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ABSTRACT

We have investigated the effects of phorbol ester 12-0-tetradecanoyl-
phorbol-13-acetate (TPA) and permeant diacylglycerol 1,2-dioctanoyl-
sn-glycerol (l)ifâ€ž)on MCF-7 cell proliferation and protein kinase C
activity. l)i< Hmimics the effects of TPA on both cell morphology and
proliferation, with an EDÂ»value of 11 ^g/ml for cell growth inhibition.
As with TPA and phorbol 12,13-dibutyrati-, DiC'nenhances the degree of

phosphorylation of an endogenous M, 28,000 protein in a time- and dose-
dependent manner. The effect is measurable upon 5 min of cell treatment
with each protein kinase C activator and reaches a maximum at 30 min.
The EDsoSobserved are 5 ng/ml and 20 Mg/ml,respectively, for phorbol
esters and I)i( â€ž¿�.The M, 28,000 protein is found in the cytosolic fraction
and is phosphorylated on serine residues by both TPA and DiC8. Further
characterization of the phosphorylated proteins using a highly resolutive
two-dimensional electrophoresis demonstrates that the two-protein ki
nase C activators lead to slightly distinct protein phosphorylation patterns
with an extra set of proteins phosphorylated under TPA but not DiC8
stimulation. Contrary to TPA, DiC8 induces only a partial and transient
translocation of protein kinase C activity from the cytosolic to the
paniculate compartment. Moreover, no down-regulation of protein kinase
C is observed after prolonged treatment of MCF-7 cells with DiC8, while
only 10% of the initial protein kinase C level remains present in cells
treated with TPA for 48 h. However, this remainder enzymatic activity
is sufficient to induce the phosphorylation of the M, 28,000 protein at
its maximal level.

In conclusion, our results reinforce the hypothesis of a negative mod-
ulatory role of protein kinase C in MCF-7 cell proliferation but suggest
that the two activators TPA and DiC8 could induce distinct molecular
events with regard to the enzyme recruitment and activity as well as to
its further processing.

INTRODUCTION

Tumor promoter phorbol esters such as TPA3 induce various

biochemical and biological effects in cultured cells, including
striking stimulatory or inhibitory effects on cell proliferation
and differentiation (1,2). In MCF-7 human breast cancer cells,
TPA and other active phorbol esters cause growth arrest (3-5)
and changes in cell morphology (6). The only currently recog
nized mediator of the TPA action is the Ca2+-and phosph oli pid-

dependent protein kinase C (7-9), which most probably repre
sents the high affinity phorbol ester receptor in target cells (8-
12). There is increasing evidence that protein kinase C plays a
pivotal role in the transmembrane signaling of a wide variety
of extracellular stimuli including growth factors, hormones and
other biologically active substances (for reviews, see References
7, 13, 14).

The physiological activator of protein kinase C is DAG which
accumulates transiently as a consequence of the receptor-me-
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dialed inositol phospholipid breakdown (7, 14, 15). TPA can
substitute for intracellular messenger DAG to activate protein
kinase C (16, 17). As in many other cell types (17, 18) TPA
induces a rapid subcellular redistribution of protein kinase C in
MCF-7 cells, followed by a progressive disappearance of the
enzyme upon prolonged cell treatment (19-22).

In order to further define the role of protein kinase C in the
inhibition of MCF-7 cell proliferation, we have investigated
whether the permeant synthetic DiC8 could mimic the effects
of TPA on protein kinase C activity and cell growth. We report
that the two activators induce similar changes in cell morphol
ogy and inhibit cell proliferation identically. DiCg and TPA
similarly increase the degree of phosphorylation of a cytosolic
protein with 28,000 molecular weight in intact MCF-7 cells but
slightly distinct protein phosphorylation patterns can be dem
onstrated by using two-dimensional electrophoresis. Moreover,
contrary to TPA and PDBu, DiCg causes only a partial and
transient translocation of protein kinase C from the cytosolic
to the paniculate compartment. Finally, DiCg is unable to
trigger the down-regulation of protein kinase C which occurs
at the membrane level after TPA or PDBu stimulation.

MATERIALS AND METHODS

Chemicals. Histone HI, TPA, phosphatidyl-serine, 1,2-dioleoyl-glyc-
erol and DiC8 were obtained from Sigma. [7-32P]ATP (0.5-3 Ci/mmol)
and [32P]phosphoric acid were purchased from Amersham. Acrylamide

and bisacrylamide were obtained from Biorad. All other chemicals were
from Merck.

Cell Culture. MCF-7 cells were grown at 37'C in RPMI 1640

(GIBCO), pH 7.3, supplemented with 2 g/liter of sodium bicarbonate,
2 HIM L-glutamine, 1 Â¿iMinsulin, and 5% fetal calf serum (PCS,
Seromed). Culture media were changed every 2 days. For cell growth
measurement, MCF-7 cells were plated at an initial density of 1-1.S x
IO4cells per 35-mm dish. After 48 h (Day 0) the medium was replaced

by fresh RPMI-5% PCS and phorbol esters or DiC8 were added at
various concentrations. Addition of the permeant diacylglycerol was
repeated three times a day whereas phorbol esters were added every 2
or 3 days. Control dishes received the same volume of the solvent
acetone (final concentration of 0.1%). Cells were harvested with 0.05%
trypsin-0.02% EDTA and cell number was determined by using a
Coulter Counter (Coultronics).

Protein Phosphorylation. Subconfluent cultures (1 x K)'1cells/dish)

were washed twice in a phosphate-free Krebs-Ringer buffer, pH 7.2,
containing 20 HIMHEPES, 0.1 % BSA, and 0.2% glucose, and incubated
for 2 h at 37'C in 1 ml of the same buffer containing 50 ^Ci ["Pi-

phosphoric acid. Stimuli were then added for a further 30 min period.
Cells were washed twice with cold PBS and 10% TCA was added. TCA-
precipitated proteins were dissolved in 150 /Â¿Iof electrophoresis sample
buffer containing 0.06 M Tris-HCl, pH 6.7, 2% SDS, 8% glycerol, 2%
/3-mercaptoethanol and 0.005% bromophenol blue. Samples were then
boiled for 5 min at 90Â°C.Proteins were fractionated by electrophoresis

on 4.5 and 12% (w/v) discontinuous SDS-polyacrylamide slab gel as

described by Laemmli (23). After protein Fixation by cold trichloroacetic
acid and Coomassie blue staining, the gels were dried, then exposed to
Hyperfilms-MP for 48-72 h. The autoradiographs were scanned by
densitometry and the 32Pincorporated into the proteins was evaluated

by measuring the respective peak areas as previously indicated (24).
Alternatively, TCA-precipitated proteins were subjected to a two-
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INHIBITION OF MCF-7 CELL GROWTH BY TPA AND DiC,

dimensional gel electrophoresis according to O'Farrell (25). Proteins

were dissolved in lysis buffer containing 9.5 M urea, 2% NP-40, 5% ÃŸ-
mercaptoethanol, and 2% ampholine (pH 3.5-9.5, Biorad). After son-
ication the lysate was centrifuged at 10,000 x g for 30 min. Proteins
were subjected to isoelectric focusing using 10.5-cm tube gels of 1.5-
mm diameter, followed by electrophoresis on SDS-polyacrylamide
(12%) slab gel and autoradiography. The amount of 32P incorporated
into proteins was evaluated by comparison with a standard 32P label

scale autoradiograph.
Phosphoamino Acid Analysis. Phosphoproteins were recovered from

the dried polyacrylamide gel and then acid hydrolyzed by 6 N HC1 at
110Â°Cfor 2 h. Phosphoserine, phosphothreonine, and phosphotyrosine

standards were added to the radioactive samples. Phosphoamino acids
were separated according to Hunter and Sefton (26) by electrophoresis
at 1000 V for l h in pyridine/acetic acid/H2O (1:10:189, V/V), pH 3.5,
on thin-layer cellulose plates.

Subcellular Localization of the Phosphorylated Proteins. After incu
bation in the presence of stimuli for 30 min, cells were scraped from
the culture dishes into cold PBS and then sonicated in 10 mM Tris-
HC1, pH 7.3, containing 10% glycerol, 2 mM EDTA, 6 mM /J-mercap-
toethanol, and 100 mM sodium fluoride. Nuclear fraction was obtained
by centrifugation of the cell lysate at 900 x g for 30 min and the pellet
was solubili/ed in electrophoresis sample buffer. The nonnuclear frac
tion was centrifuged for 60 min at 105,000 x g. The resulting pellet
was considered as the 105,000 x g membrane fraction and the super
natant was considered as the cytosolic fraction.

Protein Kinase C Assay. Subconfluent cells were rapidly harvested in
cold PBS, and homogenized in 20 mM Tris-HCl, pH 7.5, containing
0.25 M sucrose, 2 mM EDTA, 2 mM EGTA, 100 Mg/ml leupeptin, and
5 mM /3-mercaptoethanol (buffer A).

The cell lysate was centrifuged for l h at 105,000 x g. The super
natant was used as the cytosolic fraction. The corresponding pellet was
resuspended in buffer A, containing 0.5% NP-40 and briefly sonicated.
After incubation at 4Â°Cfor 45 min it was centrifuged for l h at 105,000

x g. The supernatant recovered was used as the 0.5% NP-40 extract of
the particulate fraction.

When indicated, the cell lysate was directly treated with buffer A
containing 0.5% NP-40 for 45 min at 4Â°Cand then centrifuged for l h

at 105,000 x g. The supernatant was used as the 0.5% NP-40 extract
of the cell homogenate. Cytosol, 0.5% NP-40 extract of particulate
fraction or cell homogenate obtained from 40 x IO6cells was applied
to a DEAE-cellulose column (DE52, 0.8 x 3 cm) equilibrated with 20
mM Tris-HCl, pH 7.5, containing 2 mM EDTA, 1 mM EGTA, 50 Mg/
ml phenylmethylsulfonyl fluoride, and 5 mM /3-mercaptoethanol (buffer
B). Columns were washed with 10 ml of buffer B, and protein kinase C
was eluted with 5 ml of buffer B containing 0.13 M NaCI.

Protein kinase C was immediately assayed as previously indicated
(19).

RESULTS

Effects of Phorbol Esters and Permeant Diacylglycerol on Cell
Growth and Morphology. Fig. 1 shows the time course study of
the effects of TPA, PDBu, and DiC8 on MCF-7 cell prolifera
tion. Maximal growth inhibition was reached after 2 and 4 days
of cell treatment, respectively, with phorbol esters and DAG.
The inhibitory effect of DiCg is observed when this compound
was added three times a day while one addition of phorbol
esters TPA and PDBu was sufficient to produce maximal
inhibition. Paradoxically, DiCg reduces the rate of cell growth
earlier than phorbol esters do, as a partial inhibition of MCF-
7 proliferation was observed after 1 day of treatment with DAG.
Moreover, at the concentration of 5 ng/ml used in this study,
TPA exerts a slight cytotoxic effect on cells, leading to a small
decrease in the cell number after 4 days of treatment.

Fig. 2 shows the effects of increasing concentrations of TPA
and DiCs on cell growth. DiC8 as well as TPA induce a dose-
dependent reduction in cell number measured after 5 days of

Ã• 2 3 4 5 O.yi

Fig. 1. Effects of TPA, PDBu, and DiCg on the growth of MCF-7 cells. Cells
were cultured as indicated in "Materials and Methods." in the absence (Q or in

the presence of 5 ng/ml TPA (T), 10 ng/ml PDBu (P), or 21.5 (ig/ml DiC, (D).
DiCs was added 3 times a day. TPA was added every 3 days and PDBu every 2
days. Cell counting was performed on 3 separate dishes. The maximum variation
of cell number did not exceed 15%.
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Fig. 2. TPA and DiCÂ»dose-dependent inhibition of MCF-7 cell proliferation.
Cells were cultured in the absence (control) or in the presence of increasingconcentrations of DiC'x(â€¢)or TPA (A). DiCg was added three times a day whereas

TPA was added every 3 days. Cells were counted after 5 days of treatment. The
number of control cells increased from 4 x IO4cells at Day 0 to 1 x 10' cells at

Day 5. Data are the means Â±SD of five measurements from one representative
experiment. Results are expressed as percent of the control cell number.

treatment. The ED50 observed were 11 tig/m\ (32 /Â¿M)and 0.05
ng/ml (0.08 HM),respectively, for DiC8 and TPA.

Fig. 3 illustrates the changes in MCF-7 cell morphology
occurring upon treatment with phorbol esters and DAG. Con
trol cultures show typical epithelioid characteristics with several
clusters of small and polygonal cells. As previously reported
(6), TPA produces striking modifications in MCF-7 cell mor
phology. We show now that DiC8 induces similar changes. Cells
became rounded and spread out, and some giant cells are
observable.

Effects of Protein Kinase C Activators on Protein Phosphory-
lation Pattern in Intact Cells. Fig. 4 shows the protein phos-
phorylation pattern obtained when MCF-7 cells were stimu
lated for 30 min by different activators of protein kinase C. As
previously reported (19), TPA, and PDBu markedly enhance
the degree of phosphorylation of a A/r 28,000 protein. We show
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INHIBITION OF MCF-7 CELL GROWTH BY TPA AND DiCg

CO NT TPA

Fig. 3. Effects of TPA and DiC, on MCF-
7 cell morphology. Cells were cultured for 3
days in the absence (Coni) or in the presence
of 5 ng/ml TPA or 21.5 ng/ml DiC,. Phase-
contrast microscopy was performed at x 100
magnification.

DiC 8

now that the permeant diacylglycerol DiC8 mimics the effect of Further Characterization of the M, 28,000 Protein by Two-
phorbol esters on this protein phosphorylation. On the con
trary, the inactive tumor promoter 4a-phorbol is unable to
induce the M, 28,000 protein phosphorylation. We have previ
ously reported that this compound was also ineffective in inhib
iting MCF-7 cell growth (5).

We have investigated the subcellular localization of the M,
28,000 protein kinase C substrate. Fig. 5 clearly demonstrates
that this protein is mainly recovered in the cytosolic fraction of
MCF-7 cells. No significant labeling was observed in the nuclear
and membrane fractions. As shown in Fig. 6, phosphoamino
acid analysis of the M, 28,000 protein demonstrates that only
serine residues are phosphorylated under TPA as well as DiC8
stimulation.

Time Course and Dose-Response Studies of the M, 28,000
Protein Phosphorylation. Fig. 7 illustrates the effects of varying
incubation times on the phosphorylation of the A/r 28,000
protein, when saturating concentrations of TPA, PDBu, or
DiC8 were used. Results indicate that the increase in 32Plabeling

was already observable after 5 min of incubation with each
protein kinase C activator and reached a maximum after 30
min of cell treatment.

Effects of increasing concentrations of TPA, PDBu, and DiCg
after 30 min incubation have also been explored. As shown on
Fig. 8, the three activators induce a dose-dependent increase of
the A/r 28,000 protein phosphorylation with respective EDso of
5 ng/ml (8 nM), 5 ng/ml (10 nM), and 20 Mg/ml (58 MM)for
TPA, PDBu, and DiC8.

Dimensional Gel Analysis. As it was surprising that the protein
kinase C activators induced an increase in the phosphorylation
of only one protein, we anticipated that a more complex protein
phosphorylation pattern could be observed by using a higher
resolutive fractionation technique. Comparison of the autora-
diographs obtained after two-dimensional electrophoresis (Fig.
9) revealed that: (a) the M, 28,000 protein exists as two isoforms
(arrows a) with pi 6.1 and 5.9. Both forms are phosphorylated
by TPA while DiC8 enhances the labeling of the less acidic form
more markedly, (b) TPA but not DiC8 leads to the phosphoryl
ation of an extra set of proteins (arrows b) with M, around
68,000 and pi ranging from 6.3 to 5.9. (c) TPA, but not DiC8,
induces a decrease of the 32P incorporation into a M, 54,000

protein with pi 4.5 (arrow c).
Effects of Phorbol Esters and Diacylglycerol on Protein (Mis-

tone) Kinase C Activity. The short term effects of TPA, PDBu,
and DiCs on protein kinase C activity were investigated by
using the histone kinase activity assay. As shown on Fig. 10/4,
the three activators clearly cause the subcellular translocation
of the enzyme, probed as the drop in the cytosolic protein
kinase C activity. However, the amplitude of this phenomenon
appears quite different from one to another compound. TPA
causes a nearly 85% decrease of the cytosolic activity upon 10
min of cell treatment while PDBu induces an approximate 45%
translocation of protein kinase C. In similar conditions, DiC8
induces only a 25% drop in the cytosolic activity. We have
recently shown that the DiC8 effect was reversible, as the
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INHIBITION OF MCF-7 CELL GROWTH BY TPA AND Did
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Fig. 4. Effects of protein kinase C activators on the protein phosphorylation
pattern in intact MCF-7 cells. Subconfluent cells were incubated for 30 min in
phosphate-free Krebs-Ringer buffer containing 50 jiCi [32P]phosphoric acid in the
absence (Q or in the presence of 100 ng/ml TPA (T), 90 ng/ml 4,,-pliiirbol (aP),
43 jig/ml DiC8 (D), or 100 ng/ml PDBu (P). TCA-precipitated proteins were
analyzed by SDS-polyacrylamide gel electrophoresis and autoradiography. The
M, values were evaluated by the use of standard protein markers.

Nu CY MB

C T T D C T D

Fig. 5. Subcellular localization of the phosphoproteins. After incubation for
30 min in the absence (C) or in the presence of 100 ng/ml TPA (T) or 43 jig/ml
DiCs (D), cells were fractionated as indicated under "Materials and Methods."
The different subcellular fractions were analyzed by electrophoresis on SDS-
polyacrylamide gel and autoradiography. NU, nuclei; CY, cytosol; MB, 105,000
g membrane fraction. Arrow, position of the M, 28,000 protein.

P.S., O â€¢¿�

P.Thr O

P.Ty, O

O P-S"

O p-Thr

O P-Tyr

Fig. 6. Phosphoamino acid analysis of the Mr 28,000 phosphoprotein. Phos-
phoamino acid of the M, 28,000 protein from TPA- or Di( Vtreaicd cells were
analyzed as indicated in "Materials and Methods." The position of standards was

revealed by ninhydrin staining.

e
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150
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TPA

DiCa

2 5 10 15 30 60

Ti mÂ« ( min )
Fig. 7. Time course of protein phosphorylation induced by a saturating doseof TPA, PDBu, and Dil'Â».Subconfluent cells were incubated in the presence of

100 ng/ml TPA (T), 100 ng/ml PDBu (O), or 43 ^g/ml DiC8 (â€¢)for various
lengths of time (0-60 min). 32P incorporation into the M, 28,000 protein was

evaluated by densitometric scanning of the autoradiographs. a.u., arbitrary units.

cytosolic protein kinase C activity returned to the control value
after 60 min, while the phorbol ester effect appears, on the
contrary, irreversible (27).

We have also investigated the effects of phorbol esters and
DAG on protein kinase C when cells are treated with these
compounds for much longer periods of time. As shown on Fig.
1(Ã¬li,DiC'n is unable to significantly modify the cellular enzyme

level upon a 72-h cell treatment, although the DAG was effec
tive to inhibit cell proliferation after such a culture period (Fig.
1). Nearly identical results were obtained when cells were
treated with phospholipase C, an enzyme known to induce the
formation of diacylglycerol at the cell membrane level (data not
shown). By contrast, TPA and, at a lower extent, PDBu induce
the down-regulation of protein kinase C with only 10 and 55%
of the initial enzyme level remaining present in cells treated
with respectively TPA and PDBu.
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INHIBITION OF MCF-7 CELL GROWTH BY TPA AND DiCt

70 _

Fig. 8. Effects of increasing concentra
tions of TPA, PDBu, and DiC8 on protein
phosphorylation. Subconfluent cells were
incubated for 30 min in the absence or in
the presence of increasing concentrations
of TPA (T), PDBu (O), and DiCÂ»(â€¢).32P

incorporation into the M, 28,000 protein
was evaluated as indicated in "Materials
and Methods." H.H.,arbitrary units. Parts

of the autoradiographs corresponding to
the M, 28,000 protein are shown. The 3
dose-response curves shown were obtained
from 3 separate experiments.
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Effect of Prolonged Cell Treatment with Phorbol Esters on
the Mr 28,000 Protein Phosphorylation. As long-term exposure
of cells to phorbol esters leads to a profound decline of the
cellular protein kinase C, the question arises whether the re
mainder enzyme is always able to phosphorylate the M, 28,000
endogenous substrate and what is the extent of this phosphor
ylation. To answer this question, cells were pretreated with
TPA, PDBu, and DiC8 for respectively 48, 72, and 72 h. Then,
cells were extensively washed and incubated for 30 min with
the different protein kinase C activators. Fig. 11 clearly shows
that the M, 28,000 protein is always maximally phosphorylated
under TPA, PDBu, or DiC8 stimulation whatever the previous
cell treatment.

DISCUSSION

We demonstrate here that permeant diacylglycerol DiCg
mimics the effects of phorbol ester TPA on MCF-7 cell mor
phology and growth arrest. These data reinforce the hypothesis
of an implication of protein kinase C in these biological cell
responses and strongly suggest that this enzyme plays a negative
modulatory role in the MCF-7 cell proliferation. The fact that
repeated addition of DiCg was necessary to get the maximal
response is very likely the consequence of the well-known rapid

metabolization of DAG (28) rather than less efficiency of the
physiological compound which finally produces more than 90%
inhibition of cell proliferation.

Analysis of the dose-response curves obtained with DiCg for
both protein phosphorylation and cell proliferation show simi
lar profiles with respective ED50 of 20 and 11 Mg/ml. By
contrast, the doses of TPA inhibiting cell growth appear much
lower than those increasing the M, 28,000 protein phosphory
lation (respective ED50 values of 0.05 and 5 ng/ml). Such a
discrepancy could be explained by the fact that cell growth was
estimated after 5 days of TPA treatment. Because of its high
lipophilicity and its inability to be metabolized, TPA could

accumulate in some membrane compartments during the course
of the culture period, leading to an under-estimation of the final

concentrations. Alternatively, the analysis procedure that we
used along the dose-response studies to assess the endogenous
protein phosphorylation may not be sensitive enough to observe
minor changes in 32P labeling of the M, 28,000 protein. In any

case, although the ED50 values for both enzyme translocation
(7.5 ng/ml, Reference 21) and A/r 28,000 protein phosphory
lation (5 ng/ml, Fig. 8) were found very close, the real impli
cation of this protein in the biological cell response remains to
be defined. In particular the link between this phosphorylation
event and the protein kinase C translocation is not presently
very clear as the M, 28,000 substrate is apparently a cytosolic
protein. However, the real subcellular localization of the M,
28,000 phosphopeptide in intact cells can be questioned as this
protein could be artifactually released from membranes or
nuclei during cell homogenization. The fact that the protein
kinase C redistribution induced by DiCg occurs in the range of
DAG concentrations which are effective in inhibiting cell
growth (27) suggests that the translocation process is very likely
an absolute prerequisite for the activation of protein kinase C
and its subsequent action. Nevertheless, the DiCg effect is only
partial when compared to the one of TPA. That may be due to
the methodology we use to assess the phenomenon. However,
we have shown that the DiCg effect was only transient while
the one of TPA was irreversible. Furthermore, we clearly dem
onstrate that, contrary to TPA, DiCg is totally unable to induce
the cellular down-regulation of protein kinase C during long
term treatment. On the contrary, PDBu mimics the effect of
TPA although the extent of the enzyme disappearance appears
lower (55% for PDBu versus 90% for TPA after 48-72 h
treatment). Taking together these results suggests that TPA
and DiCg may activate protein kinase C in a somewhat distinct
manner and lead us to postulate that: (a) following DAG-
induced translocation, protein kinase C is very rapidly released
from the membrane compartment as the enzyme interaction
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INHIBITION OF MCF-7 CELL GROWTH BY TPA AND DiCÂ«
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Fig. 9. Further analysis of phosphoproteins by two-dimensional electrophoresis. MCF-7 cells were incubated for 30 min in phosphate-free Krebs-Ringer buffer
containing 50 nCi [32P]phosphoric acid in the absence (C) or in the presence of 100 ng/ml TPA (T) or 43 ng/ml DiC8 (D). Phosphorylated proteins were extracted as
described in "Materials and Methods" and were subjected to isoelectric focusing followed by SDS-polyacrylamide (12%) gel electrophoresis. Arrows, those proteins
whose phosphorylation was affected by stimuli. Despite some variations in the nonspecific "P background of the gels, autoradiographs shown are representative of

three similar experiments.

with membranes is quite fragile; (/>)on the contrary, the lipho-
philic and non-metabolized phorbol ester TPA binds the en
zyme to membranes in a tight and irreversible manner; (c) as a
consequence, DAG is unable to trigger the enzyme processing
that occurs at the membrane level, during TPA treatment.

Alternatively, the differential effects of TPA and DiCs on
protein kinase C activity could be due to the ability of the two
activators to bind and activate different isozymic forms of the
enzyme (29-31). Such a hypothesis is further sustained by our
finding that distinct protein phosphorylation patterns can be
observed under TPA and DiC8 stimulation when using a highly
resolutive two-dimensional electrophoresis. However, these lat
ter data could also be due to differences in the content and
localization of protein kinase C after stimulation by the two
enzyme activators. Nevertheless such discrepancies in the pro
tein phosphorylations induced by TPA and DAG have been
already reported in other cell types (28, 32) and could explain
that in some systems, TPA and DAG may cause various bio
logical responses (28, 32-34).

Furthermore, the acute differences that we show between the
effects of TPA and DAG on protein kinase C processing may
be of interest to explain the fact that contrary to DAG, TPA
has been reported as a potent tumor promoter (1,2).

Finally, our data also demonstrate that the low percentage of
protein kinase C activity remaining after long exposure to TPA
are able to produce a maximal phosphorylation of the M, 28,000
protein. That could explain the continuous effect of the phorbol
ester on cell growth arrest when the enzyme level is progres
sively going down. Further studies are needed to determine
whether the M, 28,000 protein is a substrate for a sub-class of
protein kinase C not affected by the TPA treatment or if MCF-

7 cells contain a large excess of protein kinase C activity not
involved in cellular response. In any case, the cell growth arrest
caused by TPA and DiC8 does not seem linked to disappearance
of protein kinase C as the permeant diacylglycerol is effective
in inhibiting cell proliferation without affecting the cellular
content of the enzyme.
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Fig. 10. Effects of TPA, PDBu, and DiC8 on protein kinase C activity. A,
MCF-7 cells were treated for 10 min with 100 ng/ml TPA (T), 100 ng/ml PDBu
(P), or 43 nn/nil DiC8 (Â£>).Protein kinase activity was measured in cytosolic
fractions following DEAE-cellulose chromatography. Data are the means Â±SE
of 7 to 13 different experiments. B, MCF-7 cells were treated for 2 days with 100
ng/ml TPA (T), or 3 days with 100 ng/ml PDBu (/>),or 43 jig/ml DiC8 (D). DiC,
was added three times a day. Protein kinase activity was measured in the 0.5%
NP-40 extract of the cell homogenate following DEAE-cellulose chromatography.
Data are the means Â±SE of 4 to 7 different experiments.
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Fig. 11. Phosphorylation of the M, 28,000 protein after long exposure of the
cells with TPA, PDBu, and DiC8. Subconfluent cells were cultured in the absence
(Co/if) or in the presence of 100 ng/ml TPA (for 2 days), 100 ng/ml PDBu (3
days), or 43 Mg/ml DiC8 (3 days). DiCs was added three times a day. Cells were
then repeatedly washed in 10% fetal calf serum to eliminate stimuli. After 2-h
exposure with 50 nCi ["Pjphosphoric acid, cells were incubated for 30 min

without (C) or with 100 ng/ml TPA (T), 100 ng/ml PDBu (P), or 43 ng/ml DiC8
(D). The labeling of the M, 28,000 protein observed in TPA-pretreated cells (TPA)
incubated without stimuli (C) was very likely due to small amounts of the highly
lipophilic phorbol ester remaining after cell washing.

In conclusion our results suggest that protein kinase C could
play a negative modulatory role in MCF-7 cell proliferation.

While the protein kinase C translocation appears as a possible
prerequisite in the biological cell response, i.e., cell growth
inhibition, the enzyme down-regulation observed after TPA

action does not. Our study demonstrates that the M, 28,000
protein is a specific marker of protein kinase C activation in
MCF-7 cells. The nature and function of this endogenous

substrate remain to be defined.

ACKNOWLEDGMENTS

The authors gratefully thank Monique Larribe for typing the manu
script.

REFERENCES

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

6949

Diamond, L., O'Brien, T. G., and Baird, W. Tumor promoters and the
mechanism of tumor promotion. Adv. Cancer Res., 32: 1-74, 1980.
Blumberg, P. M. In vitro studies on the mode of action of the phorbol esters,
potent tumor promoters. CRC Crit. Rev. Toxico]., 8: 153-234, 1980.
Osborne, C. K., Hamilton, B., Nover, M., and Ziegler, J. Antagonism between
epidermal growth factor and phorbol ester tumor promoters in human breast
cancer cells. J. Clin. Invest., 67: 943-951, 1981.
Roos, W., Fabbro, D., Kung, W., Costa, S. D., and Eppenberger, U. Corre
lation between hormone dependency and the regulation of epidermal growth
factor receptor by tumor promoters in human mammary carcinoma cells.
Proc. Nati. Acad. Sci. USA, 83:991-995, 1986.
Darbon, J. M., Valette, A., and Bayard. F. Phorbol esters inhibit the prolif
eration of MCF-7 cells: possible implication of protein kinase C. Biochem.
Pharmacol., 35: 2683-2686, 1986.
Valette, A., Gas, N., Jozan, S., Roubinet, F., Dupont, M. A., and Bayard, F.
Influence of 12-0-tetradecanoylphorbol 13-acetate on proliferation and mat
uration of human breast carcinoma cells (MCF-7): relationship to cell cycle
events. Cancer Res., 47:1615-1620, 1987.
Nishizuka, Y. The role of protein kinase C in cell surface signal transduction
and tumor promotion. Nature (Lond.), 308:693-698, 1984.
Blumberg, P. M., Jaken, S., Konig, B., Sharkey, N. A., Leach, K. L., Jeng,
A. Y., and Yeh, E. Mechanism of action of the phorbol ester tumor pro
moters: specific receptors for lipophilic ligands. Biochem. Pharmacol., 33:
933-940, 1984.
Ashendel, C. L. The phorbol ester receptor: a phospholipid-regulated protein
kinase. Biochem. Biophys. Acta, 822: 219-242, 1985.
Leach, K. L., James, M. L., and Blumberg, P. M. Characterization of a
specific phorbol ester aporeceptor in mouse brain cytosol. Proc. Nati. Acad.
Sci. USA, Â«0:4208-4212, 1983.
Niedel, J. E., KÃ¼hn,L. J., and Vandenbark, G. R. Phorbol diester receptor
copurifies with protein kinase C. Proc. Nati. Acad. Sci. USA, 80: 36-40,
1983.
Sando, J. J., and Young, M. C. Identification of high-affinity phorbol ester
receptor in cytosol of EL4 thymoma cells: requirement for calcium, magne
sium and phospholipids. Proc. Nati. Acad. Sci. USA, 80: 2642-2646, 1983.
Nishizuka, Y. Studies and perspectives of protein kinase C. Science (Wash.
DC), 233: 305-312, 1986.
Berridge, M. J. Inositol lipids and cell proliferation. Biochem. Biophys. Acta,
907:33-45, 1987.
Bell, R. M. Protein kinase C activation by diacylglycerol second messengers.
Cell, 45:631-632, 1986.
Castagna, M., Takai, Y., Kaibuchi, K., Sano, K., Kikkawa, V., and Nishizuka,
Y. Direct activation of calcium-activated, phospholipid dependent protein
kinase by tumor promoting phorbol esters. J. Biol. Chem., 257: 7847-7851,
1982.
Kraft, A. S., and Anderson, W. B. Phorbol esters increase the amount of
<V '. phospholipid-dependent protein kinase associated with plasma mem

brane. Nature (Lond.), 301: 621-623, 1983.
Anderson, W. B., Estival, A., Tapiovaara, II, and Gopalakrishna, R. Altered
subcellular distribution of protein kinase C (a phorbol ester receptor). Pos
sible role in tumor promotion and the regulation of cell growth: relationship
to changes in adenylate cyclase activity. In: Advances in Cyclic Nucleotide
and Protein Phosphorylation Research, Vol. 19, pp. 287-304. New York:
Raven Press, 1985.
Issandou, M., Bayard, F., and Darbon, J. M. Activation by phorbol esters of
protein kinase C in MCF-7 human breast cancer cells. Febs Lett., 200: 337-
342, 1986.
Fabbro, D., Regazzi, R., Costa, S. D., Borner, C., and Eppenberger, U.
Protein kinase C desensitization by phorbol esters and its impact on growth
of human breast cancer cells. Biochem. Biophys. Res. Commun., 135: 65-
73, 1986.
Darbon, J. M., Issandou, M., Delassus, F., and Bayard, F. Phorbol esters
induce both intracellular translocation and down-regulation of protein kinase
C in MCF-7 cells. Biochem. Biophys. Res. Commun., 737:1159-1166,1986.
Darbon, J. M., Oury, F., Clamens, S., and Bayard, F. TPA induces subcellular
translocation and subsequent down-regulation of both phorbol ester binding
and protein kinase C activities in MCF-7 cells. Biochem. Biophys. Res.
Commun., 146: 537-546, 1987.
Laemmli, U. K. Cleavage of structural proteins during the assembly of the
head of bacteriophage T4. Nature (Lond.), 227: 680-682, 1970.
Darbon, J. M., Tournier, J. F., Tauber, J. P., and Bayard, F. Possible role of
protein phosphorylation in the mitogenic effect of high density lipoproteins
on cultured vascular endothelial cells. J. Biol. Chem. 261:8002-8008, 1986.
O'Farrel, P. H. High resolution two dimensional electrophoresis. J. Biol.
Chem. 250: 4007-4021,1975.
Hunter, T., and Sefton, B. M. Transforming gene product of rous sarcoma
virus phosphorylate tyrosine. Proc. Nati. Acad. Sci. USA, 77: 1311-1315,
1980.
Issandou, M., and Darbon, J. M. 1,2-Dioctanoyl-glycerol induces a discrete

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/4

8
/2

3
/6

9
4
3
/2

4
3
3
5
6
3
/c

r0
4
8
0
2
3
6
9
4
3
.p

d
f b

y
 g

u
e

s
t o

n
 2

4
 A

u
g

u
s
t 2

0
2

2



INHIBITION OF MCF-7 CELL GROWTH BY TPA AND DiCÂ«

but transient translocation of protein kinase C as well as the inhibition of
MCF-7 cell proliferation. Biochem. Biophys. Res. Commun., 151:458-465,
1988.

28. Kreutter, D., Caldwell, A. B., and Morin, M. J. Dissociation of protein kinase
C activation from phorbol ester-induced maturation of H I.-60 leukemia cells.
J. Biol. Chem. 260: 5979-5984, 1985.

29. Huang, K. P., Nakabayashi, H., and Huang, F. L. Isozymic forms of rat brain
Ca2*-activated and phospholipid-dependent protein kinase. Proc. Nati. Acad.
Sci. USA, 83: 8535-8539, 1986.

30. Woodgett, J. R., and Hunter, T. Isolation and characterization of two distinct
forms of protein kinase C. J. Biol. Chem. 262: 4836-4843, 1987.

31 Jaken, S., and Kiley, S. C. Purification and characterization of three types of
protein kinase C from rabbit brain cytosol. Proc. Nati. Acad. Sci. USA, 84:
4410-4422, 1987.
Kiss, Z., and 1.no. Y. Phorbol ester and 1,2-diolein are not fully equivalent
activators of protein kinase C in respect to phosphorylation of membrane
proteins in vitro. Febs Lett., 19S: 203-207, 1986.
Yamamoto, S., Gotoh, H., Aizu, E., and Kalo, R. Failure of l-oleoyl-2-
acetylglycerol to mimic the cell-differentiating action of 12-O-tetradecanoyl
phorbol 13-acetate in HL-60 cells. J. Biol. Chem., 200: 14230-14234, 1985.

34. Ramsdell, J. S., Pettit, G. R., and Tashjian, A. H. Three activators of protein
kinase C, bryostatins, dioleins, and phorbol esters, show differing specificities
of action on GH4 pituitary cells. J. Biol. Chem. 261:17077-17080, 1986.

32

33

6950

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/4

8
/2

3
/6

9
4
3
/2

4
3
3
5
6
3
/c

r0
4
8
0
2
3
6
9
4
3
.p

d
f b

y
 g

u
e

s
t o

n
 2

4
 A

u
g

u
s
t 2

0
2

2


