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Role of Protein Kinase C in
Transmembrane Signaling
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Many extracellular signals elicit Ca®* mobilization and diacylglycerol formation
in their target cells. Diacylglycerol is derived from the receptor-linked phospho-
inositide turnover and serves as a second messenger for the activation of protein
kinase C in the presence of Ca’" and phosphatidylserine. Unique diacylglycerols
such as 1-oleoyl-2-acetyl-glycerol, which activate intracellular protein kinase C
when added to intact cells, have been synthesized. Tumor-promoting phorbol
esters substitute for such diacylglycerols and directly activate protein kinase C in
both intact cell and cell-free systems. Under appropriate conditions, the synthetic
dlacylglycerols and phorbol esters induce protein kinase C actwatlon without
Ca’™ mobilization, whereas Ca®>* ionophore A23187 induces Ca** mobilization
without protein kmase C activation. Usmg these substances, we have obtained
evidence that both protein kinase C and Ca”™" are involved in and play a synergistic
role in exocytosis, cell division, and other cellular functions. In this article, the
role of protein kinase C in transmembrane signaling is discussed.

Key words: membrane receptor, protein kinase, phosphoinositide, Ca’™, tumor promoters, exo-
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It has been known that many extracellular signals such as hormones, neurotrans-
mitters, growth factors, and other biologically active substances induce both Ca’*
mobilization and phosphoinositide turnover in their target cells [1]. Ca’™ has been
shown to serve as a second messenger for these extracellular signals and its mode of
action has been extensively investigated {2]. However, physiological significance of
phosphoinositide turnover had been unclear for a long time since the first discovery
by Hokin and Hokin in 1953 [3]. In 1979, we found that the receptor-linked phos-
phoinositide turnover is directly linked to the activation of protein kinase C [4-7].
This protein kinase is distributed in most mammalian tissues [8,9]. The enzyme is
usually inactive but is activated by diacylglycerol in the presence of Ca’* and
phosphatidylserine. The diacylglycerol is derived from the phosphoinositide turnover

Abbreviations used: TPA, 12-O-tetradecanoylphorbol-13-acetate; PHA, phytohemagglutinin; EGTA,
ethylene glycol bis(3-aminoethyl ether)-N,N,N’ ,N'-tetraacetic acid; PAF, platelet-activating factor.
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in a receptor-linked manner. Evidence has been obtained that protein kinase C and
Ca’* are essential and synergistically effective for eliciting the activation of cellular
functions [10,11]. Moreover, we found incidentally that the tumor-promoting phorbol
esters substitute for diacylglycerol and activate protein kinase C in a manner similar
to that of diacylglycerol [12]. It is now generally accepted that protein kinase C as
well as Ca®* plays a role of crucial importance in the actions of many extracellular
signals {13].

Ca®™ is well known as a factor that regulates the dynamic rearrangement of the
cytoskeletal systems [14]. For instance, Ca’* regulates the length and cross-linkage
of actin filaments through Ca?*-sensitive proteins such as gelsolin, fragmin, villin,
brevin, actinogelin, and caldesmon [14]. Ca" affects the interaction of microtuble-
associated proteins with microtubles through calmodulin [15]. Ca’™ stimulates the
phosphorylation of myosin light chain through the activation of Ca®T-activated,
calmodulin-dependent myosin light chain kinase [16], and the phosphorylation of this
protein is considered to be essential for the interaction between myosin and actin
filaments [17]. On the other hand, protein kinase C has been shown to phosphorylate
several cytosketal proteins such as myosin light chain [18], troponin [19], vinculin
[20,21], w-actinin [21], filamin [21], spectrin {13}, and microtuble-associated proteins
[13]. Although the function of phosphorylation of these proteins by protein kinase C
has not yet been clear, it is likely that protein kinase C as well as Ca’* may be
directly or indirectly related to the regulation of cytoskeletal systems. Therefore, it
may be important to understand the role of protein kinase C and Ca™ in the actions
of various extracellular signals for the investigation of the cytoskeletal system. In this
article, the mode of activation and properties of protein kinase C will be briefly
reviewed, and then the role of protein kinase C in transmembrane signaling will be
discussed.

MATERIALS AND METHODS
Materials and Chemicals

Protein kinase C is purified to near homogeneity from the soluble fraction of rat
brain as described [22]. Human washed platelets and peripheral lymphocytes are
prepared as described earlier [23,24]. H1 histone and [7-32P]ATP used for the
substrates of protein kinase C are prepared as described earlier [4]. 1-Oleoyl-2-acetyl-
glycerol and l-acetyl-2-oleoyl-glycerol are synthesized as described [25]. Diolein,
TPA, Ca’>" ionophore A23187, and PHA are obtained from Nakarai Chemicals, P-L
Biochemicals, Calbiochem, and Difco Laboratories, respectively. H332PO4,
[*H]phorbol-12,13-dibutyrate, and [*H]methyl-thymidine are obtained from Japan
Radioisotope Association, Amersham, and New England Nuclear, respectively. Other
chemicals and materials are obtained as described [4-8,10-12,22-27].

Assays

Protein kinase C is assayed by measuring the incorporation of v-32P of ATP
into H1 histone as a model substrate in the presence of diolein, Ca*>* and phospholipid
under the conditions described previously {22]. Protein phosphorylation in intact cells
are carried out as follows: Intact cells are prelabeled with *?Pi and then stimulated by
each agonist. The radioactive proteins are directly subjected to sodium dodecyl
sulfate-polyacrylamide slab gel electrophoresis, stained, dried on a filter paper, and
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exposed to an x-ray film to prepare an autoradiograph as described earlier [24,26,27].
The relative intensity of each band is quantitated by densitometric tracing. Phosphoi-
nositide turnover is assayed by measuring the formation of radioactive diacylglycerol
or the incorporation of P into phosphatidic acid or phosphatidylinositol. Diacylgly-
cerol and each phospholipid are separated by thin-layer chromatography on silica get
plate as described [27]. Cytoplasmic free Ca’>* concentration is measured by means
of the fluorescent Ca®* indicator quin 2 [28]. Serotonin release from platelets is
assayed by measuring the radioactivity of [4C] serotonin released into the medium
after the stimulation by each agonist as described previously [26,27]. DNA synthesis
of lymphocytes is assayed by measuring the incorporation of [3H]thymidine into DNA
as described [24].

RESULTS AND DISCUSSION
Mode of Activation and Properties of Protein Kinase C

Activation of protein kinase C by diacylglycerol. The principal pathway of
signal transduction is schematically shown in Figure 1. In resting cells, diacylglycerol
is almost absent. When cells are stimulated by an agonist, diacylglycerol is rapidly
produced. For instance, in platelets, it has been proposed that this diacylglycerol is
initially derived from the hydrolysis of phosphatidylinositol-4,5-bisphosphate, and sub-
sequently from the hydrolysis of phosphatidylinositol-4-phosphate and phosphatidyl-
inositol by the action of phospholipase C [29]. Inositol-1,4,5-trisphosphate, another
product of the hydrolysis of phosphatidylinositol-4,5-bisphosphate, has been shown
to serve as a trigger for the intracellular translocation of Ca’>* [30]. Ca®* increased
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Fig. 1. Phosphoinositide turnover and signal transduction. PtdIns, phosphatidylinositol; PtdIns4P,
phosphatidylinositol-4-phosphate; PtdIns4,5P,, phosphatidylinositol-4,5-bisphosphate; R, and R,, fatty
acyl group; I, inositol; P, phosphoryl group.
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in this way then facilitates further the hydrolysis of other phosphoinositides and
production of diacylglycerol. The diacylglycerol produced activates protein kinase C
in the presence of Ca’* and phosphatidylserine. Kinetically, diacylglycerol
dramatically increases the affinity of protein kinase C for Ca®™ and phosphatidylserine
and renders the enzyme fully active without a net increase of the concentration of this
divalent cation [5-7]. Extracellular signals that induce phosphoinositide turnover are
listed in Table I, and it is conceivable that protein kinase C is activated by the action
of these substances.

To obtain evidence that the diacylglycerol produced in a receptor-linked manner
initiates the activation of protein kinase C, unique diacylglycerols have been
synthesized. These are 1-oleoyl-2-acetyl-glycerol and 1-acetyl-2-oleoyl-glycerol. The
diacylglycerols derived from the hydrolysis of phosphoinositides in intact cells are
mostly 1-palmitoyl- or stearoyl-2-arachidonyl-glycerol. These diacylglycerols with
two long acyl moieties are too hydrophobic to intercalate into membranes when added
exogenously to intact cells. The synthetic diacylglycerols mentioned above, in contrast,
easily intercalate into membranes and are converted to phosphatidic acid via the
pathway of phosphoinositide turnover [10]. Evidence has been obtained that these
synthetic diacylglycerols induce the activation of protein kinase C in many cell types
including platelets, neurotrophils, mast cells, lymphocytes, and fibroblasts [10,24,31-
33]. In platelets, a 40-kilodalton protein has been identified as an endogenous substrate
for protein kinase C [26,27]. When platelets are stimulated by thrombin, a natural
agonist for platelet aggregation and release reaction, the 40-kilodalton protein is
rapidly and heavily phosphoryiated as shown in Figure 2. Similarly, when the cells
are stimulated by either 1-oleoyl-2-acetyl-glycerol or 1-acetyl-2-oleoyl-glycerol, this
protein is heavily phosphorylated. However, the synthetic diacylglycerol does not
induce endogenous diacylglycerol formation and Ca’* mobilization, although natural
stimuli induce both reactions. Essentially similar observations have been made in
other cell types described above. These results strongly suggest that diacylglycerol
derived from the receptor-linked turnover of phosphoinositide may serve as a
messenger for the activation of protein kinase C.

TABLE 1. Extracellular Signals Inducing Phosphoinositide Turnover [1,30]

Extracellular signals Target tissues

Acetylcholine (m) Various
Adrenaline (o) Various

Histamine (H1)
Pancreozymin, caerulein
Bombesin

Substance P

Angiotensin, vasopressin
Bradykinin

Glucose

Antigen, concanavalin A
fMet-Leu-Phe, zymosan

TSH

ADP, thrombin, collagen, PAF
PHA, con A

Platelet-derived growth factor
Epidermal growth factor

Intestinal smooth muscle, brain

Pancreas, intestinal smooth muscle

Pancreas

Parotid gland

Liver, vascular smooth muscle
Vascular endothelium
Langerhans’ islet

Mast cells

Polymorphonuclear leukocytes
Thyroid gland

Platelets

Lymphocytes

Fibroblasts

A431 epidermal carcinoma cells
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Fig. 2. Time courses of diacylglycerol formation, 40-kilodalton protein phosphorylation and Ca**
mobilization. Radioactive platelets were stimulated by thrombin (0.8 unit/ml) or 1-oleoyl-2-acetyl-
glycerol (50 ug/ml) at 37°C for various periods of time as indicated. Other details are described under
Materials and Methods. A) stimulated by thrombin; B) stimulated by I1-oleoyl-2-acetyl-glycerol.
(@----@), diacylglycerol formation; (O-—0O), 40-kilodalton protein phosphorylation; ( ), Ca®*t
mobilization.

Properties of protein kinase C. Protein kinase C has been found in all tissues
so far tested [8,9]. The molecular weight is about 77,000 as estimated by gel filtration.
The isoelectric point is about pH 5.6. The enzyme uses ATP as a phosphate donor,
but other nucleoside triphosphates are inactive. The enzyme phosphorylates many
proteins as far as tested in a cell-free system, and the proteins that are proposed as
substrates for this enzyme are listed in Table II. Protein kinase C phosphorylates
either seryl- or threonyl-residues of these proteins but does not phosphorylate tyrosyl-
residue. Protein kinase C is a single polypeptide with no subunit structure, but is
composed of at least two functionally different domains. One is a hydrophobic domain
that binds to the membrane, and the other is a hydrophilic domain that carries a
catalytically active center. These two domains can be separated by limited proteolysis
with Ca®"-dependent protease, which is designated as calpain, only in a cell-free
system. This proteolysis does not occur in intact cells upon stimulation by natural
agonists.

Protein Kinase C and Tumor-Promoting Phorbol Esters

Activation of protein kinase C by phorbol esters. TPA, one of the most
potent tumor-promoting phorbol esters, directly activates protein kinase C in the
presence of Ca’* and phosphatidylserine in a cell-free purified system [12]. Kineti-
cally, TPA substitutes for diacylglycerol and greatly increases the affinity of this
enzyme for Ca>* and the phospholipid. TPA is more potent than diacylglycerol for
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TABLE II. Proteins Proposed as Substrates for Protein Kinase C

Proposed substrates

Reference no.

Nuclear proteins
Histone in calf thymus
Protamine in salmon sperm
High-mobility-group proteins in lamb thymus
Cytoskeletal proteins
Myosin light chain in chicken gizzard
Troponin in bovine cardiac muscle
Vinculin in chicken gizzard
Filamin in chicken gizzard
Spectrin in human erythrocytes
Microtubule-associated proteins in rat brain
Receptor proteins
Insulin and somatomedin C receptor in human B-lymphocytes
EGF receptor in A43] human epidermal carcinoma cells
Transferrin receptor in HL 60 cells
Interleukin 2 receptor in human T-cell leukemia
Retinoid-binding protein in calf liver and uterus
Enzyme and enzyme-related proteins
Glycogen phosphorylase kinase in rabbit skeletal muscle
Glycogen synthetase in rabbit skeletal muscle
Phospholamban in chicken cardiac sarcolemma
Ribosomal S6 protein
Initiation factor 2
Miscellaneous proteins
Myelin basic protein in rat and rabbit brain
Human fibrinogen
Middle T antigen in polyoma-virus-infected 3T6 cells

Class I HLA antigens in human platelets, lymphocytes, and HL-60 leukemic

cells
Bovine chromobindins
Synthetic peptide Arg-Arg-Ala-Ser-Gly-Pro-Pro-Val
40-K protein in human platelets
87-K protein in rat brain synaptosome
50-K protein (B-50 protein) in rat brain synaptic membrane
45-K and 56-K proteins in human peripheral lymphocytes
22-K, 31-K, 34-K, and 60-K proteins in rat mast celis
80-K protein in Swiss 3T3 mouse fibroblasts
35-K, 56-K, and 70-K proteins in rat hepatocytes
36-K protein in rat basophilic leukemia cells
38-K protein in human myelocytic leukemia cells
59-K, 65-K, 80-K, and 82-K proteins in rat GH; pituitary cells

14]
(4]
341

(18]
{19]
[20,21]
21
(13
[13]

(35]
[36,37]
[38]
139]
[40]

(4]

(4]
[41,42]
[43]
[44]

(45]
{46]
[47]
(48]

(49]
[50]
[26,27]
[51]
[52]
[24]
(32
[33]
[53}
[54]
[55]
{56]

the activation of protein kinase C, and this tumor promoter, at an amount of roughly
1/1,000 to 1/200 of that of diacylglycerol, is able to cause the full activation of pro-
tein kinase C as shown in Figure 3. Various phorbol derivatives showing tumor-promot-
ing activity, eg, phorbol-12,13-didecanoate, phorbol-12,13-dibutyrate, and phorbol-12,
13-dibenzoate, are able to activate protein kinase C. On the other hand, phorbol-12-
tetradecanoate, phorbol-13-acetate, 4a-phorbol-12,13-didecanoate, and phorbol itself,
which are all inactive for tumor promotion, are ineffective for the activation of this
enzyme. Teleocidin and mezerein, which are also known as other groups of tumor

promoters, have been shown to activate protein kinase C [57,58].
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Fig. 3. Activation of protein kinase C by TPA and diacylglycerol in a cell-free system. Protein kinase
C was assayed under the standard conditions in the presence of 20 ug/ml of phosphotipid, 1 x 107> M
CaCl, and various amounts of either TPA or l-oleoyl-2-acetyl-glycerol as indicated. Other details were
described elsewhere [12]. A) with TPA; B) with 1-oleoyl-2-acetyl-glycerol. (@ ——@), in the presence
of phospholipid and CaCly; (O----O), in the presence of CaCl, and without phospholipid.

Tumor-promoting phorbol esters activate protein kinase C not only in a cell-
free system but also in an intact cell level. This evidence has been obtained in several
cell types including platelets, lymphocytes, mast cells, leukocytes, and fibroblasts
{11,12,24,31-33]. For example, in platelets, TPA induces the phosphorylation of the
40-kilodalton protein, which is an endogenous substrate for protein kinase C as
described above. Moreover, when resting platelets are disrupted by sonication in the
presence of EGTA to remove free Ca®*, protein kinase C is recovered mostly in the
soluble fraction. However, in platelets treated with TPA, protein kinase C is re-
covered mostly in the particulate fraction. Presumably, TPA increases dramatically
the affinity of the enzyme for Ca’>* and thereby renders the enzyme more tightly
bound to the membrane even in the presence of EGTA. These observations strongly
suggest that TPA activates protein kinase C in intact cells. It can be emphasized that
TPA does not induce endogenous diacylglycerol formation or Ca?* mobilization, at
least in an early period when protein kinase C is activated.

Protein kinase C as a phorbol ester receptor. Experiments using
[*H]phorbol-12, 13-dibutyrate indicate that this radioactive tumor promoter binds to
the enzyme in the presence of Ca>* and phospholipid, resulting in the activation of
this enzyme [59,60]. This phorbol ester does not bind to protein kinase C or
phospholipid alone irrespective of the presence or absence of Ca’". Since protein
kinase C binds to phosphatidylserine in the presence of Ca?" to make a ternary
complex, the phorbol ester may bind to this ternary complex to make an active
quaternary complex. Among various phorbol derivatives, only tumor-promoting
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derivatives inhibit [*H]phorbol-12,13-dibutyrate-binding to protein kinase C in a
competitive manner. The active diacylglycerol also inhibits [*H]phorbol-12,13-dibu-
tyrate-binding to protein kinase C.

The receptor of tumor-promoting phorbol esters has been previously shown to
be distributed widely in many tissues [60-63]. Protein kinase C is also distributed
widely in various tissues as described above. The distribution pattern of both entities
is apparently very similar, and both the phorbol ester receptor, as measured by
[*H]phorbol-12, 13-dibutyrate-binding activity, and protein kinase C are copurified by
several column chromatographies [60]. The evidence, together with that described
above, suggests that protein kinase C complexed with Ca>* and phospholipid may be
a receptor of the phorbol esters and play pleiotropic actions, if not all, of the phorbol
esters as well as other tumor promoters.

Role of Protein Kinase C in Transmembrane Signaling

Role in exocytosis. Many secretagouges induce both Ca* mobilization and
phosphoinositide turnover [1]. Previously, only Ca’* has been considered to be a
messenger for eliciting release reactions; however, evidence is now available that the
diacylglycerol derived from the receptor-linked turnover of phosphoinositide may
also be involved in secretory processes. Among various cell types, the role of protein
kinase C in secretion has been studied most extensively in platelets.

Platelets normally respond to many secretagouges—such as thrombin, collagen,
and PAF—and secrete ADP, serotonin, lysosomal enzymes, growth factors, and many
other constituents [64]. These secretagouges are known to induce both Ca?* mobili-
zation and phosphoinositide turnover [64]. Ca?>* mobilization is linked to the activa-
tion of calmodulin and stimulates the phosphorylation of myosin light chain through
the activation of its specific protein kinase [65]. The phosphoinositide turnover is
directly linked to the activation of protein kinase C, which phosphorylates the 40-
kilodalton protein [26,27]. The phosphorylation of myosin light chain and 40-kilodal-
ton protein is associated with the release reaction from platelets [10,11], although the
precise functions of these proteins remain to be clarified. As described above, it is
possible to activate protein kinase C without Ca®* mobilization by a membrane-
permeable synthetic diacylglycerol or phorbol ester. On the other hand, under appro-
priate conditions, Ca®" ionophore A23187 induces Ca** mobilization without protein
kinase C activation. When intact platelets are stimulated by either the synthetic
diacylglycerol or the phorbol ester in the presence of A23187, the release reaction is
induced as shown in Figure 4. The magnitude of serotonin release in response to
these agents is nearly the same as that induced by thrombin. Low concentrations of
the synthetic diacylglycerol or the phorbol ester alone are almost inactive; however,
high concentrations of these agents by themselves induce the release reaction to some
extent. The exact reason for this phenomenon is not known, but it is possible that the
diacylglycerol and phorbol ester may act as a membrane fusigen in the secretory
processes. Likewise, A23187 at the concentration employed (0.4 uM) does not induce
protein kinase C activation or serotonin release. However, at the concentrations
higher than 0.5 M, A23187 alone causes both protein kinase C activation and Ca®*
mobilization, resulting in the release reaction. The activation of protein kinase C by
the action of high concentrations of A23187 may be due to a large increase in the
Ca’* concentrations. These results indicate that either the activation of protein kinase
C or Ca®* mobilization alone is not sufficient and both are necessary for eliciting the
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Fig. 4. Synergistic effects of Ca?* ionophore and l-oleoyl-2-acetyl-glycerol or TPA on serotonin
release. Platelets were labeled with ["*C]serotonin, and then stimulated by various concentrations of -
oleoyl-2-acetyl-glycerol or TPA in the presence or absence of A23187 (0.4 uM) as indicated. Other
details are described under Materials and Methods. A) stimulated by 1-oleoyl-2-acetyl-glycerol; B)
stimulated by TPA. (@ ——@®), in the presence of A23187; (----M), in the absence of A23187.
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Fig. 5. Synergistic action of protein kinase C activation and Ca?* mobilization in release reaction from
platelets.

release reaction. The role of protein kinase C and Ca®>™ in the release reaction from
platelets is schematically shown in Figure 5. Essentially similar observations have
been made in other types of cells, which are listed in Table III. Therefore, it is most
likely that protein kinase C and Ca’* may play a synergistic role in the release
reactions elicited by many secretagouges.
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TABLE III. Release Reactions Controlled by Protein Kinase C and Cazji

Types of cells Released materials Reference no.
Platelets Serotonin and lysosomal enzyme [10,11,31]
Neutrophils Lysosomal enzyme (31]

Mast cells Histamine [32]

Adrenal medullary cells Catecholamine [66]

Adrenal glomerulosa cells Aldosterone 671
Pancreatic islets Insulin [68]
Pancreatic acini Amylase [69]

fleal cholinergic nerve Acetylcholine [70}

Role in cell division. Some growth factors such as platelet-derived growth
factor and epidermal growth factor have been shown to increase the intracellular
Ca’™ concentration, which is essential for cell division [71,72]. These growth factors
have been recently shown to stimulate phosphoinositide turnover, suggesting that
protein kinase C as well as Ca>" may also be involved in the regulation of cell
division. To obtain the evidence that protein kinase C may play a role in the regulation
of cell division, the following experiments have been conducted in our laboratory
using human peripheral lymphocytes as a model system.

In macrophage-depleted human peripheral T-lymphocytes, DNA synthesis is
markedly stimulated by TPA in the presence of a small concentration of Ca’*
ionophore A23187 and PHA as shown in Figure 6. TPA (0.1 nM) alone causes only
a two- to threefold increase in DNA synthesis over that found in unstimulated
lymphocytes. This tumor promoter at higher concentrations (1-10 nM) induces DNA
synthesis at most twice as much as that caused at 0.1 nM, and the DNA synthesis
induced by TPA alone is far less than that observed in the presence of three factors—
TPA, PHA, and Ca’" ionophore. Over this wide range of TPA concentrations (0.1-
10 nM) Ca** ionophore (0.25-0.5 uM) shows practically no effect on DNA synthe-
sis, unless a small quantity of PHA is added. In the presence of PHA, in contrast,
TPA at higher concentrations (1-10 nM) significantly enhances DNA synthesis with-
out addition of Ca?™* ionophore. The exact reason for this enhancement is not clear,
but the tumor-promoting phorbol ester at higher concentrations shows various non-
specific effects on membranes presumably by acting as a perturber or a weak Ca’"
ionophore. Ca’>™ ionophore A23187 alone shows practically no effect as mentioned
above; but again, at higher concentrations {more than 0.5 uM) it slightly enhances
DNA synthesis, probably owing to the activation of protein kinase C by a large
increase in Ca’* concentration, as described for its action on platelets. Essentially
similar results are obtained with OAG instead of TPA as shown in the same figure.
These results suggest that protein kinase C and Ca’™ are essential but not sufficient
for the initiation of DNA synthesis in lymphocytes. The action of PHA is required in
addition to protein kinase C activation and Ca®* mobilization, but the mode of action
of PHA is unclear. Further investigation is needed for understanding the definitive
role of protein kinase C and Ca’" in the regulation of lymphocyte proliferation.

Recently, other several lines of evidence have also been described that protein
kinase C may be involved in the regulation of cell division. The receptors for insulin
{35], epidermal growth factor [36,37], and transferrin [38] are phosphorylated by
protein kinase C. Both the phorbol ester and synthetic diacylglycerol, which activate
intracellular protein kinase C, stimulate DNA synthesis of Swiss mouse 3T3 fibro-
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Fig. 6. Synergistic effects of A23187 and TPA or OAG on PHA-induced DNA synthesis in macro-
phage-depleted peripheral lymphocytes. Macrophage-depleted peripheral lymphocytes were incubated
for 72 hr at 37°C with various concentrations of PHA in the presence or absence of A23187 (0.25 uM),
TPA (0.1 nM), and OAG (3 ug/ml) as indicated. Other details are described under Materials and
Methods. A) with TPA; B) with OAG. (O——0Q), stimulated by PHA alone; (A-——A), stimulated by
PHA and A23187; ((0-—-[1), stimulated by PHA and TPA; (l---H), stimulated by PHA and OAG;
(¥ — V), stimulated by PHA, A23187, and TPA; (@ —@®), stimulated by PHA, A23187, and OAG.

blasts synergistically in the presence of a low concentration of insulin [73]. These
results, together with our observations described above, strongly suggest that protein
kinase C and Ca’* may play a role of crucial importance in the regulation of cell
division of various types of cells.

Role in other cellular functions. In addition to exocytosis and cell division,
protein kinase C has been suggested to regulate other cellular functions such as
glycogenolysis in hepatocytes [74], superoxide generation in neutrophils [75,76], and
contraction of smooth muscle [77]. Presumably, protein kinase C may be related to
the regulation of a wide variety of cellular functions that are elicited by extracellular
signals listed in Table I, and the role of protein kinase C in transmembrane signaling
will be more definitely clarified in the near future.
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