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ABSTRACT

Activation of protein kinase C (PKC) and the resulting phosphoryl-
ations of proteins in vivo were examined in mouse epidermis, a target
tissue of tumor-promoting phorbol diesters, such as 12-O-tetradecanoyl-
phorbol-13-acetate (TPA). Treatment of mouse skin with TPA caused
rapid translocation of PKC from the cytosol to the membrane fraction of
skin tissue, followed by its down regulation. Epidermal proteins were
labeled locally with ''I' using the ring-shaped forceps technique that
economizes on the amount of 32Pirequired. Treatment with TPA in vivo
resulted in about 2-fold increases in the phosphorylations of epidermal
proteins with molecular weights of 34,000 and 40,000 and isoelectric
points of 4.7-5.1 and 5.2-6.2 (p34 and p40, respectively). The phosphor
ylations of these proteins were also stimulated by teleocidin B. Inhibitors
of PKC, such as chlorpromazine, quercetin, and staurosporine inhibited
these increases in phosphorylations of p34 and p40 on TPA treatment.
Furthermore, p U and p40 were phosphorylated by purified PKC in a
cell-free system. These results indicate that p34 and p40 are phosphor
ylated by PKC in mouse epidermis in vivo and may be involved in tumor
promotion.

INTRODUCTION

Tumor promoters are not carcinogenic or mutagenic them
selves, but stimulate the formation of tumors when applied
repeatedly after a subthreshold dose of a carcinogen (1). Much
information on tumor promotion has been obtained in studies
on mouse skin carcinogenesis using phorbol diesters, diterpenes
isolated from Croton tiglium (2). Of these phorbol diesters,
TPA3 is the most potent and therefore has been used most

extensively in studies on tumor promotion. TPA elicits many
responses in the epidermis, including the inductions of DNA
synthesis, cell proliferation, hyperplasia, and ODC, a rate-
limiting enzyme in polyamine synthesis (3).

Castagna et al. (4) and Kikkawa et al. (5) reported that
phorbol diesters bind directly to and activate PKC, a protein
kinase that is activated by Ca, phospholipids, and DG. Fur
thermore, phorbol diester receptors were copurified with PKC
from rat and mouse brains (6, 7). Phorbol diester molecules
contain a DG-like structure that may have a similar effect to
DG in activating PKC (8). Therefore, it has been thought that
PKC acts as a receptor for phorbol diesters and that protein
phosphorylation by the enzyme is an important event leading
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to tumor promotion. Recently, complementary DNAs of PKC
have been cloned by several groups (9-13).

In various cells in culture, phorbol diesters have been shown
to activate PKC and stimulate the phosphorylations of diverse
proteins. We have investigated the actions of PKC and protein
phosphorylation using the mouse and rat cell lines, HALB/
3T3, C3H/10T1/2, and FRSK cells (14, 15). In these cells, as
in mouse skin, chemically induced transformations are mark
edly enhanced by TPA and other tumor promoters, indicating
that these cell line systems could be used as in vitro models of
tumor promotion. However, results obtained in cell culture
systems should be validated by carcinogenesis experiments in
vivo.

Although mouse skin or epidermis to be exact, is the target
tissue of tumor-promoting phorbol diesters, it has not been
used extensively in biochemical experiments other than those
on induction of ODC because of difficult ics in its biochemical
manipulation. In the present study, we found that treatment of
mouse skin /'// vivo with TPA caused intracellular translocation

and activation of PKC, resulting in the phosphorylations of
epidermal p34 and p40. To our knowledge, this is the first
report of detection of protein phosphorylation in whole ani
mals.

MATERIALS AND METHODS

Animals. Female CD-I mice, 8-10 weeks old, were purchased from
Charles River Japan (Atsugi, Japan). The dorsal skin was shaved with
electric clippers and treated with a depilatory agent (Kowa Co., Ltd.,
Nagoya, Japan) 2 days before experiments. During clamping of the
skin with tongue forceps, mice were anesthetized by i.p. injection of 0.6
ml of avertin, which consisted of 1.9% tribromoethanol and 1.3%
isoamyl alcohol in water.

Materials. The following chemicals were used: TPA (LC Service
Corp., Woburn, MA); histone H l (type III-S), ATP, PS, diolein, PMSF,
TPCK, TLCK, fluocinolone acetonide, and chlorpromazine (Sigma);
H-7 (Seikagaku Kogyo, Tokyo, Japan); saturosporine (Kyowa Medix,
Tokyo, Japan); and [7-32P]ATP (specific activity, 20-40 Ci/mmol) and
[32P]orthophosphoric acid (carrier free) (New England Nuclear).

Preparation and Assay of PKC. PKC was prepared and assayed as
described previously (14). Briefly, mice were killed by cervical disloca
tion at appropriate times after treatment of the dorsal skin with S Mg
of TPA in 0.2 ml acetone, and the skin was rapidly excised and
immersed in ice-cold PBS for 3 min. Then s.c. tissues were scraped off
with a glass slide, and the skin was minced in ice-cold extraction buffer
consisting of 20 mM Tris-HCl (pH 7.5), 2 mM EDTA, 5 mM EGTA, 2
mM PMSF, and 5 mM 2-mercaptoethanol. The minced skins were then
sonicated and centrifuged at 100,000 x g for 1 h. The resulting
supernatant was subjected to DEAE-cellulose (DE52, Whatman) col
umn chromatography, and the fraction that was eluted with 0.3 M NaCI
was used as a preparation of cytosolic PKC. Membrane PKC was
purified by the method of I rat sui i et al. (16) with a slight modification.
The 100,000 x g precipitate was solubilized by treatment with 10 HIM
sodium phosphate buffer (pH 6.8) containing 1.0% Triton X-100 for
30 min and subjected to hydroxyapatite column chromatography. The
column was washed with 10 mM sodium phosphate buffer (pH 6.8),
and the fraction that was eluted with 200-300 mM sodium phosphate
buffer (pH 6.8) was used as a preparation of membrane PKC. All
isolation procedures were carried out at 4Â°C.
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Protein kinase activity was assayed by measuring the incorporation
of 32P from [7-32P]ATP into histone HI (4). The standard reaction
mixture consisted of 20 mM Tris-HCl (pH 7.5), 5 mM MgSO4, 200 ng/
ml histone HI, 10 nM |>32P]ATP (about 1x10" cpm/nmol, and 50 Mi

of enzyme preparation in a final volume of 250 Â¡A.For measurement
of PKC activity, 1 mM CaCl2, 64 MMPS, and 1.3 ^M diolein (Ca/PS/
DG) were added to the standard reaction mixture. PKC activity is
defined as the difference between the ATP-histone HI phosphotrans-
ferase activities in reaction mixture containing Ca/PS/DG and in that
containing EGTA at 1 mM but no Ca/PS/DG. After incubation for 3
min at 30Â°C,the reaction was stopped by adding 5 ml of 25% trichlo-

roacetic acid. The acid-insoluble fraction was collected on a membrane
fÃlter,and its radioactivity was counted in a liquid scintillation counter.
One unit of PKC was defined as the amount of enzyme catalyzing
incorporation of 1 nmol of phosphate/min from ATP into histone HI.

Labeling of Epidermis with 32P in Vivo. To label mouse epidermis
with 32P effectively, we used tongue forceps (ring shaped, 20 mm

internal diameter) according to the method of Ishikawa et al. (17).
Namely, the dorsal skin of mice under anesthesia was clamped off with
tongue forceps and 0.5 ml of 32PÂ¡(0.5 mCi, carrier free) in saline (0.8%

NaCl and 0.2% KC1) was injected into the clamped off region. One h
later, the forceps were removed, and 2 h later, the dorsal skin was
treated with 5 Mgof TP A in 0.2 ml of acetone. The mice were killed by
cervical dislocation at appropriate times after TPA treatment, and the
dorsal skin in the region that had been clamped off was excised. The
skin was immersed in ice-cold PBS for 3 min. The epidermis was
scraped off with a razor blade after heating the skin at 55Â°Cfor 30 s in

EB consisting of PBS containing 2 mM EDTA, 2 mM EGTA, 1 mM
PMSF, 1 mM TPCK, 10 mM sodium PPÂ¡,10 mM Na3VO4, 10 mM
ATP, and 0.1 mM H-7. H-7 was added to avoid further phosphorylation
by inhibiting various protein kinases, including PKC, cyclic AMP- and
cyclic GMP-dependent protein kinase, and myosin light chain kinase
(18). For SDS-PAGE, the epidermal fraction was dissolved in SDS-
lysis buffer consisting of 25 mM Tris-HCl (pH 6.8), 2% SDS, 10%
glycerol, and 5% 2-mercaptoethanol and centrifuged at 5000 x g for 5
min. For 2D-PAGE, the isolated epidermis was sonicated in EB and
then centrifuged at 100,000 x g for 1 h, and the supernatant was
subjected to 2D-PAGE.

Phosphorylation of Epidermal Proteins in Vitro (Cell-free System).
Mouse epidermis was separated from heat-treated skin as described
above. For SDS-PAGE, total epidermal proteins were extracted with
TE solution containing 1% Triton X-100 and applied to a DE52 column
(1 ml bed) equilibrated with the same solution. The column was washed
successively with 5 ml of 1% Triton X-100 in TE and then 10 ml of
TE. Proteins were then eluted with 0.5 M NaCl in TE and dialyzed
against TE. PKC was purified from mouse brain by the method of
Kitano et al. (19). Samples of epidermal proteins (39 jig) and/or the
purified PKC (1 Mg)was incubated in reaction mixture (100 pi) con
taining 20 mM Tris-HCl (pH 7.2), 5 mM MgSO4, and 200 pCi of [7-
32P]ATP (30 Ci/mmol)/ml with and without 1 mM CaCU, 64 MMPS,
and 160 nM TPA (Ca/PS/TPA) for 3 min at 30Â°C.Phosphorylation

was stopped by adding 25 M'of SDS solution, which consisted of 10%
SDS, 0.25 M Tris-HCl (pH 6.8), 25% 2-mercaptoethanol, and 50%
glycerol. The solution was then boiled for 3 min, centrifuged at 5000
x g for 5 min, and the supernatant was subjected to SDS-PAGE. For
2D-PAGE, isolated epidermis was sonicated in TE and incubated with
purified PKC in the reaction mixture with Ca/PS/TPA at 30"C. An

equal volume of 2-fold concentrated EB was then added, the mixture
was centrifuged at 100,000 x g for 1 h, and the supernatant was
analyzed by 2D-PAGE.

PAGE. SDS-PAGE was performed on 12% acrylamide gel by the
method of Laemmli (20). 2D-PAGE was performed by the method of
O'Farrell (21). After electrophoresis, slabs were stained with Coomassie

Brilliant Blue G250 (0.1% solution in 50% methanol and 10% acetic
acid), destained with 30% methanol containing 10% acetic acid, and
dried on filter papers. Slabs were exposed to Fuji RX film (Fuji Photo
Film Co., Ltd., Tokyo, Japan) at -70Â°C. After development, the
incorporation of 32P into a specific protein was determined by excising

the band of protein and counting its radioactivity.
Phosphoamino Acid Analysis. Phosphoamino acid analysis was per

formed by the procedure of Wong and Goldberg (22). Specific phos-
phoproteins labeled with 32P were electrically eluted from a polyacryl-
amide gel and hydrolyzed in 6 N hydrochloric acid at I05Â°Cfor 2 h.

The hydrolysates were evaporated and resuspended in 50 n\ of carrier
Phosphoamino acid solution containing 1 mM phosphoserine, phos-
phothreonine, and phosphotyrosine. The solutions were then applied
to a cellulose thin-layer plate (Merck). Electrophoresis was carried out
at pH 3.5 at 500 V for 1 h in a solution of 0.5% pyridine and 5% acetic
acid in water. The plate was dried, sprayed with ninhydrin to determine
the positions of phosphoamino acids, and then subjected to autoradi-
ography.

RESULTS

In vivo studies were made on mouse skin, in which phorbol
diesters act as tumor promoters and elicit several early re
sponses, including the inductions of ODC, DNA synthesis, and
epidermal hyperplasia. PKC activity could be measured only in
whole skin tissue, because this enzyme is heat labile, but protein
phosphorylation could be examined in epidermis separated after
heat treatment of the skin at 55Â°Cfor 30 s.

PKC Activities in Membrane and Cytosol Fractions of Mouse
Skin. We previously reported that TPA caused rapid translo
cation of PKC from the cytosol to the membranes of quiescent
BALB/3T3, C3H/10T1/2, and FRSK cells in culture (14, 15).
We observed a similar phenomenon in mouse skin in vivo. Fig.
1 shows the time-dependent change in PKC activity in the
cytosol and membrane fractions after treatment of the skin with
TPA. In untreated skin, about 75% (120 milliunits/cm2) of the

PKC activity was found in the cytosol fraction, the rest of the
activity being associated with the membrane fraction. After
treatment with TPA, the activity in the cytosol fraction de
creased rapidly to about 50% of the control level. This decrease
was accompanied by an increase in PKC activity in the mem
brane fraction, which reached a peak of 55 milliunits/cm2 skin
after 5-30 min and then slowly decreased to about the control
level after 120 min. As a result, the sum of the activities in the
membrane and cytosol fractions decreased, a phenomenon re
ferred to as down regulation of PKC (15).

The smaller increase of membrane PKC compared with the
decrease of cytosol PKC may be due to recovery of PKC in
purification procedures: DE52 column chromatography of the
cytosol fraction recovered >95% of PKC activity whereas about
70% of the activity of membrane PKC is recovered from the
skin after solubilization with Triton X-100 and hydroxyapatite
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Fig. 1. Time course of change in PKC activity in the cytosol (II and membrane
(B) fractions of mouse skin in vivo. Mouse skin was treated with S un TPA (â€¢)
or acetone solvent (O). PKC activity was measured in whole skin tissue, i.e., both
the epidermis and dermis. The difference between the activities in the presence
and absence of Ca/PS/DG was regarded as the activity of PKC. In the absence
of Ca/PS/DG, the protein kinase activities of the cytosol and membrane fractions
from solvent-treated skin were 27 and 23 milliunits/cm2 skin, respectively. Values
are means of two measurements; bars, SD.
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column chromatography. Furthermore, the presence of a large
amount of detergent-insoluble materials makes it difficult to
purify PKC from the membrane fraction of the skin.

The presence of some (about 25%) activity of PKC in the
cytosol fraction of untreated skin and its incomplete translo
cation after treatment with TPA were probably due to the
physiologically active state of the skin in vivo. This contrasted
with our results on quiescent cultures of cells, which were in
the resting state.

Protein Phosphorylation in Epidermis in Vivo. Next we ex
amined protein phosphorylation in mouse epidermis in vivo.
The dorsal skin of mice under anesthesia was clamped with
ring-shaped tongue forceps and 32PÂ¡was injected into the

clamped area. After treatment with TPA, the region of skin
that had been clamped was subjected to heat treatment. The
epidermis was scraped off with a razor blade and promptly
boiled in SDS-lysis buffer without further purification to avoid
dephosphorylation.

As shown in Fig. 2, many epidermal proteins were phos-
phorylated with or without treatment with TPA, but the results
showed that the phosphorylations of proteins of M, 34,000 and
40,000 were stimulated about 2-fold by TPA treatment. The
phosphorylations of p34 and p40 were increased time- and
dose-dependently by TPA treatment (Figs. 3 and 4). In control
skin, the phosphorylations of these proteins also increased
gradually with time, possibly due to imbalance of phosphoryl
ation and dephosphorylation caused by exogenously added I',.
The ratios of the phosphorylations of p34 and p40 in TPA-
treated and control skins were maximal 30 and 15 min, respec
tively, after treatment with TPA, and the extents of stimulation
by TPA were 2.4- and 1.7-fold those in control skin, respec
tively. The dose dependence of the effects of TPA on these
phosphorylations 30 min after its addition is shown in Fig. 4;
the phosphorylation of p34 increased with increase in the dose
of TPA from 0.1-1 Mgand reached a plateau at >1 tig, while
the phosphorylation of p40 increased linearly with doses of
TPA of up to at least 10 Mg-

p40

p34

fT 92.5
2 66.2

1,45
'5>

Â»31

021.5

Fig. 2. Protein phosphorylation in mouse epidermis in vivo. Dorsal skin of
mice was labeled in vivo with 'I' using tongue forceps and then treated with 5 UK

TPA (lanes 2) or acetone solvent (lanes I) for 30 min. Epidermis was isolated
after heat treatment of the skin at SS'C for 30 s. Epidermal proteins were
subjected to SDS-PAGE, located by Coomassie Brilliant Blue G250 staining (A).
and autoradiographed (B).

OS 15 30 60"120"240 05 15 30 60 120240
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Fig. 3. Time-dependent phosphorylations of p34 (A) and p40 (B) of mouse
epidermis in vivoby TPA. Skin was treated with S Â«igTPA (â€¢)or acetone solvent
(O) and epidermal proteins were analyzed by SDS-PAGE.

0.4OO
o
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Fig. 4. Dose-dependent phosphorylations of p34 (O) and p40 (â€¢)of mouse
epidermis in vivo by TPA. Skin was treated with the indicated doses of TPA for
30 min and epidermal proteins were analyzed by SDS-PAGE.

Teleocidin B, a strong tumor promoter and activator of PKC
(23, 24) also stimulated these phosphorylations: 1.9- and 1.7-
fold phosphorylations of p34 and p40, respectively, were ob
served by application of 3.6 /ig (8 nmol) teleocidin B for 30
min.

Analysis of Phosphoamino Acids. The phosphoamino acid
residues of p34 and p40 were examined by hydrolyzing these
proteins from TPA-treated epidermis with 6 N hydrochloric
acid and analyzing the hydrolysates by electrophoresis on a
cellulose thin-layer plate (Fig. 5). The radioactivities in the
hydrolysates of both p34 and p40 were detected only in the
position of phosphoserine: no phosphotyrosine or phospho-
threonine was detected.

Phosphorylation of Epidermal Proteins in Vitro (Cell Free).
Using a cell-free phosphorylation system, we examined whether
p34 and p40 were substrates of PKC. For this determination,
whole epidermal proteins solubilized with Triton X-100 were
incubated with PKC purified from mouse brain in a solution
containing [7-32P]ATP in the presence or absence of Ca/PS/

TPA. Many proteins including those of M, 34,000 and 40,000
were phosphorylated in the presence but not the absence of Ca/
PS/TPA (Fig. 6, lanes 5 and 6). On incubation of PKC alone
(Fig. 6, lanes 1 and 2), protein of M, 80,000 was strongly
phosphorylated in the presence of Ca/PS/TPA, suggesting
autophosphorylation of PKC itself (25, 26). Some other pro
teins, i.e., those of M, 50,000, 60,000, and 92,000 were also
phosphorylated, indicating the presence of other proteins in the
fraction of PKC. No or little phosphorylation was observed
when epidermal proteins alone were incubated (Fig. 6, lanes 3
and 4). The phosphorylated proteins which were present in lane
6 but not in lane 2 can be epidermal substrates of PKC, and
these included the epidermal proteins of M, 34,000 and 40,000.
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Fig. S. Phosphoamino acid analysis of p34 (lane 1) and p40 (lane 2) of mouse
epidermis treated in vivo with 5 ng TPA for 30 min. Bands of p34 and p40 were
cut out of the polyacrylamide gel after SDS-PAGE, and the proteins were eluted
electrically and hydrolyzed in 6 N HC1 at lOS'C for 2 h. The phosphoamino acids
were subjected to electrophoresis on a cellulose thin-layer plate and autoradiog-
raphy. The markers used were phosphoserine (P-Ser), phosphothreonine (P-Thr),
and phosphotyrosine (P-Tyr).
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Fig. 6. Phosphorylation of mouse epidermal (Ep) proteins by PKC in vitro
(cell free). Epidermal proteins were incubated with [-y-3Ã®P]ATPat 30"C for 3 min

in the presence (lanes 5 and 6) or absence (lanes 3 and 4) of PKC purified from
mouse brain. PKC was also incubated alone (lanes I and 2). The reaction was
performed in the presence (lanes 2, 4, and 6) or absence (lanes 1, 3, and 5) of Ca/
PS/TPA. The 32P-phosphorylated proteins were analyzed by SDS-PAGE and

autoradiography.
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Fig. 7. Two-dimensional analysis of epidermal proteins phosphorylated in vim
(A, B, and D) and in vitro (cell free) (C). A, autoradiograph of proteins phosphor
ylated in vivo in acetone-treated skin; B, autoradiograph of proteins phosphoryl
ated in vivo in TPA-treated (5 Mg for 30 min) skin; C, autoradiograph of
phosphorylation of epidermal proteins in vitro (cell free) by PKC purified from
mouse brain in the presence of TPA; D, the same as B, but stained with Coomassie
Brilliant Blue G250. Arrows and arrowheads, positions of p34 and p40, respec
tively. The positions of these proteins were localized by Coomassie Brilliant Blue
G2SO staining and also by comigration of epidermal proteins phosphorylated in
vivo (B) and phosphorylated by PKC in vitro (C). IEF, isoelectric focusing.

Table 1 Effects of inhibitors of tumor promotion and PKC on p34 andp40
phosphorylations in vivo

The indicated inhibitors in 0.2 ml acetone were applied topically to the skin
30 min before application of 5 Mgof TPA. Phosphorylation was examined by
SDS-PAGE 30 min after TPA treatment.

Phosphorylation0

ChemicalNoneTPATPA

+ la,25(OH);D,, 2.4nmolTPA
+ retinoic acid, 3.3nmolTPA
+ fluocinoloneacetonide.2.2

nmolTPCK,
100nmolTLCK,
100nmolQuercetin,

100nmolChlorpromazine,
100nmolStaurosporine,

2 1 nmolp34.0*.9(o.i)c

:.7(0.1).9

(0.2);.8
(0.2).9

(0.2).7
(0.2).1(0.1).4(0.1).2(0.1)p40.0!.0(0.1).9(0.1)!.l

(0.1).9
(0.3).9(0.1).7(0.1).1

(0.1).2
(0.2).1

(0.1)
* Phosphorylations of p34 and p40 were measured by densitometric scanning

of the autoradiograph bands of p34 and p40.
b Ratio to the acetone control of densitometric concentrations of p34 and p40

on autoradiographs; mean of 3 or 5 measurements.
' Numbers in parentheses, SE.

2D-PAGE Analysis. We also analyzed the epidermal proteins
phosphorylated in both the whole-cell and cell-free systems by
2D-PAGE. p34 and p40 were found in the soluble fraction
prepared in EB solution containing EGTA and EDTA. As
shown in Fig. 7, p34 and p40 were acidic proteins with pis of
4.7-5.1 and 5.2-6.2, respectively. The proteins of A/r 34,000
and 40,000 that were phosphorylated by PKC in the cell-free
system were also acidic with pis of 4.7-5.1 and 5.7-6.1, respec
tively. Thus, p34 and p40 were similar in apparent molecular
weight and isoelectric point to the proteins of M, 34,000 and
40,000 that were substrates of PKC, suggesting that p34 and
p40 are substrates of PKC.

Effects of Inhibitors on Phosphorylation. We examined the
effects of various inhibitors of tumor promotion and PKC on

the phosphorylations of p34 and p40. For this analysis, mouse
skins were treated with the inhibitors for 30 min before TPA
treatment. As shown in Table 1, TPA treatment increased the
phosphorylations of p34 and p40 to 1.9- and 2.0-fold, respec
tively, of those in acetone-treated skin. Inhibitors of PKC, i.e.,
chlorpromazine (16) and the microbial product saturosporine
(27), inhibited these increases by TPA of the phosphorylations
of p34 and p40. Quercetin, an inhibitor of PKC and tumor
promotion by TPA (28, 29), also inhibited the stimulation and
phosphorylations of p34 and p40 by TPA, but its effect was
less than that of Staurosporine. The inhibitors of tumor pro
motion such as la,25(OH)2D3 (30), retinoic acid (31), fluo
cinolone acetonide (32), and TPCK (33) did not affect the
phosphorylation of these proteins. No inhibition was also ob-
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served with inhibitors of the down regulation of PKC, i.e.,
TPCK and TLCK (15). These results show that inhibitors of
PKC inhibited the increases in phosphorylations of p34 and
p40 induced by TPA in vivo.

DISCUSSION

Protein phosphorylation has previously been studied only in
cultured cells or cell-free systems. This is also true for tumor
promoters. The epidermis is a target of phorbol diesters in
tumor promotion, but there have been no studies on protein
phosphorylation in vivo because labeling of the epidermis with
32Pis technically difficult. In this work, we adopted the method

of Ishikawa et al. (17) for labeling of epidermal proteins, i.e.,
32PÂ¡was injected into a small area of skin clamped off with ring-

shaped forceps. Under these conditions, epidermal cells were
efficiently labeled with only a small dose of 32PÂ¡:for efficient

labeling of epidermal cells in vivo, i.p. injection of 200 mCi of
32PÂ¡was required, but in the present method 0.5 mCi was

sufficient. We used this method previously for demonstrating
that injection of cholera toxin into mouse skin resulted in the
inductions of ODC and epidermal hyperplasia (34).

Using this method, we demonstrated here that the phosphor
ylations of p34 and p40 were stimulated dose- and time-de-
pendently by treatment of mouse skin in vivo with TPA. These
phosphorylations were also stimulated by teleocidin B, a strong
tumor promoter and activator of protein kinase C (23, 24).
Furthermore, quercetin, chlorpromazine, and staurosporine,
which are inhibitors of protein kinase C (16, 27, 28), inhibited
the increases in phosphorylations of p34 and p40 by TPA. We
found that only serine residues of p34 and p40 were phosphor-
ylated, suggesting that these proteins were phosphorylated by
protein kinase C.

Direct evidence for this possibility was obtained in a cell-free
system in which purified protein kinase C was found to phos-
phorylate epidermal proteins of M, 34,000 and 40,000. Judging
from their apparent molecular weights and isoelectric points,
these M, 34,000 and 40.000 phosphoproteins were identical
with p34 and p40. Thus, all our results indicate that p34 and
p40 are substrates of protein kinase C in vivo.

Marginal increase of phosphorylation by TPA treatment was
observed in other proteins besides p34 and p40. Furthermore,
labeling of these proteins increased with time of observation as
seen in phosphorylation of p34 and p40 in the acetone-treated
skin (Fig. 3). This may be due to the presence of 32PÂ¡at the site

of injection for a prolonged period: obviously pulse and chase
experiments are almost impossible in conditions in vivo. An
other possible interpretation is that TPA may stimulate overall
protein labeling either by increasing protein phosphate turnover
or by increasing 32PÂ¡transport and incorporation of 32Pinto the

ATP precursor pool. However, this possibility is unlikely for
p34 and p40 because of their specific phosphorylation among
others.

In the present study, we also demonstrated that TPA caused
translocation, activation, and down regulation of protein kinase
C in mouse skin in vivo, as was observed in culture cells (14,
15). Translocation of protein kinase C from the cytosol to the
membrane by TPA seems to activate the enzyme in intact cells
(14, 15, 35, 36), and down regulation occurs after the translo
cation (14, 15). In this work we examined protein kinase C
activity in whole skin tissue without separation of the epidermis,
because protein kinase C is heat labile, but considering our
previous results with epidermal cells in culture, epidermal pro

tein kinase C was probably translocated, activated, and down
regulated by treatment with TPA.

Several proteins have been reported as possible substrates of
protein kinase C in cultured cells. These include the epidermal
growth factor receptor (A/r 180,000) (37, 38), the ÃŸsubunit of
the insulin receptor (M, 95.000) (39, 40), p60C5rcand p60v'src

(41). The levels of phosphorylation of these proteins were so
low that they could be detected only by immunoprecipitation
with specific antibodies. In contrast, Rozengurt et al. (42),
Rodriguez-Pena and Rozengurt (43), and others (26) reported
that A/r 80,000 protein is strongly phosphorylated by protein
kinase C in Swiss/3T3 cells. Furthermore, we previously re
ported that protein kinase C extensively phosphorylated M,
90,000 protein in quiescent BALB/3T3 and C3H/10T1/2 cells
(14). The p90 of BALB/3T3 cells seems to be identical with
the A/r 80,000 protein of Swiss/3T3 cells, because these proteins
migrated to the same position on 2D-PAGE (44). The p90 or
A/r 80,000 is a minor protein component (constituting less than
0.001% of the total cell proteins) but a major phosphorylated
protein in these cells. The amounts of p34 and p40 were also
low, representing about 0.005% of the total epidermal proteins
(data not shown), but their levels of phosphorylation were high.
Thus p34 and p40 are specific substrates of protein kinase C
like p90. On repeated analysis, we did not detect any p34 or
p40 in BALB/3T3 and C3H/10T1/2 cells or any p90 in mouse
epidermis in vivo, suggesting the tissue specificity of substrates
and/or of expression of isozymes of protein kinase C.

Recently, Gould et al. (45) reported that p36, the major
tyrosine-phosphorylated protein, was also phosphorylated by
protein kinase C in intact human fibroblasts and bovine kidney
cells and cell free from these cell systems. The p36 was found
to bind to membranes and F-actin in a calcium-dependent
manner (46, 47) and to be structurally related to lipocortin, an
inhibitor of phospholipase A? (48, 49). p34 and p40 are similar
in molecular weight to p36, but p36 is a basic protein of pi 7.4-
7.8 (48) and is not adsorbed to a DEAE-cellulose column at
neutral pH (46), whereas p34 and p40 were acidic proteins and
are adsorbed to a DE52 column. Furthermore, p36 is a rather
abundant protein (0.25-0.8% of the total cell proteins) (50, 51)
whereas p34 and p40 are minor proteins. These results suggest
that neither p34 nor p40 is identical with p36.

p34 and p40 are very likely to be involved in tumor promotion
because they are phosphorylated specifically, because there is a
good correlation between their extents of phosphorylation and
the potencies of tumor promoters, and because they are present
in the target tissue. Further studies are needed on the functions
and structures of p34 and p40.
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