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ABSTRACT

The activation of protein kinase C and protein phosphorylation
by tumor promoters were examined using quiescent cultures of
BALB/3T3 and C3H/10TV2 cells, because in these cells tumor
promoters enhance chemically induced transformation and also
induce DMA synthesis and ornithine decarboxylase. The cytosol
and membrane fractions were partially purified, and the activity
of protein kinase C was assayed. In quiescent cells, protein
kinase C activity was found only in the cytosol fraction. Treat
ment with 100 ng of 12-O-tetradecanoylphorbol-13-acetate or

teleocidin B per ml caused rapid translocation of protein kinase
C from the cytosol to the membrane fraction. The activity in the
cytosol disappeared almost completely after 15 min when the
activity in the membrane reached a peak. The membrane activity
gradually decreased to the control level after 6 h, while no activity
reappeared in the cytosol within 6 h.

Under these circumstances, a membrane protein with a mo
lecular weight of 90,000 and pi of 4.0-4.4 (termed p90) was

specifically phosphorylated, possibly by the activated protein
kinase C, in both cell-free and intact-cell systems. On treatment
of quiescent BALB/3T3 cells with 100 ng of 12-O-tetradeca-
noylphorbol-13-acetate, p90 phosphorylation increased 2-fold in
1 min, reaching a peak in 15 min of 3.4-fold the initial value. The

phosphorylation of p90 increased with increase in the concentra
tions of 12-O-tetradecanoylphorbol-l3-acetate between 0.1 and

10 ng/ml and reached a plateau at 10 ng/ml. p90 phosphorylation
also occurred on exposure of the cells to non-phorbol ester

tumor promoters (mezerein and teleocidin B) and growth factors,
such as platelet-derived growth factor and fibroblast growth
factor. p90 was not immunoprecipitated by antibody against the
insulin receptor. Phosphorylation of p90 occurred at a serine
residue. The present study suggests that activation of protein
kinase C and phosphorylation of p90 by it are early events
leading to tumor promotion.

INTRODUCTION

Tumor promoters are agents that are not carcinogenic them
selves but enhance development of tumors when applied after a
subthreshold dose of a carcinogen (1). The concept of tumor
promotion was first established in two-stage carcinogenesis

experiments on mouse skin with phorbol esters isolated from
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croton oil as promoters. Of the phorbol esters tested, TPA4 is

the most potent and therefore has been used extensively to
study tumor promotion.

Two-stage carcinogenesis also occurs in transformation sys

tems in vitro with BALB/3T3 cells and C3H/10TV2 cells (2, 3),
both of which were derived from mouse embryos and show high
sensitivity to contact inhibition. As in mouse skin, tumor pro
moters such as TPA and teleocidin B, an indole derivative with
much the same actions as TPA (4), markedly enhance transfor
mation induced by a subthreshold dose of a carcinogen. Thus
these in vitro systems are reliable models for use in investigations
of tumor promotion and promoters.

TPA and other tumor promoters have diverse effects on
various cells in culture: they induce DNA synthesis and ODC
activity; and they modulate differentiated functions of the cells
(5). The primary site of their action seems to be the cell mem
brane (6). Indeed, specific binding sites for phorbol esters in the
membrane of various cells have been demonstrated (7-9). Re

cently Nishizuka and coworkers reported that phorbol ester
tumor promoters bind directly to and activate protein kinase C,
a protein kinase that is activated by calcium, phospholipids, and
diacylglycerides (10, 11). Protein kinase C is also activated by
non-phorbol ester tumor promoters such as mezerein (12), teleo

cidin B, and debromoaplysiatoxin (13).
However, in all previous studies on protein kinase C, the

systems used were not related directly to tumor promotion: for
example, binding and activation by TPA were studied with protein
kinase C isolated from brains; and physiological functions of
protein kinase C were examined using platelets (10), thymoma
cells, and parietal yolk sac cells (14, 15). The use of intact
promotable cells seems essential for evaluating the biological
significance of protein kinase C in tumor promotion. We therefore
chose BALB/3T3 and C3H/10T1/2 cells, which have been widely

used in studies on chemical transformation and can be promoted
by TPA and other tumor promoters (2, 3).

We report here that TPA and teleocidin B activate protein
kinase C and cause its translocation from the cytosol to the
membrane fraction in quiescent cultures of BALB/3T3 and C3H/
10T1/2cells. Furthermore, we found that tumor promoters spe

cifically enhanced phosphorylation of a membrane protein
(termed p90) under these conditions. Thus, activation of protein

'The abbreviations used are: TPA, 12-O-tetradecanoylphorbol-13-acetate;
PDBU, phorbol-12,13-dibutyrate; PDD, phorbol-12,13-didecanoate; 4Â«-PDD, 4a-
phorbol-12,13-didecanoate; ODC, ornithine decarboxylase; EGF, epidermal growth
factor; FGF, fibroblast growth factor; PDGF, platelet-derived growth factor;
1Â«,25(OH)2D3,1tt,25-dihydroxyvitamin D3; SDS, sodium dodecyl sulfate; PAGE,
polyacrylamide gel electrophoresis; PMSF, phenylmethylsulfonylfluoride; FCS, fetal
calf serum. PBS, phosphate-buffered solution containing 8 g NaCI, 0.2 g KCI, 0.2
g KH2P04, and 1.15 g Na2HPCv2H20 per liter; WGA, wheat germ agglutinin;
EGTA, ethyleneglycol bis(/3-aminoetrtyl ether)-W,W,/V',W'-tetraacetic acid; cAMP,

cyclic AMP; cGMP, cyclic GMP; p90, M, 90,000 protein.
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kinase C and phosphorylation of this protein may act as signals
promoting chemically induced transformation.

MATERIALS AND METHODS

Chemicals. The following materials were used: TPA and mezerein
from Consolidated Midland Corp. (Brewster, NY); histone H1, phospha-
tidylserine, diolein, PDBU, PDD, all-frans-retinoic acid, insulin, and trans-

ferrin from Sigma Chemical Co. (St. Louis, MO); EGF and FGF from
Toyobo Co. (Osaka, Japan); PDGF from Bethesda Research Laborato
ries (Gaithersburg, MD); and cholera toxin from the Chemo-Sero-Thera-

peutic Research Institute (Kumamoto, Japan). Teleocidin B was a gift
from Dr. H. Fujiki, National Cancer Center Research Institute, Tokyo,
Japan. 4Â«-PDD and phorbol were gifts from Dr. H. Yamasaki, Interna

tional Agency for Research on Cancer, Lyon, France. Human serum
containing antibody against insulin receptor (B-6) was a gift from Dr. M.

Kasuga, University of Tokyo, Tokyo, Japan. 1Â«,25(OH)2D3was provided
by Chugai Pharmaceutical Co. (Tokyo, Japan). [^-^PJATP (specific activ
ity, 25-47 Ci/mmol) and [32P]orthophosphoric acid (carrier free) were

purchased from New England Nuclear (Boston, MA).
Cell Culture. BALB/3T3 clone A31-1-1 cells were provided by Dr. T.

Kakunaga, Osaka University, Osaka, Japan, and grown in Eagle's mini

mal essential medium supplemented with 10% FCS. C3H/1OT1/2 clone 8

cells were provided by Dr. C. Heidelberger, University of Southern
California, Los Angeles, and grown in Eagle's basal medium supple

mented with 10% FCS. We used a single batch of FCS which was
selected for transformation assay. The cells were grown at 37Â°Cin an

atmosphere of 5% COj in air, and quiescent cultures were obtained by
incubating the cells for at least 4 days after they became confluent.
Tumor promoters were added to quiescent cultures after changing to
"depleted medium," which was prepared by incubating confluent cultures

of BALB/3T3 and C3H/10TV2 cells in fresh medium for 3 and 7 days,
respectively. Phorbol esters and teleocidin B were dissolved in acetone,
while 1Â«,25(OH)2D3was dissolved in ethanol. The final concentrations of
these solvents in the medium were 0.1%.

Preparation of Membrane and Cytosol Fractions. After incubation
for appropriate times in the presence of tumor promoters, the cells were
washed 5 times with PBS scraped off and suspended in extraction buffer
consisting of 20 mw Tris-HCI (pH 7.5), 2 mw EDTA, 5 mw EGTA, 2 mw
PMSF, and 5 HIM2-mercaptoethanol. The cells were then sonicated and

centrifuged successively at 200 x g for 10 min and at 100,000 x g for
1 h. The supernatant was subjected to chromatography on a DEAE-
cellulose (DE-52; Whatman) column (0.6 x 1.0 cm) equilibrated with 20
mM Tris-HCI (pH 7.5) containing 5 rriM 2-mercaptoethanol. The fraction

eluted with 0.3 M NaCI was used as the preparation of cytosolic protein
kinase C. The membrane protein kinase C was purified by the method
of Uratsuji ef al. (16) with a slight modification. The crude membrane
fractions (100,000 x g precipitate) were solubilized by treatment with 10
HIM sodium phosphate buffer (pH 6.8) containing 1.0% Triton X-100 at
4Â°Cfor 30 min and applied to a hydroxyapatite column (0.6 x 1.0 cm)

equilibrated with the solubilizing solution. The column was washed with
10 ml of sodium phoshate buffer (pH 6.8) containing 0.2% Triton X-100
and then with 20 ml of the buffer solution without Triton X-100. Material
was eluted stepwise with 100-400 mw sodium phosphate (pH 6.8), and
the fraction that eluted with 200-300 rriM buffer was used as a prepa

ration of membrane protein kinase C.
Assay of Protein Kinase. Protein kinase activity was assayed by

measuring incorporation of 32Pfrom [7-32P]ATP into histone H1 (10). The

standard reaction mixture consisted of 20 mM Tris-HCI (pH 7.5), 5 mM
MgSO4, histone H1 (200 Mg/ml), 10 tM [7-32P]ATP (4 x 10s cpm/nmol),

and 50 p\ of enzyme preparation in a final volume of 250 //I. Activity of
protein kinase C was defined as the difference between the 32P incor

porations in the presence and absence of 1 HIM CaCI2, 64 ^M phospha-

tidylserine, and 1.3 Â¡Â¿Mdiolein, a synthetic diacylglyceride, in the standard
reaction mixture. After incubation for 3 min at 30Â°C, the reaction was

stopped by adding 5 ml of 25% trichloroacetic acid. The acid-insoluble
fraction was collected on a membrane filter (pore size, 0.45 ^m), and its
radioactivity was counted in a liquid scintillation counter.

Phosphorylation of Membrane Proteins in a Cell-free System.
Membrane fractions containing 30 ^9 of proteins were incubated in a
solution (100 ÃŸ\)consisting of 20 mw Tris-HCI (pH 7.5), 5 mM MgSO4,
and 200 MCi of [7-32P]ATP (30 Ci/mmol) per ml for 3 min at 30Â°C.

Phosphorylation was stopped by adding 20 ÃŸ\of SDS solution, which
consisted of 10% SDS, 0.25 M Tris-HCI (phi 6.8), 25% 2-mercaptoetha

nol, and 50% glycerol. The solution was then boiled for 3 min and
centrifuged at 5000 x g for 5 min, and the supernatant was subjected
to SDS:PAGE.

Labeling of Intact Cells with 32P,. [32P]Orthophosphoric acid was

added at 0.5 mCi/ml to the quiescent cultures (35-mm dish) in depleted
medium. After incubation at 37Â°Cfor 6 h, the cells were washed twice

with depleted medium and treated with TPA or other agents. The reaction
was stopped by gentle washing of the cells 3 times with ice-cold PBS.
The cells were then extracted with 9.3 M urea containing 2% Nonidet P-
40 and 1 mM ATP. The soluble materials were boiled for 3 min in a
solution that consisted of 2% SDS, 10% glycerol, 5% 2-mercaptoethanol,
and 25 mM Tris-HCI (pH 6.8) and centrifuged at 5000 x g for 5 min. The

supernatant was then subjected to SDS:PAGE.
SOS:PAGE and Autoradiography. SDS:PAGE was performed on

10% acrylamide gel by the method of Laemmli (17). After electrophoresis,
slabs were stained with Coomassie Brilliant Blue G250 (0.1% solution in
50% methanol and 10% acetic acid), destained with 40% methanol that
contained 10% acetic acid, and dried on filter papers. Silver staining was
performed by the method of Oakley ef al. (18). Slabs were exposed to
Kodak X-Omat film at -70Â°C. After development, the incorporation of
^P into a specific protein was determined by excising the band of protein

and counting it in a scintillation counter.
Phosphoamino Acid Analysis. The method of Hunter and Sefton (19)

was used for analysis of phosphoamino acids. Phosphoprotein labeled
with 32P was hydrolyzed in 6 N hydrochloric acid at 105Â°Cfor 2 h and

subjected to 2-dimensional electrophoresis on cellulose gel thin-layer
plates. 32P-labeled amino acids were located by autoradiography.

WGA-Agarose Chromatography. Membrane fractions were solubi
lized with 1% Triton X-100 in a solution containing 20 mM Tris-HCI (pH

7.5), 2 mM PMSF, 2 mM EGTA, 10 mM sodium pyrophosphate, 10 mM
NaF, and 5 mM ATP for 30 min at 4Â°C.The solubilized proteins were

applied to a WGA-conjugated agarose column (0.6 x 2 cm; Seikagaku

Kogyo, Tokyo, Japan), and the column was washed with 5 ml of the
solubilizing solution. Then WGA-binding proteins were eluted with 0.5 M
N-acetylglucosamine in the solubilizing solution.

Immunoprecipitation of Insulin Receptor. The method of Kasuga er
al. (20) was used for immunoprecipitation of insulin receptor. Membrane
fractions were solubilized with 20 mM Tris-HCI (pH 7.5) buffer containing
0.1% Triton X-100, 2 mM PMSF, 2 mM EGTA, 10 HIM sodium pyrophos-
phate, 10 mM NaF, and 5 mM ATP for 30 min at 4Â°C. Then the

preparations were treated with human serum containing antibody against
insulin receptor (Serum B-6, 1:100 dilution) or normal human control
serum. After 2 h at 4Â°C, Protein A was added, and incubation was
continued for another 1 h at 4Â°C. The precipitates were collected by
centrifugation at 12,000 x g for 5 min at 4Â°C,washed twice with 1%
Triton X-100 and 0.1% SDS, and solubilized by boiling for 5 min with 25
mM Tris-HCI (pH 6.8) buffer containing 2% SDS, 10% glycerol, and 5%
2-mercaptoethanol. The supernatant obtained by centrifugation at

12,000 x g for 5 min was subjected to SDS:PAGE.

RESULTS

We chose BALB/3T3 and C3H/10TV2 cells for this study
because in these cells tumor promoters enhance chemical trans
formation and induce DMA synthesis and ODC activity, a well-
established marker of tumor promotion. In all experiments, we
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used quiescent cultures in which DMA synthesis and cell division
had ceased, and to avoid the complication of possible induction
of DMA synthesis by fresh medium, we added tumor promoters
in depleted medium, thereby lowering the background activity of
protein kinases. Under these conditions, observed changes, if
any, were most likely to be attributable to the actions of tumor
promoters, and the biological significance of these changes in
tumor promotion could be evaluated.

Protein Kinase Activity in Membrane Fractions of BALB/
3T3 Cells Treated with TPA. Protein kinase activity of mem
brane fractions of BALB/3T3 cells treated with TPA (100 ng/ml)
for 15 min was measured in an assay mixture containing various
activators of protein kinase, such as CaCI2, phosphatidylserine,
diolein, calmodulin, cAMP, and cGMP (Table 1). When the mem
brane fraction was partially purified by a hydroxyapatite column,
protein kinase activity was most stimulated by additions of CaCI2,
phosphatidylserine, and diolein. The activities were 16.2 and 2.4
pmol/min/106 cells in the presence and absence, respectively, of

these additions, and the protein kinase C activity, defined as the
difference, was 13.8 pmol/min/106 cells. Little or no activation

was observed with the other activators tested.
When a crude membrane fraction (100,000 x g precipitate,

before the hydroxyapatite column) was used as a source of the
enzyme, protein kinase activity was not stimulated by these
additions but was already at an activated level (Table 1). This
result indicates that TPA activated membrane protein kinase by
tight association with the membrane, which can be dissociated
by hydroxyapatite chromatography, thus making it possible to
measure protein kinase C activity.

Translocation of Protein Kinase C from the Cytosol to the
Membrane by Treatment with TPA or Teleocidin B. Fig. 1
shows the time courses of change in protein kinase C activity in
the cytosol and membrane fractions with time on exposure of
the cells to the tumor promoters. In untreated quiescent cells, all
the protein kinase C activity, 14.6 pmol/min/106 cells, was found

in the cytosol fraction. On treatment with 100 ng of TPA or
teleocidin B per ml, the activity in the cytosol decreased rapidly,
disappearing almost completely within 15 min, and not reap-
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Fig. 1. Activity of protein kinase C in the membrane (A) and cytosol (B) fractions
of quiescent BALB/3T3 cells, which were treated with TPA (100 ng/ml; â€¢),teleocidin
B (100 ng/ml; A), or 0.1% acetone as a control (O) for the indicated times. Protein
kinase C activity was calculated as the difference between the activities in the
presence and absence of 1 mM CaCI2. 64 ^M phosphatidylserine, and 1.3 Â¿IM
diolein.

Incubation time ( hour )

Fig. 2. Activity of protein kinase C in the membrane {A) and cytosol (B) fractions
of C3H/10TV2 cells, treated with TPA (100 ng/ml; â€¢)or 0.1% acetone (O) for the
indicated times.

Table 1

Effect of various activators on the protein kinase of crude and partially purified
membrane fractions of BALB/3T3 cells treated with TPA

Membrane fractions were prepared from quiescent BALB/3T3 cells treated with
TPA (100 ng/ml) for 30 min by sonication and centrifugation at 100,000 x g for 60
min. Crude membrane fractions (100,000 x g precipitate) were solublized with the
buffer containing 1.0% Triton X-100 and partially purified by a hydroxyapatite
chromatography as described in "Materials and Methods".

Protein kinase activity
(pmol/min/108 cells)

CrudemembraneAdditivesNoneCaCI2(1

FTIM)CaCI2(1
mM)+

Phosphatidylserine (60JIM)+
Diolein (1MM)CaCI2(1

miui)+
Calmodulin (4^g/m\)Calmodulin

(4^g/ml)cAMP
(0.1mu)cGMP
(0.1 mM)Control6.5NT"6.1NTNTNTNTTPA15.4NT15.1NTNTNTNTPartially

purifiedmembraneControl1.62.12.31.61.42.61.5TPA2.45.516.25.02.24.51.7

" NT, not tested.

pearing within 6 h. The rapid decrease in cytosolic protein kinase
C was associated with a significant increase in the activity in the
membrane fraction, which reached a peak in 15 min, and then
gradually decreased to about the control level after 6 h. The
peak activities in the membrane fractions treated with TPA and
teleocidin B were 21.3 and 16.1 pmol/min/106 cells, respectively.

The increase in activity in the membrane fraction was almost
equal to the decrease in activity in the cytosol fraction during the
first 2 h, but thereafter the total activity of the cytosol and
membrane fractions gradually decreased to zero after 6 h.

TPA treatment of quiescent C3H/1OT1/2cells also caused rapid

translocation of protein kinase C from the cytosol to the mem
brane fraction (Fig. 2). The activity in the cytosol had disappeared
almost completely after 15 min when the activity in the mem
branes reached a peak of 23 pmol/min/106 cells. Then the activity

in the membranes decreased gradually, being about 45 and 25%
of the peak value after 2 and 6 h, respectively. No activity
reappeared in the cytosol within at least 6 h.

Cell-free Phosphorylation of Membrane Proteins of BALB/

3T3 Cells by TPA. Membrane fractions were prepared from

CANCER RESEARCH VOL. 46 MARCH 1986

1057

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2424652/cr0460031055.pdf by guest on 19 M

ay 2023



MEMBRANE PROTEIN PHOSPHORYLATION BY PROTEIN KINASE C

quiescent BALB/3T3 cells treated with TRA at 100 ng/ml or
acetone for 30 min and phosphorylated in a cell-free system
containing [7-32P]ATP and Mg2+. As shown in Fig. 3A, (Lane 1),

several weakly phosphorylated bands were separated from the
acetone-treated control culture, including proteins with molecular

weights of 170,000,120,000, 90,000, 58,000, and 50,000. TPA
treatment resulted in marked phosphorylation of p90, which had
about 10-fold higher activity than that from the acetone-treated

cells. The M, 200,000, 180,000, 170,000, 150,000, 140,000,
130,000, 120,000, 100,000, 80,000, 68,000, 58,000, and
50,000-55,000 proteins were also phosphorylated by TPA treat

ment, but much less than p90 (Fig. 3A, Lane 2). On staining of
the gels, however, a weakly stained band was seen in the region
corresponding to p90 on silver stain (Fig. 36), but not on Coo-

massie brilliant blue stain, indicating the highly specific phospho
rylation of p90.

Two-dimensional gel electrophoresis showed that p90 was
acidic and had a heterogenous pi ranging from 4.0-4.4 (Fig. 4).

The phosphorylated amino acid residues of p90 were exam
ined by acid hydrolysis and 2-dimensional electrophoresis by the

method of Hunter and Sefton (19). Phosphorylation occurred
exclusively at the serine residue. No radioactivity was detected
on the autoradiogram in the position of phosphotyrosine (data
not shown).

In contrast with the membrane fraction, the cytosol fraction
showed no TPA-specific phosphorylation under these conditions

(data not shown).
Phosphorylation by TPA of Proteins in Intact BALB/3T3

Cells. Phosphorylation of proteins on TPA treatment was also
examined in an intact cell system. For this, quiescent cells were
incubated in the depleted medium containing [32P]orthophos-
phoric acid (0.5 mCi/ml) for 6 h at 37Â°C and then exposed to

Pi
â€ž6.4 4.9 4.1

170

97

â€¢?55

*
kjol37
"5

S20

Fig. 3. Cell-free phosphorylation of membrane proteins of BALB/3T3 cells by
TPA. Membrane fractions were prepared from quiescent BALB/3T3 cells treated
with 0.1% acetone (Lane 7) or TPA (100 ng/ml; Lane 2) for 30 min at 37Â°Cand
incubated in reaction mixture containing [-y-^PJATP and Mg2* for 3 min at 30Â°C.

The phosphorylated proteins were subjected to SDS:PAGE, located by silver
staining (5), and submitted to autoradiography (A). The arrow indicates the band
of p90.
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Fig. 4. Two-dimensional gel analysis of phosphorylated p90. The membrane
fraction of quiescent BALB/3T3 cells treated with TPA (100 ng/ml) for 30 min at
37Â°Cwas incubated with [i-^PJATP and Mg2* for 3 min at 30Â°C.The ^P-labeled

proteins were analyzed by 2-dimensional gel electrophoresis.

1 23456789 10"BBiBsiBBÃ?
^ *a -_ _w ^^
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Fig. 5. Autoradiogram showing ^P-labeled proteins of intact BALB/3T3 cells.
Quiescent BALB/3T3 cells were incubated in depleted medium containing [^P]-
orthophosphoric acid for 6 h at 37Â°C. Then they were washed with depleted
medium and incubated further with the following compounds for 15 min at 37Â°C:

Lane 7, 0.1% acetone; Lane 2, 160 nw (100 ng/ml) TPA; Lane 3, 160 nM PDBU;
Lane 4, 160 nM PDD; Lane 5, 160 nM phorbol; Lane 6. 160 OM 4a-PDD; Lane 7,
160 nM mezerein; Lane 8,160 nM teleocidin B; Lane 9, 240 nM 1a.25(OH)2D3; Lane
10, 1.2 nM cholera toxin. The ^P-labeled proteins were analyzed by SDS:PAGE

and autoradiography. The arrow indicates the band of p90.

TPA or other agents after washing out the 32PÂ¡with depleted
medium. We did not use phosphate-free medium for labeling
with 32P,because under these conditions depleted medium itself

was found to induce DNA synthesis. Many proteins in acetone-
treated cells were phosphorylated under these conditions (Fig.
5, Lane 1), but TPA treatment stimulated only phosphorylation
of p90 (Fig. 5, Lane 2).

Phosphorylation of p90 induced by TPA was time and dose
dependent (Fig. 6). On incubation with 100 ng of TPA per ml at
37Â°C, p90 phosphorylation increased rapidly to 2 and 3 times

the initial level after 1 and 5 min, respectively, and to a peak of
3.4 times the initial level at 15 min. Thereafter it decreased
gradually, returning to the control level after 2 h. The dose
dependence on TPA of the phosphorylation after 15 min is shown
in Fig. 6B; the phosphorylation increased with an increase in the
concentration of TPA between 0.1 and 10 ng/ml and reached a
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Fig. 6. Time (A)- and dose (S)-dependent phosphorylation of p90 of intact BALB/
3T3 cells by TPA. Quiescent BALB/3T3 cells were treated with TPA (â€¢)at 100 ng/
ml for the indicated time (A) or for 15 min at the indicated concentrations (B). O,
solvent (0.1% acetone) control.
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Fig. 7. Autoradiograms of phosphorylated proteins of quiescent C3H/10TV2
cells in a cell-free system (/A) and in an intact cell system (B). In A, membrane
fractions were prepared from quiescent C3H/1 OTVi cells, treated with 0.1% acetone
(Lane 1) or TPA (100 ng/ml; Lane 2) for 15 min at 37Â°C,and phosphorylated under

the same conditions as described in Fig. 3 for BALB/3T3 cells. In B, quiescent
C3H/10TV2 cells were labeled with [^PJorlhophosphoric acid for 6 h at 37Â°Cand

then treated with 0.1% acetone (Lane 7) or TPA (100 ng/ml; Lane 2) under the
same condition as described for Fig. 5. The Å“P-labeled proteins in both systems

were subjected to SDS:PAGE and autoradiography. The arrow indicates the band
of p90.

plateau at concentrations of 10 ng/ml or more.
Phosphorylation of Proteins of C3H/10TV2 Cells by TPA

and Other Tumor Promoters. Phosphorylation of proteins by
TPA was also examined with C3H/10TV2 cells. The pattern of
phosphorylation of proteins in C3H/1OT1/2 cells was very similar
to that in BALB/3T3 cells (Fig. 7); in both cell-free and intact cell

systems, TPA induced phosphorylation of p90 time and dose
dependently (Fig. 8). The only differences from BALB/3T3 cells
were that the degree of phosphorylation of p90 in the intact cell
system was less in C3H/10TV2 cells, and a M, 20,000 protein
was phosphorylated in the cell-free system.

Specificity of p90 Phosphorylation. For assessment of the
specificity of the p90 phosphorylation, quiescent BALB/3T3 and
C3H/10TV2 cells were treated for 15 min with various tumor

a 2

ooÂ»
a

o
Â£amo
-C
E

B

30 60 90
Time (min)

120 0 0.1 1 10 1001000
TPA (ng/ml)

Fig. 8. Time (A)- and dose (S)-dependent phosphorylation of p90 of intact C3H/
10T'/2 cells by TPA. Quiescent C3H/10TV2 cells were treated with TPA (â€¢)at 100

ng/ml for the indicated times (A) or for 15 min at the indicated concentrations (B).
O, solvent (0.1% acetone) control.

Table 2

Effects of tumor promoters on p90 phosphorylation of BALB/3T3 and
C3H/Ã•OP/2C6//S

p90 phosphorylation6

Chemical"AcetoneTPAPDBUPDD4Â«-PDDPhorbolMezereinTeleocidin

BBALB/3T31.0Â°3.43.33.21.31.33.23.3C3H/10TV21.0e1.71.71.60.91.01.61.6

Added at 160 HMfor 15 min.
"p90 phosphorylation was measured by excising the p90 band, located by

autoradiography and counting it in a scintillation counter.
c Ratio to the acetone control of which the p90 band showed 302 and 574 cpm

when 1.7 x 104 BALB/3T3 cells and 1.1 x 104 C3H/1 OTVzcells, respectively, were

loaded.

promoters and nonpromoters, namely, PDBU, PDD, 4a-PDD,

phorbol, mezerein, a resiniferonol derivative that is structurally
related to phorbol esters, and teleocidin B. As shown in Fig. 5
and Table 2, the effects of these compounds on phosphorylation
of p90 correlated well with their promoting activities; all com
pounds with promoting activity, i.e., TPA, PDBU, PDD, mezerein,
and teleocidin B, stimulated p90 phosphorylation to the same
extent as TPA, while the nonpromoting phorbol esters 4Â«-PDD

and phorbol caused only slight phosphorylation of p90.
We next examined the effects on phosphorylation of p90 of

various growth factors and agents that are known to stimulate
DNA synthesis of BALB/3T3 cells to various degrees. The com
pounds tested were EGF, FGF, PDGF, insulin, transferrin, chol
era toxin, 1a,25(OH)2D3, retinole acid, and FCS. Among these,
insulin and 1a,25(OH)2D3 were reported to enhance X-ray- or

chemically induced transformation of BALB/3T3 cells (21, 22).
As summarized in Table 3, PDGF had the strongest effect,
stimulating p90 phosphorylation 2.2-fold. FGF was also effective,
increasing the phosphorylation of p90 1.8-fold, but the other

agents tested had only marginal effects.
p90 is Not the 0-Subunit of Insulin Receptor. Because the

0-subunit of the insulin receptor has a very similar molecular
weight (90,000) and pi (about 4) to p90, it seemed possible that
it might be p90. We examined this possibility using antibody
against insulin receptor and a WGA:agarose column. However,
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Table 3
p90 phosphorylation of BALB/3T3 cells by growth factors and vitamins that are

known to induce DNA synthesis in quiescent cultures

Addition8PBSInsulinTransferrinEGFPDGFFGFCholera

toxin1<v,25(OH)2D3Retinole

acidFresh
serum (10%)Concentration

(RM)167013016.57.77.71.2240240p90phosphorylation61.0e1.31.01.42.21.81.21.41.21.4

3 Treated for 15 min.
6 p90 phosphorylation was measured as described in Table 2.
c Ratio to the PBS control of which the p90 band showed 333 cpm when 1.7 x

10* cells were loaded.

p90 was not immunoprecipitated by the antibody or bound to
WGA. Thus p90 is not the 0-subunit of the insulin receptor.

DISCUSSION

A series of studies by Nishizuka and coworkers has demon
strated that protein kinase C is essential in transduction of
extracellular signals for cellular functions and proliferation (23,
24). When cells are stimulated by biologically active substances
through specific cell surface receptors, protein kinase C is acti
vated by diacylglycerides which are transiently produced in the
cell membrane during the signal-induced turnover of inositol

phospholipids. Increased turnover of inositol phospholipids is
also accompanied by an increase in the intracellular calcium ion
concentration, which in turn activates various biological reactions
including that of protein kinase C.

TPA contains a diacylglyceride-like structure in its molecule,

i.e., ester bonds at positions 12 and 13, and can therefore replace
diacylglycerides at very low, but biologically active concentra
tions (10-50 nw). TPA dramatically increases the affinity of this
enzyme for Ca2+, resulting in full activation of the enzyme without
detectable mobilization of Ca2+ (10). In the presence of Ca2+and

phospholipids, phorbol ester tumor promoters bind to protein
kinase C, their affinity being equal to the activation constant.
These findings suggest that protein kinase C acts as a receptor
for tumor-promoting phorbol esters. This possibility is supported
by the fact that a phorbol ester-binding protein was copurified

with protein kinase C activity from brains (25, 26).
In this work we found that, in quiescent cultures of promotable

BALB/3T3 and C3H/10T1/2 cells, TPA and teleocidin B caused
a rapid decrease in cytosolic protein kinase C associated with
marked activation of protein kinase C in the plasma membranes.
Consistent with the present observation, Kraft ef al. (14, 15)
reported that treatment of thymoma cells and yolk sac cells with
TPA markedly decreased the activity of this kinase in the cytosol
fraction. Similar intracellular translocation of protein kinase C
was observed in pancreatic acini of rats (27) and platelets of
humans (28). These results suggest that, in resting conditions,
protein kinase C is largely present in an inactive form in the
cytosol, but when stimulated by biologically active substances
such as TPA, it is activated and recovered in a form tightly
associated with cell membranes. These results further suggest
that the activity of protein kinase C depends largely on its
microenvironment, such as the phospholipid bilayer structure,

and that TPA activates the enzyme by modifying this environ
ment.

During the first 2 h after TPA treatment, the decrease in protein
kinase C in the cytosol was almost equal to its increase in the
membrane fraction. Subsequently, the activity in the membrane
fraction gradually decreased, returning to the control level after
6 h, but the activity in the cytosol fraction did not appear during
this period. This gradual loss of total cellular activity of protein
kinase C was probably due to degradation of the enzyme by a
protease, especially calcium-dependent protease (29), and may
be interpreted as a down-regulation of phorbol ester receptor. In
keeping with this observation, Rodriguez-Pena and Rozengurt
(30) reported that treatment of quiescent Swiss 3T3 cells with
phorbol esters caused a progressive decrease in protein kinase
C activity. This effect was reversed on removal of the phorbol
esters. The time course of this decrease was very similar to that
of down-regulation of the receptor in intact cells, suggesting that
the down-regulation of the receptor was probably due to disap

pearance of protein kinase C itself.
The second major observation of the present study deals with

phosphorylation of a p90 membrane protein of quiescent BALB/
3T3 and C3H/10T1/2 cells by tumor promoters in both cell-free
and intact cell systems. This effect of enhancing p90 phospho
rylation was specific for compounds with tumor-promoting activ
ity, but it was not necessarily related to induction of DNA
synthesis. The phosphorylation was very rapid, increasing 2-fold
in 1 min in BALB/3T3 cells, and thus seemed to be one of the
fastest responses of the cells to TPA. This p90 phosphorylation
in the intact cell system was most likely due to protein kinase C,
because under the same conditions tumor promoters activated
protein kinase C.

Rozengurt and coworkers (31, 32) and Feuerstein ef al. (33)
reported that phosphorylation of a M, 80,000 protein (termed
80K) was stimulated by phorbol ester tumor promoters in quies
cent Swiss/3T3 and NIH/3T3 cells. Although its molecular weight
is closed to p90, it seems unlikely that 80K is identical with p90,
because of the difference in molecular weight (80,000 for 80K
versus 90,000 for p90), pi (5.0 versus 4.0-4.4), and response to
serum which stimulated phosphorylation of 80K but not p90.

In addition to 80K and p90, a number of proteins are known
to be phosphorylated by protein kinase C. These include histone
(34), protamine (34), myosin light chain (35), vinculin (36), EGF
receptor (37), Initiation Factor 2 of protein synthesis (38), and
ribosomal S6 protein (39). Of particular interest are the phospho-
rylations of glycogen phosphorylase kinase (40), glycogen syn-
thase (41), and guanylate cyclase (42), which in turn result in
activation or inactivation of these enzyme activities, indicating
that protein kinase C regulates cell functions by phosphorylation
of target proteins.

Furthermore, phorbol ester tumor promoters have been shown
to phosphor/late various proteins in intact cells. These proteins
include receptors of insulin (43), somatomedin C (43), EGF (44,
45), and transferrin (46) of normal and malignant human cells,
vinculin of rat hepatoma cells (47), and ribosomal S6 protein of
chick and mouse fibroblasts (48). Phosphorylation of these pro
teins seems to be due to protein kinase C activated by phorbol
esters.

We found that PDGF stimulated p90 phosphorylation in quies
cent BALB/3T3 cells. This also seemed to be due to activation
of protein kinase C, because PDGF is reported to enhance the
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activity of phospholipase C in Swiss/3T3 cells, resulting in in
creased turnover of diacylglycerides (49), which are endogenous
activators of protein kinase C. However, the phosphorylation of
p90 was stimulated little if at all by other agents that are known
to induce DNA synthesis in quiescent BALB/3T3 cells, such as
EGF (50), FGF (50), insulin, cholera toxin, and fresh serum.
These results suggest that phosphorylation of p90 is not nec
essarily essential for transition of cells from the G0 or Gt phase
to the S phase.

We previously reported that chemically induced transformation
of BALB/3T3 cells is enhanced more by 1a,25(OH)2D3, an active
form of vitamin D3, than by TPA (22). Similarly, Jones ef al. (51)
reported that 1a,25(OH)2D3 enhanced transformation of hamster
embryo cells induced by chemical carcinogens. But, unlike TPA,
we found that 1a,25(OH)2D3 did not cause activation of protein
kinase C (52) or phosphorylation of p90 or any other particular
proteins under the present conditions.

The nature of p90 is of particular interest. Of the proteins that
are phosphorylated by tumor promoters or protein kinase C, the
/3-subunit of the insulin receptor and the somatomedin C receptor

have similar molecular weights and pi values to p90 (43, 53). We
excluded the possibility that p90 is the /3-subunit of the insulin
receptor by experiments using antibody to the 0-subunit and a

WGAiagarose column.
Because of its highly specific phosphorylation and the good

correlation of its phosphorylation with tumor-promoting potency,

p90 is likely involved in tumor promotion, especially in an early
event in tumor promotion. Elucidation of the nature of p90 should
contribute greatly to understanding of the molecular mechanism
of tumor promotion.
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