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ABSTRACT

Interaction of tumor promoting phorbol esters with specific
high affinity receptors is probably essential for many of the
biological responses elicited by these agents. Since diacylglyc-

erols which can be produced enzymatically from phospholipids
by phospholipase C are postulated to be the physiological ligands
for the phorbol ester receptor, we have examined primary cul
tures of mouse epidermal basal cells exposed to phospholipase
C (Clostridium perfringens) for several biological and biochemical
responses characteristic of treatment with 12-O-tetradecanoyl-
phorbol-13-acetate, the most potent phorbol ester tumor pro

moter. Formation of diacylglycerols by treatment with phospho
lipase C was demonstrated by the dose-dependent release of
radioactive diacylglycerols in cells prelabeled with [3H]arachi-

donic acid. Treatment with phospholipase C at 0.05 units/ml for
30 min led to the morphological changes and to the reduction in
epidermal growth factor binding (90%) associated with 12-O-
tetradecanoylphorbol-13-acetate treatment. Continuous treat

ment at the same dose led to the induction of the enzymes
ornithine decarboxylase and transglutaminase with a time course
and extent similar to the inductions by 12-O-tetradecanoylphor-
bol-13-acetate. Treatment with phospholipase C at 0.1 enzyme

unit/ml yielded substantial suppression of the binding affinity of
phorbol-12,13-dibutyrate for its receptors without reduction in

total number of binding sites, consistent with the production by
phospholipase C of a competitive inhibitor of phorbol ester
binding. Several diacylglycerols at concentrations of 250 ^M and
above effectively competed for phorbol-12,13-dibutyrate binding,

reduced epidermal growth factor binding, and to a lesser extent
induced ornithine decarboxylase and transglutaminase. These
results support the hypothesis that diacylglycerols can act
through the phorbol ester receptors and thus produce biological
and biochemical responses similar to those of the phorbol esters.

INTRODUCTION

The discovery of receptors with high affinity for tumor pro
moting phorbol esters in a large variety of cell types (1) has
suggested a first step in the mechanism by which phorbol esters
produce the biological and biochemical changes observed in
many cells. Recent evidence has shown that quantitatively the
major receptor is the Ca2+- and phospholipid-dependent protein

kinase (protein kinase C) (2-6) in which binding of diacylglycerols
or phorbol esters, both competing for the same binding site (7),
leads to activation of the kinase (8). If phorbol ester responses
are mediated via the receptor/protein kinase C, agents which
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increase the concentration of diacylglycerols might be expected
to have similar effects on cells as phorbol esters.

Mouse epidermis is the tissue in which the biology of tumor
promotion by phorbol esters is established. Treatment with
phorbol esters produces profound changes in mouse epidermal
cells. In culture these cells possess 1.2 x 105 phorbol ester

binding sites per cell (9). Among the earliest changes induced by
phorbol esters is a decrease in the ability to bind EGF2 (10)

accompanied by a marked morphological change in a subpopu
lation of thr cells, which eventually terminally differentiate (11).
Later changes include induction of the enzymes ODC (EC
4.1.1.17) (12) and TGase (EC 2.3.2.13) (13).

We have asked whether treatment of mouse epidermal cells
with phospholipase C (Clostridium perfringens), which produces
diacylglycerols from phospholipids, will reduce phorbol ester
binding and mimic the effects of treatment with TPA on mor
phology, EGF binding, and induction of ODC and TGase. For
every parameter studied the response of these cells to phospho
lipase C was similar to that produced by TPA. A preliminary
report of this work has been published in abstract form (14).

MATERIALS AND METHODS

Materials. TPA (Chemical Carcinogenesis, Eden PrÃ¤rie,MM) was
dissolved in dimethyl sulfoxide at a concentration of 0.1 mg/ml, stored
at -20Â°C, and diluted with medium for treatment of cells. The final concen

tration of dimethyl sulfoxide did not exceed 0.1%. Phospholipase C (EC
3.1.4.3., C. perfringens), obtained from Calbiochem (San Diego, CA) as
a lyophiiized powder was dissolved in PBS (Dulbecco's, without Ca2+ or

Mg2*; Grand Island Biological Co., Chagrin Falls, OH) at a concentration

of 100 enzyme units/ml (enzyme units as defined by the supplier), stored
at -20Â°C in small aliquots, and diluted with medium to the desired

concentration immediately before treatment of cells. For testing the effect
of boiling on phospholipase C activity, the enzyme at 100 enzyme units/
ml in a 1.5-ml Eppendorf microcentrifuge tube was placed in a boiling

water bath for 10 to 15 min and cooled. Phospholipase C (Bacillus
cereus) and phospholipase D (EC 3.1.4.4., peanut) were obtained from
Calbiochem. Phospholipase A2 (EC 3.1.1.4, Crotalus adamanteus), leu-
peptin, chymostatin, dicaprylin (1,3-dioctanoylglycerol), dicaproin (1,3-
dihexanoylglycerol), and 1,2-diolein were from Sigma (St. Louis, MO). 1-
Oleoyl-2-acetyl glycerol was from Serdary Research Laboratories (Lon

don, Ontario, Canada). All references to phospholipase C indicate that
the enzyme came from C. perfringens unless otherwise stated.

Cell Culture. Epidermal basal cells were isolated from newborn BALB/
c mice by the trypsin flotation technique (15) and cultured in Eagle's

minimal essential medium containing 8% fetal calf serum (Chelex treated)
and 0.05 mw Ca2+ as described previously (16). Cells were plated at an
initial density of 0.24 x 106/cm2 in Costar 12-well tissue culture plates

for phorbol ester binding and radioisotope incorporation studies, in

zThe abbreviationsused are: EGF,epidermalgrowth factor; BSA, bovine serum
albumin; ODC, ornithine decarboxylase; PBS, Dulbecco's phosphate-bufferedsa

line (0.2 g KCI, 0.2 g KH2P04,8 g NaCI,and 2.16 g Na2HPCv7H2O/liter);PDBU,
phorbol-12,13-dibutyrate;TGase, transglutaminase;TPA, 12-O-tetradecanoylphor-
bol-13-acetate.
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SIMILAR EFFECTS OF PHOSPHOLIPASE C AND TPA

Costar 6-well tissue culture plates for assay of EGF binding, and in 60-

mm Falcon tissue culture dishes for determination of ODC and TGase
inductions. Medium was changed daily for the first 3 days and every 2
to 3 days thereafter. All experiments were done on confluent cells 3 to
7 days after plating. Before cells were treated in serum-free medium,

they were washed once with PBS. After treatment, cell damage was
assessed by trypan blue exclusion as follows. Cells were exposed to
0.05% trypan blue (Grand Island Biological Co.) for 5 min at room
temperature and then the stained cells were counted using an ocular
grid.

Radioisotope Incorporation Studies. Cells were prelabeled with
[3H]arachidonic acid (83.9 Ci/mmol, 0.1 mCi/ml; New England Nuclear,
Boston, MA) or [3H]choline (80 Ci/mmol, 1 mCi/ml; New England Nuclear)

in separate experiments to study the formation of diacylglycerols con
taining [3H]arachidonic acid and the release of [3H]choline or [3H]choline
phosphates by phospholipase C. [3H]Arachidonic acid was added to

cells at a final concentration of 0.5 MCi/ml in medium containing serum
and incubated for 24 h at 37Â°C. The medium was then removed, cells

were washed with PBS, and phospholipase C in serum-free medium
containing BSA, 1 mg/ml (essentially fatty acid-free; Sigma) was added
to cells. After incubation at 37Â°Cfor 30 min, cells were washed 3 times

with 1 ml ice-cold PBS and placed on dry ice blocks to stop metabolism.
An aliquot (0.4 ml) of ice-cold solution containing 0.2% EDTA in PBS

was then added to each well. Cells were scraped and each well was
washed with 0.63 ml of methanol. The combined lysates were extracted
with 1.27 ml chlorofornrmethanol (1:1, v/v) at room temperature for 30
min with occasional mixing. The mixture was then added to a tube
containing 1.25 ml each of chloroform and water and centrifugea at low
speed to separate the phases. The chloroform phase was collected and
dried under vacuum. The residue was dissolved in a small volume of
chloroform containing 50 /Â¿gof 1,2-diolein as carrier and chromato-

graphed using a benzene:diethylether:ethanol:ammonium hydroxide
(100:80:40:0.2, by vol) solvent system (17) on Silica Gel 60 F254aluminum
thin layer chromatography plates (ACE Scientific, East Brunswick, NJ)
previously heated at 80Â°C for 30 min. The plates were dried and

developed in an iodine vapor chamber. Spots with mobilities correspond
ing to 1,2-diolein and free arachidonic acid were cut out and counted.

In parallel experiments, [3H]choline was added to cells at a final

concentration of 1.5 MCi/ml in medium containing serum and incubated
for 6 h at 37Â°C.Afterwards cells were washed with PBS and incubated
for 30 min at 37Â°Cwith serum free-BSA medium containing phospholi

pase C. Aliquots of medium were then removed and counted.
Enzyme Assays. After incubation with the inducers for the required

time, cells were washed 2 times with PBS, frozen on dry ice, and stored
at -20Â°C until assay. Cells were scraped from the culture dish with 200

n\ of PBS containing 10 mw dithiothreitol and 1% Triton X-100. Aliquots

were analyzed for ODC, TGase, and protein. ODC was measured by the
release of 14CO2from [1-14C]ornithine (Amersham, Arlington Heights, IL)

as described (18). The TGase assay was modified from a previously
published procedure (13); i.e., 150 /Â¿Iof the following freshly prepared
mixture was added to 50 Â¿ilof cell lysate: 20 Â¿il0.5 M sodium borate (pH
9.5); 10 M!0.1 M CaCI2; 10 Ml 0.01 M EDTA (pH 7.3); 20 n\ of casein (20
mg/ml; Sigma catalogue no. C-4765); 10 ^l of [2,3-3H]putrescine (20 to

40 Ci/mmol; New England Nuclear); and 80 n\ of distilled water. After
incubation for 30 min at 37Â°C,80-fil aliquots were spotted on Whatman

3MM disks, which were washed and prepared for counting as described
(13). The counts for blanks containing cell-scraping buffer instead of cell

lysate were subtracted from the sample counts. Before analysis for
protein by the method of Lowry ef al. (19), dithiothreitol was destroyed
in the 20-^1 aliquots of cell lysate by addition of 250 n\ of PBS containing
100 nQ chloramine-T and incubation at room temperature for at least 30

min (20). Phospholipase C was assayed by the release of choline
phosphate from [3H]phosphatidylcholine (L-a-phosphatidyl[mef/7y/-14C]-

choline, dipalmitoyl, 58 Ci/mol; Amersham) substituting phosphatidylcho-

line for phosphatidylinositol in the procedure of Hofmann and Majerus
(21).

EGF Binding. EGF binding assays were done with 125l-labeledEGF

(150 to 200 i'Ci/Vg: New England Nuclear) with or without unlabeled

EGF, 1 /jQ/ml (receptor grade; Collaborative Research, Lexington, MA)
as previously described (10, 22). Treatment of cells with phospholipase
C or TPA was done in Eagle's minimal essential medium with BSA, 1

mg/ml, for 2.5 to 3 h at 37Â°C.Following treatment, cells were washed 2
times with binding assay buffer and incubated with 125l-labeled EGF at
0Â°C for 5 h. Cell-associated radioactivity was determined by liquid

scintillation counting and cells were removed from replicate dishes by
treatment with trypsin and the number determined with a Coulter Coun
ter. Data are expressed as cpm/106 cells.

[3H]PDBU Binding. To assess the effect of phospholipase C on
phorbol ester binding, [3H]phorbol-12,13-dibutyrate was used rather than

radioactively labeled TPA since a large portion of the latter binds non-
specifically (23). Binding assays were performed in serum-free low cal

cium medium supplemented with BSA, 1 mg/ml, with or without phos
pholipase C. [3H]PDBU (10.8 to 13.4 Ci/mmol; New England Nuclear)
was added to cells and incubated for 30 min at 37Â°C. For Scatchard
analysis (24), 8 concentrations from 1 to 150 nw of [3H]PDBU were

chosen. At each concentration triplicate wells (1 ml) were assayed.
Nonspecific binding was determined in the presence of 30 UMnonradioac-
tive PDBU. Plates were chilled at 0Â°C after incubation and 100 /il of

medium from each well was counted to determine the concentration of
free [3H]PDBU. Each well was then washed 3 times with 1 ml of ice-cold

medium, cells were lysed in 0.5 ml of 0.1 M NaOH, and 0.45 ml of the
lysate was counted. Protein was determined by the method of Lowry ef
al. (19) from quadruplicate wells treated identically except that ice-cold

PBS instead of medium was used in washing them.

RESULTS

To permit optimal comparison between responses, enzyme
induction studies as well as EGF and PDBU binding studies were
done so as to minimize variation. Thus we have used the same
cell preparations plated at the same cell density at the same time
in the same media and cultured in the same incubator with
simultaneous medium changes. Experiments were begun at the
same time to minimize effects of different age of primary cultures
and different degrees of confluency. Experiments reported here
were reproduced at least twice.

Cell Morphology. Mouse epidermal cell cultures grown in
medium containing 0.02 to 0.07 ITIMCa2+maintain a continuously

proliferating population, although at all times a fraction of the
cells undergoes terminal differentiation and becomes detached
from the monolayer. Under the conditions of plating used in these
experiments (0.24 x 106 cells/cm2) monolayers are confluent by

3 days due to cell flattening as well as proliferation. The appear
ance of the cultures did not change during the next 10 days (Fig.
1A). Treatment with TPA at 10 to 100 ng/ml (16 to 160 nw) led
to the marked morphological change shown in Fig. ~\B charac

terized by contraction to form spindle-shaped and rounded cells

which eventually leave the monolayer. These changes began to
appear at 30 min after treatment and seem to represent an
acceleration of the normal differentiation process in these cells
(11). The appearance of cells treated with phospholipase C (C.
peiiringens) (Fig. 1C) is very similar to that shown by the TPA-
treated cells and provided the first indication that the effects of
the 2 agents might be similar in this system. Damage to cells by
treatment with TPA or phospholipase C was assessed by protein
loss and trypan blue uptake under similar conditions used for
biochemical assays, in serum-free medium containing BSA, 1
mg/ml (30 min at 37Â°C for PDBU binding studies and 2 h at
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SIMILAR EFFECTS OF PHOSPHOLIPASE C AND TPA

37Â°Cfor EGF binding studies) and in medium with 8% fetal calf
serum for enzyme induction studies (5 h at 37Â°C). Since the

induction of ODC and TGase by TPA requires the presence of
serum or hormone and growth factor supplements, we con
ducted enzyme induction experiments in the presence of medium
containing 8% serum. Cell damage was generally less in the
presence of serum compared to serum-free conditions and less

with confluent cultures in comparison with subconfluent cultures.
We assume that the presence of serum or a higher cell number
results in a lower effective phospholipase C concentration due
to the presence of additional substrates. Further support for this
is provided by a shift to lower optimum enzyme concentration
for enzyme induction studies in serum-free medium supple

mented with growth factors and hormones (see below). After
TPA treatment (0.1 ^g/ml) in the absence of serum, protein loss
was <11% at 30 min and 2 h. Less than 0.6% of these cells
stained with trypan blue. Treatment with phospholipase C, 0.05
enzyme unit/ml, led to no protein loss at 30 min and <22% at 2
h, while >98% of the cells excluded trypan blue at both time
points. At phospholipase C, 0.1 enzyme unit/ml, there was a
loss of about 16% of the protein at 30 min with 96% of the cells
excluding the dye. After treatment with TPA for 5 h at 37Â°Cin

the presence of serum, protein loss was 16%, while treatment
under similar conditions with phospholipase C, 0.05 enzyme
unit/ml, led to no detectible protein loss. In both cases, trypan
blue was excluded by >99% of the cells.

Cellular Products of Phospholipase C Action. To demon
strate that diacylglycerols were actually generated after phos
pholipase C treatment, cells were prelabeled with [3H]arachi-
donic acid. As shown in Chart 1, increasing amounts of [3H]-

arachidonic acid-labeled diacylglycerols could be extracted from

cells treated with increasing concentrations of phospholipase C.
In another set of experiments, cells were prelabeled with [3H]-

choline and then treated with phospholipase C. Radioactivity,

O-
Q

10 _

a.
a

-0

0.1 0.2 0.3

[Phospholipase C], U/ml

Chart 1. Releaseof radioactive cholmeand diacylglycerol upon treatment with
phospholipase C (C. perfringens) of cells prelabeled with [3H]choline and [3H]-
arachidonic acid. Cells were prelabeled with |3H)choline.1.5 (.Ci/mi (O), for 6 h or
with [3H]arachidonic acid, 0.5 ^Ci/ml (â€¢,A), overnight at 37Â°C.Radioactive
precursors were removed by washing and phospholipaseC was added for 30 min
at 37Â°C.[3H]Cholmerelease by phospholipase C was determined in cell medium.
Cell-associated [3H]diacylglycerols (â€¢)and free |3H]arachidonic acid (A) were
measuredas described in "Materials and Methods." U, enzyme units.

presumably [3H]choline and/or [3H]choline-phosphates, was re

leased into the medium after phospholipase C treatments (Chart
1). The ratio of [3H]choline to [3H]arachidonic acid-labeled diac

ylglycerol released was about the same for all phospholipase C
concentrations tested up to 0.3 enzyme unit/ml. Free [3H]ara-

chidonic acid was not found associated with cells (Chart 1).
Induction of ODC and TGase. ODC and TGase are indicators,

respectively, for the proliferative and differentiative stimuli ex
erted by TPA on different subpopulations in epidermal cell cul
tures (11, 25, 26). The inductions of these enzymes are the
result of complex cellular events initiated by the phorbol ester
and require hours rather than minutes to be expressed.

A common step in the induction of ODC and TGase by
phospholipase C (C. perfringens) is suggested by the observation
that the dose response curve of phospholipase C is the same
for both events (Chart 2). The decreased induction observed at
phospholipase C concentrations >0.1 enzyme unit/ml is presum
ably due to cytotoxic effects of prolonged exposure to high
enzyme levels. In serum-free medium supplemented with growth
factors and hormones (medium LEP-1, kindly provided by Dr.

Frederico Bertolero) (see Ref. 27) the optimum dose of phospho
lipase C was shifted to 0.02 enzyme unit/ml for both responses
(data not shown). This shift is reasonable since serum contains
phospholipid substrates for phospholipase C which would reduce
the effective enzyme concentration.

A common mechanism by which TPA and phospholipase C
induce these enzymes is suggested by the observation that the
time courses for the induction of each enzyme were similar for
the two inducers (Chart 3). ODC induction usually reaches a
maximum at 4 to 6 h and TGase at 6 to 9 h.

Preliminary experiments (data not shown) have revealed other
similarities between the TGases induced by TPA and phospho
lipase C. Protease inhibitors blocked induction of TGase by both
TPA (28) and phospholipase C. The induction by phospholipase
C was inhibited 60% by leupeptin and 80% by chymostatin, each
at 0.5 mw for 18 h before and during treatment with the inducer.
Furthermore the TGases induced by TPA or phospholipase C

0.01 0.1
PHOSPHOLIPASE C, U/ml

Chart 2. Dose response for the induction of ODC and TGase by phospholipase
C (C. perfringens) in primary mouse epidermal cells. Enzyme activities were
measured6 h after treatment with the inducer. U, enzyme units; bars, SO.
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SIMILAR EFFECTS OF PHOSPHOLIPASE C AND TPA

Chart3. Time course for the induction of ^
ODC and TGase in primary mouse epidermal -j.

cells by TPA, 0.1 ng/ml, or phospholipase C, g
(C.peiiringens) 0.05 enzyme unit (U)/ml. Bars,
SD. g

OTPA

TGase

TPA

Control

15

10

I

9 12 36

HOURS AFTERTREATMENT

12

are 60 to 70% paniculate in the absence of Triton X-100, a

property characteristic of mouse epidermal TGase.
The maintenance of elevated diacylglycerol levels seems to be

important since attempts to produce TPA-like biological effects

by treatment with exogenously added diacylglycerols in the
medium have been only moderately successful. ODC was in
duced by all three diacylglycerols tested, 500 IÂ¿Mbeing more
effective than 250 Â¡at.At the higher dose the induction at 4 h
was 2.5-fold by dicaproin, 1.4-fold by dicaprylin, and 2.2-fold by
1-oleoyl-2-acetylglycerol, compared to a 5.1-fold induction by

TPA at 0.1 itg/ml. Whereas the induction by TPA and phospho
lipase C is sustained over several hours, the induction by the
diacylglycerols is very transient, the activity returning to control
values by 6 h. Transglutaminase is only slightly induced, 1.7-fold
by l-oleoyl-2-acetylglycerol, 1.4-fold by dicaproin, and 1.1-fold
by dicaprylin, all at 500 /Â¿M,compared to a 5.4-fold induction by

TPA. Rapid metabolism of the diacylglycerols might explain poor
enzyme induction by these agents, although other mechanisms
are possible.

Phospholipase A2 at 0.2 enzyme unit/ml does not induce either
enzyme. Boiled phospholipase C failed to induce either ODC or
TGase (not shown). Phospholipase C from 8. cereus also in
duced ODC but a much higher concentration was required. At
phospholipase C, 1 enzyme unit/ml, from 8. cereus, ODC was
induced 5.4-fold compared to a 10.4-fold induction by phospho

lipase C from C. perfringens at 0.1 unit/ml (results not shown).
Phospholipase C (8. cereus) has not been tested for induction
of TGase or reduction of EGF binding.

EGF Binding. Treatment of epidermal basal cell cultures with
TPA at 0.1 /Â¿g/mlled to a rapid marked suppression of EGF
binding (Chart 4). Within 2 h, binding was reduced to about 5%
of control (untreated) values. Time course studies (not shown)
demonstrated that in the absence of serum maximum suppres
sion of EGF binding was obtained by 30 min after the addition
of either TPA or phospholipase C, 0.1 enzyme unit/ml, to cells.
Maximum suppression with phospholipase C was 90%. Chart 4
shows a dose-response experiment for the phospholipase C-

induced suppression of EGF binding. Maximal suppression (88%)

occurred at 0.05 enzyme unit of phospholipase C/ml, with similar
results at 0.1 and 0.2 enzyme unit/ml. Treatment of cells with
boiled phospholipase C (0.1 enzyme unit/ml) had no effect on
EGF binding nor did treatment with phospholipase A2 at 0.2
enzyme unit/ml. Phospholipase D at 0.05 enzyme unit/ml was
also inactive (not shown). When this experiment was done in
medium containing 8% fetal calf serum (data not shown) a slight
phospholipase C dose-response curve shift took place. Maximal

effect (92% suppression of EGF binding) was not obtained until
0.1 enzyme unit of phospholipase C/ml, and no suppression
occurred at 0.01 enzyme unit/ml, an enzyme concentration which
was 67% suppressive in the absence of serum (Chart 4). This
dose-response shift depending upon the presence of serum is

consistent with results of experiments done in PDBU competition
studies (not shown) and enzyme induction studies (above).Treat
ment of cells for 2 h at 37Â°C with 250 /tw of the synthetic

diacylglycerols dicaproin, dicaprylin, or 1-oleoyl-2-acetylglycerol

resulted in 39, 42, and 41% reductions, respectively, in EGF
binding compared to control. Interestingly, however, the char
acteristic morphological change seen with TPA or phospholipase
C was not observed upon treatment with diacylglycerols.

[3H]POBU Binding. Treatment of mouse epidermal cells with

phospholipase C (C. perfringens) resulted in a rapid decrease of
[3H]PDBU binding to cells. Maximal effects were observed within

30 min of treatment and the extent of inhibition was essentially
the same up to 2 h of treatment (data not shown). This inhibition
of [3H]PDBU binding was dose dependent (data not shown).
Enzyme boiled at 100Â°Cfor 10 min lost its phospholipase activity
and its ability to inhibit [3H]PDBU binding. Phospholipase A2,

phospholipase C from 8. cereus, and phospholipase D at 0.3
enzyme unit/ml did not affect [3H]PDBU binding. In contrast, at

250 Â¿Â¿Mthe synthetic diacylglycerols dicaproin, dicaprylin, and 1-
oleoyl-2-acetylglycerol inhibited the specific [3H]PDBU binding

64, 73, and 40%, respectively (data not shown).
The inhibition of [3H]PDBU binding to cells could be due to a

reduction of total number of binding sites, a decrease of binding
affinity for [3H]PDBU, or a combination of both effects. Scatchard
analyses of [3H]PDBU binding to cells treated with phospholipase

CANCER RESEARCH VOL. 45 NOVEMBER 1985

5717

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2421208/cr04511p25714.pdf by guest on 19 M

ay 2023



SIMILAR EFFECTS OF PHOSPHOLIPASE C AND TPA

Chart 4. Effect of treatment with TPA or
phospholipase C (C. perfringens) or A2 on bind
ing of '"Mabeled EGF to mouse epidermal cells.

Cells were exposed to TPA or enzymes at the
indicated concentration in serum-free media for
2 h at 37Â°C.Prior to the binding assay, the cells

were washed twice with binding buffer and as
sayed for EGF binding at 0Â°C for 5 h. Data

shown were from a single experiment in which
EGF bound was determined from duplicate cul
tures and cell counts from duplicate cultures,
each counted in triplicate. Values presented are
the average of cpm divided by the average of
cell counts and normalized to 106 cells. Varia

tions were less than Â±12% (SD). In repeated
studies, inhibition of EGF binding was 86% Â±
7% (n = 5) for phospholipase C, 0.05 enzyme
unit (U)/ml, and 90% Â±1% (n = 4) for 0.1 enzyme
unit/ml.

14

12

10

!>
I
<

I
D I

D
E
Ã¤

C, 0.1 enzyme unit/ml, indicate that the inhibition was due to a
reduction of binding affinity but not of the total number of binding
sites (Chart 5). In this experiment, untreated cells bound [3H]-

PDBLJ with a Ka of 13 nw and a binding capacity (ÃŸmax)of 2.5
pmol/mg of protein. When cells were treated with phospholipase
C, 0.1 enzyme unit/ml, the apparent dissociation constant (Kapp)
increased to 41 nvi, whereas the ÃŸmaxvalue was 2.8 pmol/mg
protein, similar to that of the control. The decrease of binding
affinity is consistent with the hypothesis that treatment with
phospholipase C (C. perfringens) generates diacylglycerols which
compete with [3H]PDBU binding for the same receptors.

DISCUSSION

Both extracellular Ca2+ and TPA induce terminal differentiation

in cultured mouse epidermal cells by initiating a programmed
series of biochemical responses including induction of transglu-
taminase which leads to cornified envelope formation in kerati-

nocytes (11,13,16). Yuspa ef a/. (26) have proposed a common
mechanism of action for both effectors through the receptor
protein for phorbol esters, protein kinase C, which is activated
both by Ca2+ and by TPA (8). Thus protein kinase C activation

would be a critical regulatory pathway for epidermal differentia
tion. The further observation that phorbol ester tumor promoters
and diacylglycerols similarly activate protein kinase C in vitro (8)
and compete for the same binding site (7) may be of profound
biological significance. Since most cells are unlikely to be ex
posed to phorbol esters and since these receptors are almost
ubiquitous among the cells examined (1), diacylglycerols may be
the endogenous ligands for these receptors and thus may be
modulators of differentiation and proliferation in epidermal and
other differentiated cell types. One can therefore visualize that a
variety of agents such as phospholipase C which affect the level
of diacylglycerols could also affect fundamental cellular proc
esses as well as tumor promotion.

The similarities in the responses of epidermal cells to TPA and
phospholipase C described in this paper, namely the change in

0.2

ra

â€¢0.1

0123

Bound, pmol/mg
Chart 5. Scatchard analyses of [3H]POBU binding. Cells were simultaneously

treated with phospholipase C (C. perfringens) (O, O; â€¢,0.1 enzyme unit/ml) and
[3H]PDBU for 30 min at 37Â°C.

morphology, reduction in EGF binding, and induction of ODC
and TGase are indicative of a common step or steps in the
mechanism of action of the two agents. Furthermore the evi
dence is consistent with the idea that phospholipase C generates
diacylglycerols which bind to the same receptor as tumor-pro

moting phorbol esters. This is supported by the observation that
phospholipase C treatment of cultured epidermal cells prelabeled
with radioactive arachidonic acid or choline results in increased
levels of intracellular diacylglycerols and release of choline (Chart
1). The preferred substrates for the phospholipase C of C.
perfringens which we used are phosphatidylcholines (29). Boiling
of the enzyme resulted in loss of enzyme activity as well as all
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biological and biochemical responses which we examined. Phos-

pholipase C from B. cereus was active in inducing ODC only at
much higher concentrations and was inactive in PDBU competi
tion experiments. This enzyme has poor activity in Eagle's me

dium in comparison with the enzyme from C. perfringens (30),
probably due to inhibition of the B. cereus enzyme by high
concentrations of univalent anions in the medium (31). Treatment
with relatively high levels (250 MM)of the synthetic diacylglycerols
dicaproin, dicaprylin, and 1-oleoyl-2-acetylglycerol also resulted
in TPA-like effects on PDBU and EGF binding and ODC and
TGase inductions, but at the levels used, the magnitude of the
effects was less than with TPA itself or with phospholipase C at
optimum levels. We attribute this to problems of uptake of the
externally added compounds or to rapid metabolism of diacyl
glycerols as they are taken up, although other mechanisms are
possible. Interestingly the characteristic TPA-like morphological

response was not seen with diacylglycerol treatment. It is not
clear whether higher levels of diacylglycerols which might pro
duce larger biological and biochemical responses would also
result in morphological effects or whether the morphological
response is separable from the biochemical effects.

Under the conditions used, maximum ODC and TGase induc
tion and suppression of EGF binding occurred with greater than
98% of the cells excluding trypan blue. The bell-shaped dose

response curves for ODC and TGase inductions imply that the
prolonged treatment with phospholipase C at concentrations
greater than 0.1 enzyme unit/ml is toxic to cells. We estimate,
based upon studies of release of diacylglycerols from phospho-

lipids in cells prelabeled with arachidonic acid, that about 3% of
cellular phospholipids are hydrolyzed at 0.1 enzyme unit of
phospholipase C/ml, and at 0.05 enzyme unit/ml, less than 1%
of the phospholipids are hydrolyzed in 30 min at 37Â°Cin serum-

free medium with BSA, 1 mg/ml. The possibility that increased
intracellular Ca2* levels resulting from a leaky cell membrane

explain some of our observations appears to be ruled out be
cause treatment of these cells with the Ca2+ ionophore A23187
does not give TPA-like morphological effects or induce either
TGase or ODC. Moreover raising Ca2+ levels in the medium 20-

fold does not duplicate the effects of EGF binding we have
shown nor does it potentiate the induction of ODC or TGase by
phospholipase C (data not shown).

The inhibition of PDBU and EGF binding is complete after 30
min of treatment with phospholipase C suggesting a rapid pro
duction of diacylglycerols. Cochet er al. (32) have recently shown
that activated protein kinase C can phosphorylate the EGF
receptor in A431 cells and reduce its EGF-stimulated tyrosine

kinase activity. These effects may be responsible for the reduc
tion of EGF binding by diacylglycerols generated from the phos
pholipase C treatment. Stimulation of activities of ODC and
TGase by phospholipase C requires hours, as expected for de
novo enzyme synthesis.

While we cannot conclusively rule out the possibility of a
general perturbation in membrane integrity accounting for the
effects of phospholipase C on EGF and PDBU binding in our
system, the data as a whole argue against this. Phospholipase
C treatment of cells results in generation of diacylglycerols under
conditions of our study and the direct addition of diacylglycerols
partially reproduces all the effects we have seen. Furthermore
other phospholipases which attack membrane phospholipids
have no effect on the parameters we studied.

We have used mouse epidermal cells in which the biology of
tumor promotion by phorbol esters is established and have
conducted coordinated experiments with phospholipase C and
TPA in such a way that time courses and dose responses for
the various biological and biochemical effects could be com
pared. However, individual phospholipase C effects similar to
some of our observations have been noted previously in cell
lines. Before the phorbol ester receptor was characterized and
known to bind diacylglycerols, Shoyab and Todaro (33) proposed
that the EGF receptor requires phospholipids for full receptor
function on the basis of experiments with phospholipase C,
vitamin KS, and digitonin, all of which reduced EGF binding.
Phospholipase C reduced EGF receptor affinity in mink lung cells
and BALB/3T3 cells without reducing binding of insulin, concan-
avalin A, or a2-macroglobulin. However, these studies were done

under nonequilibrium binding conditions.
Kuramoto ef al. (30) showed that phospholipase C induces

ODC in guinea pig lymphocytes, requiring slightly higher doses
of enzyme than were necessary for the mouse epidermal cells.
In addition they showed that the induction is inhibited by cyclo-

heximide and actinomycin D, suggesting that ODC synthesis is
induced cÃenovo.

Jones and Murray (34) examined the effect of phospholipase
C on PDBU binding to a mouse epidermal cell line (HEL-37). In

contrast to our observations which indicated a decrease in
receptor affinity without change in receptor number, these au
thors found that phospholipase C produced a 58% decrease in
receptor number and a slight increase in binding affinity. Fifty %
of the PDBU binding appeared to be insensitive to phospholipase
C even though the enzyme continued to be active. These results
are difficult to reconcile with the finding that diacylglycerols
compete for PDBU binding in vitro (7).

In summary, we have shown that phospholipase C treatment
of primary mouse epidermal basal cells in culture results in effects
on cell morphology, EGF binding, PDBU binding, and induction
of ODC and TGase similar to those seen following treatment
with TPA. The evidence is consistent with the idea that these
similar biochemical and biological responses result from binding
to the same receptor by TPA and by diacylglycerols generated
in the cells by the action of phospholipase C.
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Fig. 1. Phase contrast photomicrographs of primary mouse epidermal cell cultures treated for 4 h at 37Â°C with (A) control medium, (B) TPA, 0.1 ^g/ml, or (C)

phospholipase C (C. peiiringens) 0.05 enzyme unit/ml.
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