes in tissue culture correlates with PKC down-regu
lation and suggest that this enzyme may be acting as an inhibitor
of cellular proliferation in normal cells of the melanocyte
lineage.

Activation of PKC by various phorbol esters leads to mito-
genesis in some cell types (3, 35) but to differentiation in others
(36, 37). These diverse effects would seem to suggest that the
response to modulation of PKC is a consequence of the partic
ular cell type in which it occurs. In this respect, cells of melan
ocyte origin appear to offer a unique model system in that their
response to the addition of phorbol esters is dependent upon
their stage of malignant progression. Thus, normal melano
cytes, of both human and murine origin, require the continual
presence of a biologically active phorbol ester in the culture
medium for growth (3, 38), whereas a similar treatment of
transformed melanoma cells leads to a partial inhibition of cell
growth (3).

We have shown recently that the effect of phorbol esters on
the growth of these cells is independent of their tumor-promot
ing potential, since both tumor-promoting (e.g., TPA and SAP
D) and nonpromoting (e.g., SAP A and DOPP) phorbol esters
induce similar responses (3). Some investigators have proposed
that continual activation of PKC is required for growth of
normal melanocytes in culture (1, 39), but there are no detailed
studies to substantiate this hypothesis. The continual presence
of a phorbol ester in the growth medium results in down-
regulation of PKC in Swiss 3T3 fibroblasts (18). which sug
gested to us that a similar mechanism might be operative in
our nontransformed melanocytes. It also seemed possible that
PKC might play a critical role in the growth of melanoma in
that spontaneous transformation to the tumorigenic state might
be accompanied by constitutive down-regulation of PKC activ
ity.

When levels of immunoreactive PKC protein were compared
in quiescent and proliferating Mel-ab cells, a significant M,
80,000 band (which comigrated with purified PKC from bovine
brain, kindly provided by Dr. P. Parker, Imperial Cancer Re
search Fund, London, United Kingdom) was detected in quies
cent but not proliferating Mel-ab cells (Fig. 5). The occurrence
of PKC down-regulation as a consequence of the presence of
phorbol esters was not dependent upon their tumor-promoting
capacity. Thus, SAP A and DOPP, two biologically active but
non-tumor-promoting phorbol esters (33), induced PKC down-
regulation as did the tumor-promoting compounds SAP D and
TPA (data not shown). While Mel-ab cellular proliferation
required exogenous phorbol esters (Fig. \A), growth of B16
cells proceeded better in the absence of such agents (Fig. IÃŸ),
and by Western analysis, these cells had low levels of immu-
noreactivc PKC (Fig. 5). Since B16 cells contain PKC-Â«(40).
this absence of PKC protein was not due to the failure of
antibody (which recognizes the Â«-and ÃŸ-isozymes)to identify
a cell line-specific isoform. These data were confirmed by the
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measurement of PKC activity. Thus, phosphorylation of a M,
80,000 protein, shown by one- and two-dimensional gel electro-
phoresis to comigrate with the specific M, 80,000 PKC sub
strate (16. 18), was observed to occur after the transient stim
ulation of quiescent Mel-ab cells with 200 n\i TPA but not
after a similar stimulation of proliferating Mel-ab cells or B16

cells (Fig. 4).
Direct measurement of PKC activity revealed a 10-fold

greater level of enzyme activity in quiescent Mel-ab cells than
was detected in proliferating cells (Table 1). Levels of activity
in quiescent Mel-ab cells were approximately twice the levels
found in B16.F1 melanoma cells. Measurement of phorbol ester
binding to intact cells paralleled these results with a 3-fold
decrease in binding being detected in proliferating Mel-ab cells
relative to quiescent cells (Table 1). Intact transformed B16.F1
melanoma cells showed an intermediate level of binding indi
cating that, by this particular assay, the proliferating trans
formed cells had less PKC activity than the quiescent, nontrans-
formed cells. As noted by others (41), we found that the various
assays for PKC did not always correlate exactly. Thus, while
the M, 80,000 phosphorylation results and the Western blot
results would seem to indicate a complete lack of PKC in B16
cells (Figs. 4 and 5), direct measurements of activity and |'H]-

PDB binding studies (Tables 1 and 2) reveal detectable enzyme
levels. These variations appear to reflect different sensitivities
of the various assays and/or the effects of sample preparation.
These effects are quantitative rather than qualitative, since all
assays indicate that there is a general decrease in PKC levels in
the transformed and proliferating counterparts of the quiescent
Mel-ab cells.

Differences in subcellular distribution also were evident be
tween the normal melanocytes and their transformed counter
parts. As documented in Table 2, most of the PKC activity in
quiescent Mel-ab cells was present in the cytosolic fraction. A
short stimulation of such cells with TPA led to translocation
of the majority of the activity to the particulate or membrane
fractions, as has been observed with numerous cells types (42).
By contrast, the B16 melanoma cells did not require TPA
treatment in order for the majority of activity to be located in
the membrane fraction (Table 2). These experiments are con
sistent with other reports where PKC activity has been located
in the cytosolic fraction of quiescent cells but in the particulate
fraction of proliferating normal and transformed cells (30, 43).
It was interesting to note that absolute levels of PKC in the
particulate fraction of proliferating Mel-ab cells were no greater
than in quiescent Mel-ab cells (Table 2), suggesting that it
might have been the high levels of cytosolic PKC that were
acting to inhibit cell growth. Apparently the cessation of growth
in B16 cells reaching confluence also is associated with an
increase in the ratio of cytosolic to particulate PKC (44).

Melanocytes of human and murine origin very rarely undergo
mitosis in vivo (45) but can be induced to grow in tissue culture
by the addition of phorbol esters to the growth medium (3, 38).
We show in the present study that this growth is associated
with down-regulation of PKC, presumably in a similar manner
to that described for other cell types (30, 41), rather than with
direct activation of this enzyme. Cell-permeant diacylglycerol
analogues failed to stimulate Mel-ab growth (Fig. 3) and failed
to down-regulate PKC (Fig. 8), though they were capable of
transient activation of the enzyme (Fig. 7). In this respect, Mel-
ab cells appear to be comparable to Swiss 3T3 fibroblasts (34).
Since Mel-ab growth stimulation is induced by a wide range of
compounds, e.g., TPA, SAP A, and SAP D (3), which share

PKC down-regulating properties, but is not induced by agents
which simply activate the enzyme, e.g.. OAG and DiCK, it seems
highly possible that growth of these cells is a consequence of
PKC down-regulation.

It has been proposed that PKC may function to inhibit the
mitogenic response of cells (46), but there are few reports in
the literature to support this contention. Recently, Choi et al.
(47) showed that overexpression of the /i,-isoform of rat PKC
in HT29 colon carcinoma cells caused growth inhibition and
tumor suppression. Our results are in accordance with the
possibility that a similar mechanism may be operative in cells
of the melanocytic lineage and may help to explain the relatively
lower levels of PKC in transformed melanoma cells which are
capable of independent growth.
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