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Abstract—Tumor-promoting phorbol esters bind to and activate protein kinase C (PKC). Staurosporine,
a potent PKC inhibitor, interferes with PKC catalytic activity without altering phorbol ester binding
sites in cell-free systems. We found that, unlike celi-free systems, treatment of intact platelets with
staurosporine enhances the expression of phorbol 12,13-dibutyrate (PDBu) binding sites. Incubation
of platelets at 37° with staurosporine (25 aM to 1 uM and 2 aM tritiated PDBu (*H]PDBu) increased
the amount of [PH]PDBu specifically bound to intact platelets by approximately 10 to 200% of control
values. This effect was rapid and plateaued after 10 min of cell treatment. Scatchard analysis of the
data showed that staurosporine (500 nM) significantly increased the total binding capacity B, from
42.9 % 15.4 x 10° to 78 + 7.3 x 1{P sites per platelet and reduced the apparent dissociation constant
value K from 30.8 = 8.6 nM to 9.4 + 3.4 nM. Enhanced PDBu binding capacity and affinity were also
observed with human mononuclear and polymorphonuclear leukocytes. Fractionation of staurosporine-
treated platelets showed an increased binding capacity of the particulate fraction (102%) and decreased
binding capacity of the soluble fraction (60%) compared to controls, with no change in the affinity of
PDBu binding to these fractions. Chelation of internal calcium with BAPTA did not significantly
attenuate the staurosporine-mediated rise in PBDu binding but prevented the platelet-activating factor-
induced response, indicating that cytosolic calcium does not play an important role in these staurosporine
effects, These results show that, in addition to interfering with PKC protein-phosphorylating activity,
staurosporine enhances PDBu binding affinity and capacity in intact platelets. This latter effect appears
to be due to translocation of soluble PDBu binding sites, presumably PKC units.
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PKC§ comprises a family of related enzymes which
take part in cellular functions induced by various
agonists [1]. Three groups of PKC have been
identified: conventional PKCs which are activated
by calcium, phospholipids and DAG, novel PKCs
which are activated independently of calcium, and
atypical PKCs which lack DAG and calcium binding
sites [2, 3]. Stimulation of cells is usually associated
with a redistribution of PKC in which the soluble
form of the enzyme is converted to a particulate
bound form [4-7]. Tumor-promoting agents such as
phorbol esters substitute for DAG and activate PKC
[8,9]. Pharmacological analysis of cellular responses
mediated by phorbol esters show that these agents
bind to specific sites that can be measured using
[*H]PDBu or phorbol myristate acetate [10-13].
Staurosporine, a microbial alkaloid, is a potent
PKC inhibitor [ 14] which interferes with the catalytic
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§ Abbreviations: PDBu, phorbol 12,13-dibutyrate; PKC,
protein kinase C; HBSS, Hanks balanced salt solution;
DAG, diacylglycerol; PS, phosphatidylserine; PMN,
polymorphonuclear leukocytes; Paf, platelet activating
factor; BAPTA/AM,  bis-(Q-aminophenoxy-ethane-
N,N,N',N'-tetracetic acid, tetra (acetoxymethyl)-ester;
B, total binding capacity.

activity of PKC without altering PDBu binding
[14, 15}. Staurosporine both induces tumors {16} and
inhibits phorbol ester-mediated tumor promotion
[17]. We recently reported that treatment of human
PMN with staurosporine enhances the expression of
PDBu binding sites by increasing both binding
affinity and capacity [18]. In platelets, staurosporine
was also found to enhance PDBu binding affinity
with, however, no change in binding capacity [19],
suggesting a different regulation of this latter
parameter. To gain insight into the action of
staurosporine, we reassessed PDBu binding to
human platelets in conditions used for PMN.
Staurosporine increased both PDBu binding affinity
and capacity in these cells at 37°. However,
in contrast to PMN, the enbancing effect of
staurosporine in platelets decreased at low binding
temperatures. Fractionation of platelets indicated
that staurosporine may promote redistribution of
PDBu binding sites.

MATERIALS AND METHODS

Reagents. Staurosporine was obtained from the
Kamiya Biochemical Co. (Thousands QOaks, CA,
U.S.A.). [P]ATP (sp. act. 30-40 Ci/mmol), [*H]-
PDBu (sp. act. 20 Ci/mmol) were obtained from
New England Nuclear (Boston, MA, U.§.A)).
Hionic Fluor was obtained from Packard, BV
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(Breda, The Netherlands). Other reagents were
obtained from the Sigma Chemical Co. (St Louis,
MO, U.S.A)).

Platelet preparation. Platelets were prepared from
citrated human blood as described in [20]. Briefly,
blood was centrifugated at 150 g for 15 min at 20°.
The platelet-rich plasma (10 mL) was treated with
1mL of a citrate solution containing 38 mM citric
acid and 75mM sodium citrate and centrifuged
(150 g, 10 min, 20°). Platelets were washed twice by
centrifugation at 20° (1000g, 10min) with Tris-
citrate buffer (pH 6.4) composed of 63 mM Tris,
95 mM NaCl, 5 mM KCl, 12 mM citric acid. Platelets
were resuspended in the same buffer and counted
with a Coulter counter. All the experiments with
intact platelets were run within 4 hr following cell
preparation.

Isolation of mononuclear and polymorphonuclear
leukocytes. PMN and mononuclear cells were
separated by one-step centrifugation of heparinized
human venous blood over a cushion of a mixture of
Ficoll and Hypaque (Monopoly Resolving Medium
form), as described previously [18, 21]. The purified
mononuclear cells were washed and stored at 4° in
HBSS until use. PMN were subjected to hypotonic
lysis, washed and resuspended in HBSS.

[*H]PDBu binding to intact cells. PDBu binding
to intact cells was performed as described previously
[18]. Briefly, suspensions of 6-12 x 10° platelets or
2.5%x 10°MN or PMN in 500 uL of Tris-citrate
containing 0.1% BSA were preincubated at 37° for
Smin and then treated in the absence (control) or
presence of staurosporine for the indicated times
and concentrations. Cells were then incubated with
2 nM [*H]PDBu for 10 min in the absence or presence
of 2 uM unlabelled PDBu to estimate non-specific
binding. Cells were rapidly diluted with cold 0.5%
DMSO, collected on Whatman GF/C filters, and
counted as described previously [18]. Specific binding
was calculated as the difference between total and
non specific binding. B, and K, were determined at
equilibrium by incubating control and staurosporine-
treated cells with various ["H]PDBu concentrations
for 20 min at 37° or for 90 min at 4°. Binding data
were analysed by using the LIGAND program
developed by Munson and Rodbard [22].

Preparation of soluble and particulate platelet
fractions. Platelet suspensions were incubated in
the absence (control) or presence of 500nM
staurosporine for 15min at 37° and pelleted by
centrifugation (1000 g, 15 min) at 20°. Pellets were
resuspended in 500 uL of lysis buffer containing
20mM Tris-HCI, pH7.5, 0.25M sucrose, 2 mM
PMSF, 0.1% leupeptine, 50 mM 2-mercaptoethanol,
2mM EDTA and 5 mM EGTA. The cells were then
disrupted by sonication at 25 W (four 10-sec bursts)
using a Fisher model 20/200SV TC4C and
centrifuged at 1000 g for 10 min. The supernatant
was spun down at 100,000 g for 60 min in a Beckman
TL100 and the soluble fraction was separated from
the pellets (particulate fraction). The particulate
fraction was resuspended in 250 uL of lysis buffer
containing 0.1% of Triton X-100 and homogenized
by sonication (two 10-sec bursts) at 4°; the protein
content was determined by the Lowry method [23].

PDBu binding to subcellular fractions. The
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incubation mixture (250 uL) containing 25 ug of
particulate fraction or 10ug of soluble fraction,
100 ug PS, 1 mM CaCl,, 20 mM Tris-HCl, pH 7.5
was incubated at 4° with 0.25 to 16 nM [*H]PDBu
in the absence or presence of a 10-fold concentration
of unlabelled PDBu, as described previously [18, 24].
After 90 min of incubation, samples were filtered
through Whatman GF/C paper and washed with
3 x 3mL of ice-cold 0.5% DMSO.

Protein kinase C activity assay. Particulate fractions
were treated with 0.3% Triton then centrifuged at
100,000 g for 30 min at 4°; the supernatant, referred
to as the extractable particulate fraction, was
collected and used to assess the incorporation of 32P
into histone, as described previously [5, 18]. The
pellets were suspended in 250 uL of lysis buffer
containing 0.1% Triton X-100 and homogenized by
sonication. This latter fraction, referred to as the
non-extractable particulate fraction, failed to show
PKC activity. PKC activity was expressed in pmoles
of P incorporated per min per mg protein and was
calculated by subtracting the activity measured in
the absence of calcium, PS and diolein from that
measured in their presence.

Statistical analysis. Results are expressed as
means * SD of at least three experiments performed
in duplicate. Statistically significant differences
between sets of data were determined by using
Student’s paired ¢-test.

RESULTS

Staurosporine effect on [PH|PDBu binding in human
platelets

Treatment of platelets with staurosporine con-
centrations from 25nM to 1uM for 15 min at 37°
and with 2nM [*H]PDBu caused a concentration-
dependent increase in the amount of PDBu bound
to platelets (Fig. 1, upper panel). The maximal
enhancement reached 189 + 14% (P <0.001) of
control values and was obtained with 1uM
staurosporine, a concentration which had no
detectable cytotoxic effect and did not induce cell
aggregation (results not shown). The increase in
PDBu binding was rapid, reaching 77 *9%
(P <0.05) above control values within 3 min and
plateauing after 10 min (Fig. 2, lower panel). Non
specific PDBu binding represented 10-15% of total
binding and was not altered by staurosporine.

To characterize further the PDBu binding
alterations, binding experiments were performed
with [PH]PDBu concentrations from 0.6 to 45 nM at
37°. Scatchard analysis of the data shows the presence
of a single population of PDBu binding in untreated
cells, with an apparent K; of 30.8 = 8.6nM and a
By of 42.9 = 15.4 x 10 sites/platelet (Fig. 2 and
Table 1). Treatment of platelets with 500 nM
staurosporine increased the B, by approximately
85% and increased the PDBu binding affinity 3-fold.
Because the high PDBu concentrations used might
induce platelet activation and influence the effects
of staurosporine, we analysed PDBu binding at 4°
using cells pretreated at 37° with and without
500nM staurosporine. In steady-state equilibrium
conditions, the total amount of [?’HJPDBu bound to
cells not treated with staurosporine did not differ
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Fig. 1. Effect of staurosporine on ["H|PDBu binding to
platelets. Platelets were incubated for a total period of
10 min with 2 nM tritiated PDBu in the absence or presence
of 2 uM unlabelled PDBu, to evaluate non-specific binding.
Cells were treated in the absence (control) or presence of
the indicated drug concentrations for 15 min, including a
10 min-period with PDBu (upper panel) and with 500 aM
of staurosporine for the indicated periods at 37° (lower
panel). Resuits are the means of three independent
experiments and are expressed as % +SD of control values,
i.e. 1839 x369dpm (upper panel) and 1445 * 96dpm
(lower panel).

from that obtained at 37° (Fig. 3), suggesting that
the bound PDBu measured at 37° was mainly present
on the cell surface. Staurosporine still potentiated
this binding, but less that at 37° (Fig. 3). When
platelets were treated with staurosporine at 4°
and PDBu binding was measured at the same
temperature, staurosporine did not alter the binding
parameters (data not shown), suggesting that
enhanced expression of PDBu binding sites (Figs 1
and 2) may be mediated through alterations of
biochemical processes induced by staurosporine.
With mononuclear and PMN, staurosporine also
induced a 3-4-fold enhancement of PDBu binding
affinity and increased binding capacity by approxi-
mately 80% (Table 2).

Staurosporine promotes redistribution of PDBu
binding sites in platelets

Potential mechanisms for this enhanced binding
capacity include a redistribution of PDBu sites
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Fig. 2. Effect of staurosporine on kinetic parameters of
PDBu binding to platelets. Platelets were incubated with
0.6 to 45 nM [’H]PDBu concentrations for 5 min and then
treated in the absence (control) or presence of 500 nM
staurosporine (STAR) for 15 min at 37° (upper panel). A
Scatchard analysis of the PDBu binding is shown in (lower
panel). Results are derived from a single experiment
performed in duplicate. Similar results were obtained in
two other independent experiments.

Table 1. Kinetic parameters of PDBu binding to control
and staurosporine-treated intact platelets

Binding parameters

1073 x Bmax Kd
Staurosporine (sites/cell) {nM)
- 429+154 30.8 £ 8.6
+ 78.8 £ 7.3* 9.4+ 3.4*

Platelets were treated as in Fig. 2. The K, and B, were
calculated from the data of three separate experiments,

* Statistically significant difference between control and
staurosporine-treated platelets (P < 0.05) (N = 3).

binding from the cytosol to the plasma membrane
and/or an unmasking effect on cryptic-membrane
PDBu binding sites. To examine the possibility
that staurosporine induces PDBu binding site
translocation binding assays were performed with
particulate and soluble fractions derived from control
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Fig. 3. Effect of temperature on PDBu binding to control
and staurosporine-treated platelets. Cells were first treated
in the absence (control} or presence of 500 nM staurosporine
{STAR] for 15 min at 37°. Some cells were then incubated
at 4° for 10 min before being treated with 35 nM tritiated
PDBu for 90 min. The other cells were assayed for PDBu
at 37° for 10 min. Each column represent the mean = SD
of the amount of PDBu specifically bound to platelets.

Table 2. Effect of staurosporine on PDBu binding to
polymorphonuclear and mononuclear cells

Binding parameters

10'3 X Bmax Kd
Staurosporine (sites/cell) (oM
PMN - 181 %21 9618
+ 294 + 45~ 3.5x04%
MN - 287 = 57 16.6 +2.2
+ 510 + 54* 4.2 +0.2*

Cells were incubated with 1-45 nM tritiated PDBu for
S min at 37° and then in the absence (control) or presence
of 500nM staurosporine (STAR) for 15min. Results
represent the means = SD of three separate experiments,

* A statistical significance between control and stauro-
sporine-treated platelets.

and staurosporine-treated platelets. Scatchard analy-
sis of the data showed the presence of a single
population of PDBu binding sites in both fractions
from untreated platelets (Fig. 4). However, these
fractions exhibited higher PDBu binding affinity
than in intact platelets. Treatment of cells with
500 nM staurosporine failed to alter PDBu affinity to
either fraction (Table 3). By contrast, staurosporine
increased the binding capacity of the particulate
fraction by 102 = 6% (P < 0.01) and decreased that
of the soluble fraction by 60 = 11% (P < 0.01).

To examine a possible unmasking effect of
staurosporine on cryptic-membrane PDBu binding
sites, the particulate fraction of untreated platelets
{control) was incubated in the absence or presence
of staurosporine concentrations from 50 to 500 nM
and assayed for PDBu binding. As shown in Fig. 3,
staurosporine had no effect on PDBu binding to the
particulate fraction, in agreement with reported
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Fig. 4. Kinetic parameters of PDBu binding to subcellular
fractions from control and staurosporine-treated platelets.
Cells were incubated in the absence or presence of 500 nM
staurosporine (STAR) for 15 min at 37° and pelleted by
centrifugation. They were then fractionated into particulate
and cytosolic fractions. The binding assays were carried
out by incubating 25pug of particulate fraction (upper
panel), or 10 ug of soluble fraction (lower panel), with
0.25-20 nM tritiated PDBu for 90 min at 4°. The results
are derived a single experiment run in duplicate. Similar
results were obtained in two other experiments.

Table 3. Effect of staurosporine on PDBu binding to
subcellular fractions

Binding parameters

1073 X By, K,
Staurosporine  (sites/cell) (nM
Particulate - 10.6 £ 3.9 1.3x04
+ 20.7 = 3.3 1.4+£03
Soluble - 53.7*+5.9 0.6 = 0.06
fraction + 32232 07005

Platelets were incubated in the absence or presence of
500 nM staurosporine for 90 min at 4° and pelleted by
centrifugation. Cells were fractionated as described in Fig.
5. The K, and B, are expressed per cell-equivalent.
Means + SD were from three separate experiments.

* Significant difference between control and stauro-
sporine-treated platelets (P < 0.05) (N = 3).
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Fig. 5. Effect of staurosporine on PDBu binding to the
particulate fraction and on histone phosphorylation.
Particulate fractions were incubated in the absence (control)
or presence of the indicated staurosporine concentrations.
PKC activity was measured in terms of histone phos-
phorylation (B) and "H]PDBu binding (0) and is expressed
as the percentage of control values (326 % 35 pmol/
min/mg protein and 12.787 + 781 dpm/50 ug protein,
respectively.

findings [15]. However, the PKC histone-phos-
phorylating activity of particulate fractions was
strongly inhibited, indicating that staurosporine acts
on membrane PKC. The phosphorylation of histone
in the absence of calcium and PS was also completely
inhibited (result not shown). These results suggest
that the staurosporine-mediated increase in the
expression of PDBu binding sites may not be due to
unmasking of cryptic-membrane PDBu sites,

Effect of BAPTA on PDBu binding to staurosporine-
and Paf-treated platelets

Cytosolic calcium has been shown to prime the
expression of PDBu binding by cells stimulated with
thrombin [19] and Paf [6,25]. To determine a
possible role of cytosolic calcium in the staurosporine-
mediated enhancement of PDBu binding capacity,
cells were treated with a permeant calcium chelator,
BAPTA and assayed for PDBu binding at steady
state in the presence of staurosporine or Paf. The
results in Fig. 6 show that BAPTA did not
significantly alter the rise in PDBu binding mediated
by staurosporine but completely inhibited the Paf-
mediated rise in PDBu binding. BAPTA had no
effect on PDBu binding resting cells. These data
suggest that intracellular calcium does not play an
important part in the mechanism of PDBu binding
site redistribution by staurosporine.

DISCUSSION

Our results show that staurosporine enhances the
specific binding of PDBu to platelets, which is
assumed to bind to PKC [10-13]. This phenomenon,
also observed with PMN [18} and mononuclear cells
(Table 1), comprises a rise in both K, and B,
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Fig. 6. Effect of BAPTA on PDBu binding to staurosporine-
and Paf-treated platelets. Cells were first treated in the
absence {control) or presence of 30 uM BAPTA/AM for
30 min at 37°, then washed and treated at 37° for 10 min
with 35 nM tritiated PDBu in the absence of presence of
35 uM cold PDBu. Before the end of this latter treatment,
cells were incubated in the absence or presence of either
500 nM staurosporine for 10 min or 1 uM Paf for one min.
Results represent the net increase in PDBu binding induced
by staurosporine and Paf, and are expressed as % of the
values for resting cells [respectively, 20.004 = 2.785 (con-
trol) and 19.806 * 2.854 (BAPTA) dpm per 12 x 10° cells].

values (Fig. 2, Table 1). The order of increase in
PDBu binding expression at 37° was similar with
platelets, PMN and MN, i.e. approximately 80% in
B and a 3-fold enhancement of K, (Table 2),
although differences in the two parameters were
observed according to the cell type. Unlike PMN
[18], platelets showed a markedly smaller increase
in B, at 4° than at 37° (Fig. 3). This may explain
why binding experiments performed at 0° failed to
show changes in the PDBu binding capacity of
staurosporine-treated platelets, although modi-
fications in binding affinity were preserved [19]. A
possible interpretation of these temperature effects
is that the rise in binding capacity of platelets at 37°
may result from a combined effect of staurosporine
and PDBu; Phorbol esters have been reported to
stimulate both platelet activation and aggregation
[25]. In our conditions of PDBu binding measurement
(absence of divalent cations), staurosporine and
PDBu failed to induce platelet aggregation (results
not shown). It is therefore likely that the increased
expression of PDBu binding resulted from a
synergistic effect of both agents but not to platelet
aggregation.

Therisein PDBu binding capacity of staurosporine-
treated platelets was associated with a 2-fold
increase in B, of the particulate fraction and a
decrease in binding capacity of the cytosol (Table
3). Although a loss of soluble binding sites was
observed in staurosporine-treated cells, likely due
to proteolysis, these data suggest that staurosporine
induces association of PDBu binding sites to the
particulate fraction. A translocation of PKC by other
agents that are not structurally related to phorbol
esters has been described, particularly in rat kidney
cells treated with okadaic acid or calyculin A [26],
both of which are protein phosphatase inhibitors.
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Thapsigargin, a calcium ATPase inhibitor {27] that
does not appear to inhibit PKC [28], also induces
redistribution of PKC ¢ and & GH4Cl cells [29],
whereas okadaic acid failed to alter the distribution
of these isoforms. These results suggest that
alterations of PDBu binding expression induced by
staurosporine may occur through indirect rather than
direct interaction of staurosporine with PKC.
Moreover, the observation that PKC redistribution
occurs with high concentrations of staurosporine
which blocks PKC activation raises the possibility
that phosphorylation may not be required for enzyme
redistribution. Further support for this assumption
is that, in cell-free systems in the absence of ATP,
staurosporine promotes association of PDBu binding
sites to the cell membrane [30, 18]. Alternatively,
the mechanism whereby staurosporine induces PKC
translocation may occur through inhibition of PKC
dissociation from the particulate fraction or to
proteolysis-induced PKC down-regulation. Further
studies are required to clarify these points.

PKC association to the cell membrane has been
shown to be regulated by calcium in a different
manner. In platelets, for example, thrombin induces
a translocation of PKC which is either sustained or
transient depending on the presence or absence of
external calcium [7]. The calcium mobilizing agonist
fMLP induces transient PKC translocation through
both cytosolic calcium-independent and calcium-
dependent mechanisms [6]. Phorbol esters stimulate
sustained and tight PKC binding to cell membranes,
which becomes resistant to extraction in calcium
chelator-containing buffers {5, 25, 31}. The increase
in PBDu binding induced by staurosporine was
persistent (Fig. 1). Furthermore, with cells depleted
of calcium with BAPTA (Fig. 6) or with Fura 2 in
the presence of EGTA [18], staurosporine markedly
enhanced PDBu binding capacity. This suggests that
calcium may not play an important role in the
staurosporine-mediated rise in PDBu binding
capacity of platelet, unlike the rise in PDBu affinity
[18,19].

The use of antibodies against PKC isoforms has
shown that human platelets contain predominantly
PKC «, g1, S and § with minor immunoreactivity
for PKC ¢, { and 5 [7, 32, 33]. Thrombin and PMA
induce translocation of all these isoforms [7] whereas
oleic acid induces a selective translocation of PKC
a, BII and &, with little effect on SI [33]. It is not
known which PKC isoform is redistributed in
staurosporine-treated platelets. In GH4CI cells, in
which PKC «, B, v, 8 and ¢ have been identified
[34], staurosporine only induced translocation of
PKC ¢ and, to a lesser extent, PKC &, indicating
that redistribution of PKC & and ¢ may be regulated
by a process that does not influence other isoforms
[29]. A translocation of PKC ¢ by staurosporine also
occurs in SH-SY5Y neuroblastoma cells [35]. PKC
€ does not associate with the particulate fraction in
the presence of an excess of calcium in vitro [36] or
in vivo [37]. It has therefore been suggested that
calcium mobilization may be involved indirectly in
PKC ¢ redistribution [29]. We have recently found
that staurosporine, by itself, induces stimulation of
phospholipase D in human PMN [38]. A similar
effect observed with rabbit peritoneal PMN appears
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to follow the activation of a pertussis toxin-sensitive
G protein, likely of the G; type [39]. Activation of
these proteins induces stimulation of various
phospholipases, suggesting a potential role of lipid
second messengers in the mechanism of PKC
redistribution. It remains to be determined whether
the early transduction events contribute to the
numerous activating and priming effects of stau-
rosporine, including activation of protein kinases in
platelets [40], exocytosis [41], priming of the
respiratory burst of PMN [42-45] and production of
interleukin 2 and 4 [46], changes in cell morphology
and differentiation [47], induction of neuropeptides
[48] and interleukin 8 gene expression [49].

In conclusion, staurosporine enhances the
expression of PDBu binding site in human platelets
by increasing both PDBu binding affinity and
capacity. The rise in this latter parameter appears
to be due to a redistribution of PDBu binding sites
between the cytosol and the particulate fraction.
These effects occurred with staurosporine con-
centrations which inhibit PKC activation, suggesting
they may be mediated by indirect rather than direct
interaction of staurosporine with PKC. Staurosporine
may thus be of use in clarifying the mechanism of
PDBu binding site redistribution.
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