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SUMMARY
1 2-O-Tetradecanoylphorbol-i 3-acetate (TPA) induced omithine
decarboxylase (ODC) and suppressed 1251-epidermal growth fac-
tor (EGF) binding in primary cultured mouse epidermal cells. TPA
(30 nM)-caused ODC induction was almost completely blocked
by 30 j�M H-7 [i-(5-isoquinolinylsulfonyl)-2-methylpiperazine], a
well known protein kinase C inhibitor, but the same concentration
of H-7 failed to restore the 1251-EGF binding suppressed by TPA
(1 0 nM). On the other hand, sphingosine, another protein kinase
C inhibitor, blocked not only TPA-caused ODC induction but also
TPA-caused suppression of 125I-EGF binding. Concentration-
response curves of sphingosine for these two TPA-caused cel-
lular responses were almost identical. 1 ,2-Diacylglycerols such
as 1 ,2-dioctanoylglycerol (30-300 �M) and 1 -oleoyl-2-acetylgly-

cerol (OAG) (30-300 �M) mimicked TPA actions. Similar to the
case of TPA, suppression of 125l-EGF binding by OAG was barely
inhibited by H-7, whereas sphingosine was more effective in
inhibiting the OAG-caused suppression of 1251-EGF binding than
was H-7. In TPA (50 nM)-pretreated epidermal cells, TPA (1 0 nM)
failed to suppress 125I-EGF binding. H-7 (30 ��M) did not affect
TPA (30 nM)-caused translocation of protein kinase C. These
results clearly demonstrate the differential inhibition by H-7 of
the TPA-caused cellular responses and indicate that TPA-caused

suppression of 1251-EGF binding to epidermal cells is mediated
through protein kinase C function, which is barely inhibited by
H-7.

TPA is known to be the most potent skin tumor promoter

among various tumor-promoting agents and induces a variety

ofbiochemical changes, such as ODC induction and suppression

of “51-EGF binding in epidermal cells, the main target of two-

stage skin carcinogenesis (1-3). Protein kinase C is the receptor

of the phorbol ester tumor promoters (4-6) and mediates one

arm of the phosphatidylinositol second messenger system,

which is involved in signal transduction for a broad array of

hormones and cellular effectors including both growth factors

and several oncogenes (7, 8).

In fact, several lines of studies demonstrate the participation

of protein kinase C in cellular responses induced by TPA in

epidermal cells. DG has been considered to be the endogenous
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activator or ligand of protein kinase C/phorbol ester receptor

(4-8). Jeng et al. (9) suggested that DGs, which are endoge-

nously generated by the activation of phospholipase C, induce

ODC activity and inhibit ‘251-EGF binding through the activa-

tion of protein kinase C in primary cultured mouse epidermal

cells. It has been also demonstrated that synthetic DGs cause

ODC induction in both mouse epidermal cells (10, 1 1) and

epidermis (12). Furthermore, it has been recently demonstrated

that DG is a second stage tumor promoter in mouse skin (13).

The other conventional way to elucidate the mechanism of

TPA action is the use of inhibitors of protein kinase C. For

further understanding of the role of protein kinase C in the

mechanism of TPA action, we studied the effects of H-7, a well

known protein kinase C inhibitor (14), on the TPA-caused

ODC induction and the TPA-caused suppression of “51-EGF

binding in primary cultured epidermal cells.

Ii, the present study, we show the differential inhibition by

H-7 ofthe TPA-caused cellular responses that may be mediated

through the activation of protein kinase C.
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Materials and Methods

Chemicals. The following materials were purchased from the corn-

panies indicated: H-7 from Seikagaku Kogyo Co., Ltd. (Tokyo, Japan);

DOG, OAG, PDBu, PMSF, and Triton X-100 from Sigma Chemical
Co. (St. Louis, MO); Eagle’s minimum essential medium (Earle’s salts)

from GIBCO (Grand Island, NY); fetal calf serum from Hyclone

(Logan, UT); DEAE-cellulose (DE52) from Whatman, Ltd. (Maid-
stone, UK); Chelex 100 from Bio-Rad Laboratories (Richmond, CA);
sphingosine from Calbiochem, Behring Diagnostics (La Jolla, CA); and

EGF from Toyobo Co., Ltd. (Osaka, Japan). DL-[1-”C]Ornithine (58

mCi/mmol) and “51-EGF (100 �Ci/�g) were obtained from Amersham

Laboratories (Buckinghamshire, UK). [‘H]PDBu was purchased from
New England Nuclear (Boston, MA). The other chemicals used were

reagent grade.
Primary culture of mouse epidermal cells. Primary cultured

mouse epidermal cells were prepared according to the method described

by Yuspa (15) with minor modifications. Epidermal cells were isolated

from newborn CD-i mice (Charles River, Atsugi, Japan) (1-2 days post
partum), as described previously (10, 15). The cells were plated on 35-

mm and 100-mm plastic dishes at an initial density of 3 x i0� cells/

cm’ in Eagle’s minimum essential medium supplemented with 10%

fetal calf serum, and were cultured at 36’ in an atmosphere of 92% air!
8% CO2 for 20 hr. Thereafter, the medium was switched to Ca’�-free
Eagle’s minimum essential medium supplemented with 10% Chelex-

treated (Ca’�-deprived) fetal calf serum and 50 �zM CaCl, (final concen-
tration). The culture medium contained the following antibiotics: 100

units/ml penicillin G, 100 �zg/ml streptomycin sulfate, and 0.25 �g/ml

fungizone. The medium was changed daily and all experiments were

performed with confluent cells at 4 days of cultures, except for the

experiments using TPA-pretreated cells (protein kinase C-down-regu-
lated cells). Cell viability was determined by the trypan blue exclusion
test. TPA, sphingosine, and H-7 (dihydrochloride salt) were dissolved

in DMSO, DMSO, and PBS(-), respectively, and were added to the

medium of cell cultures. Final concentrations of DMSO and PBS(-)
were 0.1 and 1%, respectively.

ODC induction. Primary cultured epidermal cells in 35-mm dishes

were treated with TPA or vehicle on the fourth day of culture in low-

Ca’� medium. On the day of experiments, the medium change was not
performed, in order to prevent the ODC induction caused by the
medium change, although the medium change-caused ODC induction
was much less than TPA-caused ODC induction. The cells were incu-

bated for the indicated times at 36’ in an atmosphere of 92% air/8%
CO,, in the presence or absence of TPA. H-7 and sphingosine were
added to the medium 10 mm before the addition of TPA. After the
incubation, the cells were washed three times with PBS(-), frozen on
dry ice, and stored at -80’ until assay. The ODC assay was performed
as follows. The cells were sonicated in 50 mM sodium phosphate buffer,

pH 7.2, containing 200 �zM pyridoxal 5’-phosphate and 50 �zM EDTA,

and were centrifuged at 15,000 x g for 30 mm. ODC activity of the

supernatant was determined by measuring release of ‘4CO, from DL-

[1-’4C]ornithine, as described previously (10). H-7 and sphingosine did

not directly interfere with the ODC assay system.

EGF binding. Primary cultured epidermal cells in 35-mm dishes
were treated with TPA or vehicle on the fourth day of culture in low-

Ca’� medium. The medium change was not performed on the day of
experiments, as in the case of ODC induction. The cells were incubated
for the indicated time periods at 36N in an atmosphere of 92% air/8%
CO2, in the presence or absence of TPA. When DG was used instead
of TPA, DG was dispersed in a small volume of PBS(-) by sonication
and added to the incubation medium. H-7 and sphingosine were added
to the medium 10 mm before the addition of TPA or DG. After the

incubation, the EGF binding assay was performed as reported previ-

ously (16-18). In brief, the cells were washed three times with binding

assay buffer (minimum essential medium containing 0. 1 % bovine serum

albumin and 20 mM HEPES, pH 7.5) and incubated in the binding
assay buffer (1 ml) at 0-4’ for 4 hr, in the presence of 50-100 nCi/dish

“51-EGF (approximately 80-160 pM). For the estimation of nonspecific

binding, a 1000-fold higher concentration of unlabeled EGF was added

to the medium. After the incubation, the cells were solubilized by 1 N

sodium hydroxide and the cell-associated radioactivity was counted by

-y-counter.
Preparation of TPA-pretreated (protein kinase C-down-reg-

ulated) cells. At the time (20 hr after plating) the medium was

switched from normal calcium to low Ca’� (50 saM), one group of the

cells in 35-mm dishes was treated with 50 nM TPA and the other group

was treated with vehicle. The cells were then incubated in the low-Ca2�

medium for 48 hr, in the presence or absence of 50 nM TPA. At 24 hr
after the start of the TPA or vehicle treatment, medium was changed

to the fresh one with or without 50 nM TPA. After 48 hr of TPA

treatment, the cells were washed twice with PBS(-) and once with

PBS(-) supplemented with 0.1% bovine serum albumin in order to

wash out TPA. In order to prepare the cells pretreated with TPA for
14 or 24 hr, TPA was added to the medium 34 or 24 hr after the

medium was switched from normal to low Ca2�, respectively. Using
these TPA-pretreated cells, the effect of TPA on EGF binding was also
examined. TPA-pretreated cells and vehicle-pretreated cells were in-
cubated in fresh medium containing 0.5% bovine serum albumin but

without fetal calf serum, in the presence or absence of 10 nM TPA, for

2 hr. After the incubation, the EGF binding assay was performed as

described above.
Translocation of protein kinase C. Primary cultured epidermal

cells in 100-mm dishes were treated with TPA or vehicle on the fourth

day of culture in low-Ca’� medium. The medium change was not
performed on the day of experiments. The cells were incubated at 36’
for the indicated time periods in an atmosphere of 92% air/8% C02, in
the presence or absence of TPA. H-7 and sphingosine were added to

the medium 10 mm before the addition of TPA. After the incubation,
the cells were washed three times with PBS(-) and were suspended in

8 ml of ice-cold extraction buffer (buffer A) consisting of 20 mM Tris.

HC1 buffer (pH 7.4), 2 mM EGTA, 2 mM EDTA, and 2 mM PMSF.

Crude preparations of protein kinase C from the cytosol and particulate
fractions were obtained as reported previously (19). In brief, the cells

were sonicated and centrifuged at 105,000 X g for 60 mm, and the

resultant supernatant was used as the cytosol fraction. Triton X-100

was then added to the cytosol fraction, to a final concentration of 0.3%

in order to disturb the adsorption of protein kinase C to the matrix of
the column vessel. The 105,000 x g precipitate was resuspended, slowly
rotated in the original volume of homogenizing buffer containing 0.3%

Triton X-100, at 40 for 60 mm, and centrifuged at 105,000 X g for 60
mm. The resultant supernatant was used as the particulate fraction.
Both fractions were loaded onto a 0.8 x 3 cm column of DEAE cellulose
(DE52) that was preequilibrated with 20 mM Tris . HC1 buffer, pH 7.4,
containing 2 mM EDTA, 0.5 mM EGTA, 2 mM PMSF, and 50 mM 2-
mercaptoethanol (buffer B). After the column was washed with 6 ml of

buffer B containing 0.02% Triton X-100, protein kinase C was eluted
with 2 ml of buffer B containing 0.02% Triton X-100 and 0.1 M NaC1.

The amount of protein kinase C eluted from the DE52 column was
determined by the [‘H]PDBu binding assay (20). Briefly, 100 �sl of
sample solution was incubated at 37’ for 5 mm with 150 �zl of reaction

mixture containing 66 mM Tris . HC1 buffer (pH 7.4), 15 nM [‘H]PDBu,
2 mM CaCI,, 100 �tg/ml phosphatidylserine, and 4 mg/ml bovine �y-

globulin. After the incubation, the reaction mixture was cooled to 4’

for 5 mm. The bound and free [‘H]PDBu were measured using the
polyethylene glycol precipitation method. For the estimation of non-

specific binding, 30 � unlabeled PDBu was added to the reaction

mixture. Specific binding was calculated by subtracting the nonspecific

binding from the total binding.

Statistical analysis. Statistical analysis was done by t test.

Results

Epidermal cells cultured in low-Ca’� (20-SO �sM) medium

proliferate rapidly as a monolayer and these cells are charac-

terized as basal cells (15). When medium Ca’� was raised to a
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normal level, proliferation ceased and squamous differentiation

ensued rapidly, as reported previously (15). Therefore, the
experiments were performed in low-Ca2� (SO tiM) medium.

Treatment of primary cultured mouse epidermal cells with

TPA led to a transient induction of ODC activity, and a peak

activity was observed 3 hr after TPA treatment (Fig. 1). Treat-

ment of the cells with 30 nM TPA caused a maximal induction

of ODC activity. Both time course and concentration respon-

siveness of TPA-caused ODC induction (Fig. 1) were consistent

with previous reports (9, 10, 21).

Incubation of the epidermal cells with TPA caused the re-

duction of 1251-EGF binding (Fig. 2). Maximum inhibition of
‘251-EGF binding was observed by incubating the cells with

TPA for 0.5 to 2 hr (data not shown), in agreement with

previous reports (17, 22). The effect of TPA was concentration
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Fig. 1. Time-course and concentration-response relationship of TPA-
caused ODC induction in mouse epidermal cells. A, Primary cultured
mouse epidermal cells were incubated with 30 n�i TPA (S) or vehicle (0)
and ODC activity was determined at the times indicated. TPA was added
at time 0. Each point and vertical bar represent mean ± standard error
(three or four experiments). “p < 0.01 versus vehicle-treated. Similar

experiments were repeated twice and the results obtained were repro-
ducible. B, Primary cultured mouse epidermal cells were incubated with
0-300 nM TPA and ODC activity was determined at 3 hr after TPA
treatment. Each point and vertical bar represent mean ± standard error
(four experiments). “p < 0.01 versus 0. Similar experiments were
repeated twice and the results obtained were reproducible.

dependent and the maximum inhibitory effect was obtained at

10-30 nM (Fig. 2).

Treatment of the cells with DGs, such as DOG or OAG, for

2 hr at 36#{176}significantly suppressed ‘25I-EGF binding in a

concentration-dependent manner (Fig. 3). According to the
trypan blue exclusion test, the concentrations of DGs used in
the present study did not induce a toxic effect on the cells,

although the concentrations of DGs used were relatively high.
In order to determine whether TPA exerts its inhibitory

effect on “I-EGF binding in TPA-pretreated cells, the follow-

ing experiments were also conducted. The treatment of epider-

mal cells with SO nM TPA for 14 hr caused the reduction of

“5IEGF binding (Fig. 4), consistent with the results shown in

Fig. 2. However, in spite of the continuous presence of TPA,
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Fig. 2. Effect of TPA on 125l-EGF binding to mouse epidermal cells.
Primary cultured mouse epidermal cells were incubated for 30 mm (A) or
2 hr 4 with 0-30 n�i TPA. After the incubation, 125l-EGF binding assay

was performed as described in Materials and Methods. Data are ex-
pressed as percentage of 125l-EGF binding to the vehicle-treated cells (0
nM TPA). 125l-EGF binding to the vehicle-treated cells, i.e., 100%, was

28.6 ± 0.6 cpmfizg of protein (approximately 1 0700 cpm/35-mm dish).

Each point and vertical bar represent mean ± standard error (three
experiments). “p < 0.01 versus vehicle-treated. Similar experiments
were repeated twice and the results obtained were reproducible.
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Fig. 3. Effects of DOG and OAG on 125l-EGF binding to mouse epidermal
cells. Primary cultured mouse epidermal cells were incubated for 2 hr
with either 30-300 �M DOG, 30-300 MM OAG, or vehicle. After the
incubation, 125l-EGF binding assay was performed as described in Ma-
terials and Methods. Data are expressed as percentage of T25IEGF
binding to the vehicle-treated cells. 125l-EGF binding to the vehicle-treated

cells, i.e., 1 00%, was 35.1 ± 1 .0 cpm/,�g of protein (approximately
1 4,000 cpm/35-mm dish). Each column and vertical bar represent mean
± standard error (three experiments). ‘p < 0.05; “p < 0.01 versus
vehicle-treated. Similar experiments were repeated twice and the results
obtained were reproducible.
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Fig. 4. Effect of TPA on 125l-EGF binding to mouse epidermal cells
pretreated with TPA. Primary cultured mouse epidermal cells were
preincubated with either 50 nM TPA or vehicle for 0-48 hr. After prein-
cubation, the cells were washed and the medium was replaced with
fresh medium containing 0.5% bovine serum albumin but without fetal
calf serum. TPA-pretreated and vehicle-pretreated cells were incubated
for 2 hr with either 1 0 nM TPA (�) or vehicle (0). After the incubation,
1251EGF binding assay was performed as described in Materials and
Methods. Data are expressed as percentage of 1251-EGF binding to the
non-TPA-treated cells (0 hr) (0). 125l-EGF binding to the non-TPA-treated
cells, i.e., 100%, was 61 .2 ± 4.2 cpm/�g of protein (approximately
21 500 cpm/35-mm dish). Each column and vertical bar represent mean
± standard error (three experiments). “p < 0.01 versus non-TPA-treated
cells (0 hr); ‘p < 0.05. The 1251-EGF binding activities of the cells
pretreated with vehicle for 14, 24, or 48 hr were almost identical to the
activity of nonpretreated cells (data not shown). Similar experiments
were repeated twice and the results obtained were reproducible.

the ‘251-EGF binding activity gradually recovered, when the

cells were further incubated with TPA (Fig. 4). After a 48-hr

incubation with TPA, the ‘25I-EGF binding activity recovered

to the level of non-TPA-treated cells (Fig. 4). Although TPA

caused a significant inhibition of ‘251-EGF binding in TPA (SO

nM, 48 hr)-pretreated cells, the inhibitory effect was slight and

markedly suppressed in these cells (Fig. 4). The amounts of

cellular protein per dish of TPA-pretreated cells were similar

to those of vehicle-pretreated cells.

H-7 is a well known protein kinase C inhibitor (14). The

effects of H-7 on TPA-caused ODC induction and TPA-caused

inhibition of 125I-EGF binding were examined. As shown in Fig.

SB, TPA (30 nM)-caused ODC induction was inhibited by H-7

in a concentration-dependent manner and was almost com-

pletely inhibited by 30 �tM H-7. H-7 did not shift the time

course of TPA-caused ODC induction (data not shown). The

same concentration of H-7, however, failed to restore the l25J�

EGF binding suppressed by TPA (Fig. SA). Higher concentra-

tion of H-7 (100 sM) only slightly restored the ‘251-EGF binding

suppressed by TPA. Treatment of the cells with H-7 alone did

not affect ODC induction and ‘251-EGF binding. Fig. SC shows

the concentration-response curves of H-7 for these two TPA-

caused cellular responses, in which the response to TPA in the

absence of H-7 is expressed as 100%. An approximately 100-

fold difference was observed in the concentration of H-7 needed

to inhibit the two TPA-caused cellular responses described

above. As described in Materials and Methods, the incubation

for the ‘251-EGF binding (at 4#{176}for 4 hr) was performed in the

absence of TPA and/or H-7. In order to exclude the possibility

that the apparent failure of H-7 to inhibit TPA action is due

to the absence of H-7 during the binding assay, experiments in

which TPA and/or H-7 were added to the incubation mixture

for ‘251-EGF binding, as well as the preincubation medium (at

36#{176}),were also conducted (Table 1). As clearly shown in Table

1, the addition of the same concentrations of H-7 and/or TPA

as in the preincubation medium to the binding assay buffer did

not alter the results.

It has been shown that EGF receptors consist of two binding

sites, i.e., high and low affinity sites, and that TPA treatment

results in the loss of high affinity sites (23). A Scatchard

analysis of ‘251-EGF binding revealed the reduction of high

affinity sites by treatment of the cells with TPA at 36#{176}for 2 hr

(Fig. 6A). Treatment of epidermal cells with 30 �sM H-7 at 36#{176}

for 2 hr did not alter the Scatchard plots, consistent with the

data of Fig. SA (Fig. 6B). Moreover, in the presence of 30 zM

H-7, the effect of TPA was still evident and the pattern of

Scatchard plots was identical to that in the absence of H-7

(Fig. 6). These results further confirm the inability of H-7 to

inhibit the effect of TPA on 1251-EGF binding to epidermal

cells.

Staurosporine is known to be a most potent protein kinase

C inhibitor and, in fact, it inhibits TPA-stimulated phosphor-

ylation of the 34-kDa protein in intact epidermal cells (24).

However, staurosporine (10-100 nM) by itself partially but

significantly inhibited ‘251-EGF binding. Therefore, the effect

of staurosporine on TPA-caused inhibition of 1251-EGF binding

could not be estimated (data not shown).

Sphingosine is another type of inhibitor of protein kinase C

(25). The effects of sphingosine on TPA-caused ODC induction

and TPA-caused inhibition of 1251-EGF binding were also ex-

amined. As shown in Fig. 7B, TPA (30 nM)-caused ODC

induction was significantly inhibited by 30 �tM sphingosine.

According to the trypan blue exclusion test, higher concentra-

tions (� 60 �sM) of sphingosine were apparently cytotoxic.

Treatment of epidermal cells with sphingosine alone did not

affect 125I-EGF binding to its receptor (Fig. 7A). TPA (10 nM)-

caused suppression of 1251-EGF binding was also significantly

blocked by 30 sM sphingosine (Fig. 7A). Fig. 7C shows the

concentration-response curves of sphingosine for these two

TPA-caused cellular responses, in which the response to TPA

in the absence of sphingosine is expressed as 100%. These two

concentration-response curves of sphingosine were almost su-

perimposable. These two TPA-caused cellular responses were

suppressed similarly by 60 and 100 �tM sphingosine. However,

interpretation of the data is difficult, because sphingosine at

these concentrations is apparently cytotoxic and sphingosine

by itself reduced 1251-EGF binding (data not shown).

Similar to the case of TPA, OAG (300 �sM)-caused suppres-

sion of ‘251-EGF binding was barely blocked by 30 �sM H-7,

whereas 30 �tM sphingosine reversed OAG-caused suppression

of ‘25I-EGF binding partially but more effectively than H-7

(Table 2).

It has been well established that TPA causes translocation

of protein kinase C from cytosol to membranes (26-28). A

similar translocation of protein kinase C was also observed in

the cultured mouse epidermal cells. Fig. 8A shows the time-

dependent changes in the amounts of protein kinase C, which

is estimated by [3H]PDBu binding to this enzyme, in either the

cytosol or the particulate (membrane) fraction on exposure of

the cells to 30 nM TPA. On treatment with TPA, the activity

in the cytosol fraction decreased and the activity in the partic-

ulate fraction increased simultaneously (Fig. 8A). The maxi-

mum effect of TPA was observed 20-30 mm after the addition

of TPA but an apparent loss of the total activity of protein

kinase C, i.e., the sum of the activities in the cytosol and

membrane fractions, was not observed. The effects of H-7 and
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TABLE 1
Effects of the addition of H-7 and TPA to the binding assay buffer
on lsel�EGF binding
Epidermal cells were first treated with vehicle or H-7 and/or TPA for 2 hr at 36#{176}.
H-7 was added to the medium 10 mm before the addition of TPA. The binding
assay was performed in the absence or presence of H-7 and/or TPA at 0-4#{176}for 4
hr. values are mean ± standard error of three experiments.

Addition

actIvity
I �ncubation Incubation for ‘#{176}#{176}1-EGF

brnding assay

1�#{176}lEGF�flthfl9

cpm/,.g of

protein

,�

#{176}

Expt. 1
Vehicle8 + vehicl&’ None 32.8 ± 1 .0 100
Vehicle + TPA (1 0 None 5.5 ± 0.8 17

nM)
H-7 (30 tiM) + TPA None 6.9 ± 0.4 21

(10 nM)
H-7 (30 tiM) + vehi- None 30.7 ± 0.5 94

cle
Expt. 2

Vehicle + vehicle H�7C (30 �zM) 35.0 ± 1 .3 100
Vehicle + TPA (30 H-7 (30 �tM) 5.3 ± 1 .4 15

nM)
H-7 (30 tiM) + TPA H-7 (30 �tM) 6.1 ± 0.3 20

(30 nM)
H-7 (30 MM) + vehi- H-7 (30 tiM) 26.0 ± 1 .6 75

cle
Expt. 3

Vehicle + vehicle Vehicle 29.9 ± 1 .5 100
Vehicle + TPA (10 TPA (10 nM) 5.2 ± 0.8 17

nM)
H-7 (30 jiM) + TPA H-7 (30 �M) + 6.8 ± 0.4 23

(lOnM) TPA(lOnM)
H-7 (30 �cM) + vehi- H-7 (30 hiM) 31.1 ± 0.3 104

cle
a Treatment with H-7 or vehicle for 10 mm.
b Treatment with vehicle or H-7 and/or TPA for 2 hr at 36#{176}.
C Binding assay was performed in the absence or presence of H-7 and/or TPA

for 4 hr at 4#{176}.

Fig. 5. Effects of 11-7 on TPA-caused suppression of 125l-
EGF binding and TPA-caused ODC induction in mouse
epidermal cells. Primary cultured mouse epidermal cells
were pretreated with H-7 or vehicle for 10 mm before the
addition of TPA. For the experiments of EGF binding (A),
the epidermal cells were treated with 10 nr�i TPA (0) or
vehicle (0) for 2 hr; thereafter, 125l-EGF binding assay was
performed as described in Materials and Methods. Data are
expressed as percentage of 1251-EGF binding to the vehicle-
treated cells (no drug treatment). 125l-EGF binding to the
vehicle-treated cells (no drug treatment), i.e. , 100%, was
40.3 ± 0.8 cpm/�g of protein (approximately 15,500 cpm/
35-mm dish). Each column and vertical bar represent mean
± standard error (three experiments). “p < 0.01 versus
TPA without H-7. For the experiments of ODC induction
(B), epidermal cells were treated with 30 n� TPA or vehicle
for 3 hr; thereafter, ODC activity was measured as do-
scribed in Materials and Methods. Each column and vertical
bar represent mean ± standard error (three or four expen-
ments). #{176}#{176}p< 0.01 versus TPA without H-7. C, The con-
centration-response curves of H-7 for two TPA-caused
cellular responses (0, ODC induction; Q, inhibition of 125l-
EGF binding). The data were obtained from A and B and
the two other repeated experiments. Response to TPA
indicates the difference between the activities observed in
the presence and absence of TPA. The response to TPA in
the absence of H-7 is expressed as 100%. Each point and
vertical bar represent mean ± standard error (three exper-
iments).

sphingosine on TPA-caused translocation of protein kinase C
were examined. TPA (30 nM)-caused translocation of protein

kinase C from cytosol to membranes was not inhibited by 30

�sM H-7 (Fig. 8B). Although TPA-caused translocation of pro-
tein kinase C tended to be slightly inhibited by sphingosine,

the effect was not significant (Fig. 8C).

Discussion

In primary cultured mouse epidermal cells, TPA caused ODC

induction as reported previously (10, 11, 21, 29, 30). DGs and

phospholipase C mimic TPA action and induce ODC activity

in mouse epidermal cells (9-11). A protein kinase C inhibitor,

H-7, inhibited TPA-caused ODC induction, consistent with a

previous report (31). Furthermore, in the present study, another
protein kinase C inhibitor, sphingosine, also inhibited TPA-

caused ODC induction. Although H-7 inhibits other protein

kinases (14) and sphingosine inhibits some of the calmodulin-

dependent enzymes (32), a common mechanism of action of

these two compounds is the inhibition of protein kinase C.

Therefore, it is highly possible that TPA-caused ODC induction

in mouse epidermal cells is mediated by the activation of protein

kinase C. Recently, the inhibition by sphingosine of TPA-
caused ODC induction in mouse skin has been also reported

(33, 34).

The inhibition of ‘251-EGF binding to EGF receptors caused

by TPA has been reported in various types of cells (18, 35, 36)

including mouse epidermal cells (9, 17, 22). The studies using
A431 cells and human fibroblasts suggest that the phosphor-

ylation of Thr-6S4 of the EGF receptor by the activation of

protein kinase C plays an important role in the mechanism of

the TPA-caused inhibition of ‘251-EGF binding (37, 38). In the

present study, TPA-caused inhibition of 125I-EGF binding was

down-regulated by pretreatment of the epidermal cells with

TPA for 48 hr, and DGs such as DOG and OAG mimicked the

TPA action. In addition, Jeng et al. (9) reported that ‘25I-EGF

binding to epidermal cells was inhibited by treatment of the
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cells with phospholipase C. All of these results suggest that the

suppression of ‘25I-EGF binding by TPA in mouse epidermal

cells is mediated through the activation of protein kinase C.

H-7 is one of the most popularly used protein kinase C

inhibitors and inhibits protein phosphorylation through the

interaction with the catalytic domain of this enzyme (14, 20).

It has been reported that TPA-caused cellular responses are

inhibited by H-7 in many type of cells (39-41). The present

study clearly shows that H-7 inhibits TPA-caused ODC induc-

tion but fails to inhibit TPA-caused suppression of ‘25I-EGF

binding. Such differential inhibition of TPA-caused cellular

responses was not observed when sphingosine was used as
protein kinase C inhibitor. Sphingosine counteracted the TPA-
caused inhibition of 1251-EGF binding with a concentration

range similar to that for inhibition of TPA-caused ODC induc-

tion. Similar to the case of TPA, suppression of ‘25I-EGF

binding by OAG was also barely inhibited by H-7, whereas

sphingosine was more effective in inhibiting the action of OAG

than was H-7. It has been reported that TPA-caused suppres-

sion of 125I-EGF binding is also counteracted by sphingosine in

A431 cells (42). Recently, H-7-uninhibitable cellular responses
caused by TPA in Swiss 3T3 fibroblasts have been also reported

(43).

Activation of protein kinase C by phorbol esters is associated

922 Nakadate et a!.

Fig. 7. Effects of sphingosine on TPA-caused inhibition of 125l-EGF
binding and TPA-caused ODC induction in mouse epidermal cells. Pri-
mary cultured mouse epidermal cells were pretreated with sphingosine

or vehicle for 10 mm before the addition of TPA. For the experiments of
EGF binding (A), the epidermal cells were treated with 10 nr�i TPA (0) or
vehicle (0) for 2 hr; thereafter, 125l-EGF binding assay was performed as
described in Materials and Methods. Data are expressed as percentage
of 125l-EGF binding to the vehicle-treated cells (no drug treatment). 125l-
EGF binding to the vehicle-treated cells (no drug treatment), i.e., 100%,
was 19.8 ± 0.3 cpm/�g of protein (approximately 7600 cpm/35-mm
dish). Each column and vertical bar represent mean ± standard error
(three experiments). “p < 0.01 versus TPA without sphingosine. For the
experiments of ODC induction (B), epidermal cells were treated with 30
nM TPA or vehicle for 3 hr; thereafter, ODC activity was measured as
described in Materials and Methods. Each column and vertical bar
represent mean ± standard error (three or four experiments). “p < 0.01

versus TPA without sphingosine. C, The concentration-response curves
of sphingosine for two TPA-caused cellular responses (0, ODC induction;
D, inhibition of 125l-EGF binding). The data were obtained from A and B

and the two other repeated experiments. Response to TPA indicates the

difference between the activities observed in the presence and absence
of TPA. The response to TPA in the absence of sphingosine is expressed
as 100%. Each point and vertical bar represent mean ± standard error
(three experiments).

Fig. 6. Scatchard analysis of 125l-EGF binding to mouse
epidermal cells treated with or without TPA and/or H-
7. Primary cultured mouse epidermal cells were treated
with 30 �tM H-7 (B) or vehicle (A) at 36#{176}for 10 mm.
Thereafter, epidermal cells were incubated at 36#{176}for
2 hr in the presence of 10 n� TPA (closed symbols) or
vehicle (open symbols). Cells were then assayed at 4#{176}
for 125l-EGF binding, as described in Materials and
Methods. Kd and Be,., values of high and low affinity
binding sites, which were estimated from Scatchard
plots, were as follows: in A, Kd = 31 �M and 0.94 nr�i,
Bmax 53 and 1 80 fmol/mg of protein for vehicle-
treated, and Kd 250 �M and 2.9 np�i, B� = 20 and
1 70 fmol/mg of protein for TPA-treated; in B, Kd = 25
�M and 1 .7 nM, B� = 48 and 230 fmol/mg of protein
for vehicle-treated and Kd = 1 20 �M and 2.8 n�, Bmax

= 25 and 1 80 fmol/mg of protein for TPA-treated.
Similar experiments were repeated twice, and the re-
suIts obtained were reproducible.

TABLE 2
Effects of H-7 and sphingosine on OAG-caused suppression of 1251..

EGF binding in mouse epidermal cells
Mouse epidermal cells were pretreated with H-7, sphingosmne, or vehicle for 1 0 mm
before the addition of OAG (300 SM). Epidermal cells were incubated for 2 hr with
OAG or vehicle and, thereafter, 125l-EGF binding assay was performed. Values are
mean ± standard error of six experiments.

AdditiOn fl incubation ‘mI-EGF brnding activity

cpm/zg of
protein #{176}

Expt. 1
Vehicle + vehicle 34.7 ± 0.8 100

Vehicle + OAG 4.2 ± 0.2 12
H-7 (30 �M) + OAG 6.9 ± 0.3 20
H-7 (30 tiM) + vehicle 33.2 ± 0.9 96
Expt. 2
Vehicle + vehicle 28.8 ± 2.1 100
Vehicle + OAG 4.8 ± 0.3 17
Sphingosine (30 �tM) + OAG 1 0.3 ± 0.4 36
Sphingosine (30 �M) + vehicle 25.3 ± 1 .2 88
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Fig. 8. Effects of H-7 and sphingosine on TPA-caused translocation of protein kinase C from cytosol to membranes. Primary cultured mouse

epidermal cells were incubated with 30 n�i TPA at 36#{176}for 0-30 mm (A). Epidermal cells were incubated at 36#{176}for 1 0 mm with 30 MM H-7 (B), 30

MM sphingosmne (C), or vehicle (B and C). Thereafter, the cells were further treated with 30 nM TPA or vehicle at 36#{176}for 20 mm (B and C). After the
incubation, amounts of protein kinase C in cytosol (0) and particulate (�) fractions were determined by [3H]PDBu binding to this enzyme in the
presence of Ca2� plus phosphatidylserine. Each column and vertical bar represents mean ± standard error of three experiments. In C, Sph indicates

sphingosine. #{176}#{176}p< 0.01 ; NS, not statistically significant.

Differential Inhibition by H-7 of Phorbol Ester Actions 923

0.4

c��#{176}90.2

C
, NS

,-�--NS
�- *� -, r-

r- � ,

r:r� 1�1

with translocation of the enzyme from cytosol to membranes

(26-28). Following its activation by association with phospho-

lipids and DGs (or TPA) at the membrane, the enzyme is

subsequently down-regulated (44, 45). Present results show that

treatment of epidermal cells with 30 nM TPA for 20 mm

effectively translocated protein kinase C from cytosol to mem-

brane. However, the decrease of protein kinase C activity in

the cytosol fraction was partial, and down-regulation of protein

kinase C was not evident. This may be due to the short exposure

time of the cells to a relatively low concentration of TPA. It

has been reported that sphingosine reverses TPA-caused trans-

location of protein kinase C (46) and, subsequently, prevents

TPA-caused down-regulation (33, 47). However, in the present

study, prevention of translocation of protein kinase C by sphin-

gosine was not clearly observed in primary cultured epidermal

cells. Meanwhile, the present results clearly show that H-7 did

not block the translocation of protein kinase C. Previously, we

reported that H-7 (30 �tM) effectively inhibits the TPA-stimu-

lated phosphorylation of the 34-kDa protein in intact epidermal

cells (24), indicating that H-7 inhibits protein phosphorylation

by acting on the membrane-bound protein kinase C.

How can we explain the heterogeneity of two separate actions

of H-7 on TPA-induced cellular responses? It has been reported

that there are several subtypes of protein kinase C, and the

functions of these protein kinase C subtypes are suggested to

be different (48). A number of proteins are phosphorylated in

epidermal cells by TPA treatment (49), suggesting that those

proteins are phosphorylated by protein kinase C in these cells.

Because H-7 interacts with the catalytic domain of protein

kinase C, it also inhibits other kinases such as cyclic nucleotide-

dependent protein kinases (14). Therefore, a hypothesis that

H-7 has differential inhibitory effects on different subtypes of

protein kinase C is unlikely. However, there still exists a

possibility that inhibition of protein phosphorylation by H-7

depends on the enzyme-substrate combinations and their in-

tracellular localization. Recently, Kiss et al. (SO) reported TPA-

induced protein phosphorylation that was hardly inhibited by

H-7 and/or sphingosine in human leukemic HL6O cells. It has

also been suggested that the proteolytic fragments of protein

kinase C, i.e., regulatory and catalytic fragments, are generated

after the membrane translocation of this enzyme (51-53). A

catalytic fragment may be released into the cytosol and a free

catalytic fragment has the ability to phosphorylate proteins in

a Ca2�- and phospholipid-independent manner (51-53). Protein

phosphorylation by this catalytic fragment is also inhibited by

H-7 (14, 20). Although we do not know the role ofthe regulatory

fragment remaining on the membrane, a possible participation

of any such fragment in certain cellular responses should also

be considered.

Blumberg (6) suggested the concept of phorbol ester receptor

heterogeneity because all of the behavior of phorbol esters in

biological systems cannot be explained by a single homogeneous

class of receptors. Moreover, Feuerstein et al. (54) and Blenis

et al. (55) suggested the involvement of kinases other than

protein kinase C in the action of TPA. Therefore, we cannot

exclude a possibility that the protein kinase C-independent

mechanism is involved in some types of cellular responses

induced by TPA in primary cultured mouse epidermal cells.

In conclusion, the present study clearly demonstrates the

differential inhibition by H-7 of the TPA-caused cellular re-

sponses. TPA-caused suppression of ‘25I-EGF binding in epi-

dermal cells would be mediated by the protein kinase C function

that is barely inhibited by H-7.
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