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ABSTRACT

Phorbol-12,13-dibutyrate (PDBU), a tumor-promoting and protein
kinase C-activating phorbol ester, inhibited formylmethionylleucyl-
phenylalanine-induced generation of inositol mono-, bis-, and tris-phos
phates from the hydrolysis of phosphoinositides in human leukemia (HL-
60) cells, which had been differentiated to polymorphonuclear leukocyte-
like cells by pretreatment with dibutyryl cyclic adenosine 3':5'-mono-

phosphate. PDBU did not alter the binding of formylmethionylleucyl-
phenylalanine to the cells. Other protein kinase C-activating substances
such as 12-0-tetradecanoylphorbol-13-acetate and l-oleoyl-2-acetyl-
glycerol could substitute for PDBU, but 4a-phorbol-12,13-didecanoate,

which is inactive for both tumor promotion and protein kinase C activa
tion, was ineffective in this capacity. Prolonged treatment of the cells
with PDBU resulted in the down-regulation and decrease of protein
kinase C activity to the level of 30-40% of that in the control cells. In
the down-regulated cells, formylmethionylleucylphenylalanine still in
duced generation of the phosphorylated inositols to the same extent as
that in the control cells, but the inhibition of this reaction by PDBU was
reduced to 30-50% as compared with that in the control cells. These
results strongly suggest that tumor-promoting phorbol esters inhibit the
agonist-induced phosphoinositide hydrolysis through the activation of
protein kinase C in the differentiated HL-60 cells.

INTRODUCTION

It is well established that phosphoinositide turnover plays a
role of crucial importance in transmembrane signaling of a wide
variety of extracellular signals including growth factors, hor
mones, neurotransmitters, and other biologically active sub
stances (for reviews, see Refs. 1 and 2). Phosphoinositides are
composed of three species of phospholipids; PI,3 PIP, and PIP2.

Upon stimulation of cells by a certain extracellular signal, PIP2
is most rapidly hydrolyzed by the action of phospholipase C,
resulting in the generation of diacylglycerol and IP3. Diacyl-
glycerol then serves as a messenger for the activation of protein
kinase C (for reviews, see Refs. 3 and 4), whereas IP3 serves as
a trigger for the intracellular translocation of Ca2+ (2). Evidence
has been accumulated that both protein kinase C and Ca2+ are

involved in the regulation of various cell functions elicited by
extracellular signals (2-4). Another line of evidence indicates
that protein kinase C itself is the receptor for tumor-promoting
phorbol esters such as TPA and PDBU and that the diverse
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effects of the phorbol esters are mediated through the activation
of this enzyme (5-7).

In polymorphonuclear leukocytes, fMLP, a chemotactic pep-
tide, elicits rapidly multiple cellular responses including che-
motaxis, secretion of lysosomal enzymes, and generation of
bactericidal Superoxide (8-10). Evidence is available that pro
tein kinase C and Ca2+ may be involved in the regulation of

these cellular activities (11, 12). However, it has recently been
demonstrated that TPA inhibits Ca2+ mobilization and enzyme

secretion which are induced by the chemotactic peptide in
polymorphonuclear leukocytes (13). This result has raised the
possibility that TPA may inhibit the agonist-induced phos
phoinositide hydrolysis. It has been demonstrated that phorbol
esters inhibit acetylcholine-induced phosphoinositide hydroly
sis in astrocytoma cells (14), this thrombin-induced reaction in
human platelets (15,16), this carbachol-induced reaction in PC
12 cells (17), and this carbachol-induced reaction in rat hippo-
campal slices (18). Therefore, we examined whether the phorbol
esters may inhibit fMLP-induced phosphoinositide hydrolysis
in polymorphonuclear leukocyte cells. For this purpose, we
used human leukemia (HL-60) cells after the cells were differ
entiated to polymorphonuclear leukocyte-like cells by treatment
with dbcAMP, since the differentiated cells become responsive
to the chemotactic peptide to induce phosphoinositide hydrol
ysis (19) and are easily prepared and handled. This paper
describes that PDBU and other phorbol esters inhibit fMLP-
induced phosphoinositide hydrolysis through the activation of
protein kinase C in the differentiated HL-60 cells.

MATERIALS AND METHODS

Materials and Chemicals. fMLP, HEPES, and BSA (fraction V) were
purchased from Sigma. dbcAMP was obtained from Yamasa Chemi
cals. |-'H|Inositol (specific activity, 14.2 Ci/mmol), [3H]PDBU (specific
activity, 10.5 Ci/mmol), [3H]fMLP (specific activity, 51 Ci/mmol), and
[-y-32P]ATP(specific activity, 3000 Ci/mmol) were obtained from Amer-

sham. All media and fetal calf serum were from GIBCO. Ultroser G
was purchased from Reactifs IBF. TPA and PDBU were purchased
from C.C.R., Inc. 4a-PhorboI-12,13-didecanoate was obtained from P.
Barchert, Eden Prairie, MN. OAG was synthesized as described previ
ously (20). Calf thymus H1 histone was prepared as described previously
(21). Other materials and chemicals were obtained from commercial
sources.

Cell Culture. HL-60 cells were a generous gift from Dr. S. Murao
(Kobe University School of Medicine), who originally obtained the cells
from Dr. R. C. Gallo (NIH, Bethesda, MD), (22) and were routinely
passaged as described (23). For differentiation of the cells by dbcAMP
to polymorphonuclear leukocyte-like cells, the cells were seeded at a
concentration of 7.5 x 10' cells/ml in Hani's F-10 medium containing

2% Ultroser G, 10 mM HEPES (pH 7.4), and 500 pM dbcAMP. After
a 36-h incubation at 37Â°Cin an atmosphere of 95% air:5% COj, the

cells were collected by low speed centrifugation and resuspended in
Ham's F-10 medium containing 0.025% BSA without dbcAMP as

described (19). This procedure was repeated twice. The suspended cells
were again collected by low speed centrifugation and resuspended at a
concentration indicated in each experiment in the indicated medium.
More than 95% of the differentiated cells prepared in this way were
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viable as judged by a trypan blue exclusion test. Before differentiation,
the cells did not bind [3H]fMLP but the differentiated cells showed
[3H]fMLP-binding activity and responded to this agonist to induce

phosphoinositide hydrolysis as described previously (19).
Measurement of |3H]Phosphorylated Inositols. For measurement of

the generation of phosphorylated inositols, the cells prebbeled with
| 'I I |mosiiol were used. This labeling was performed during the differ
entiation of the cells with dbcAMP. The cells were labeled with [3H]-

inositol (4 ti< ÃŽ/mlIunder the differentiation conditions described above
except that inositol-free Ham's F-10 medium was used. The cells labeled
with [3H]inositol were collected by low speed centrifugation and resus-
pended in Ham's F-10 medium containing 0.025% BSA. The suspended

cells were washed by the same medium twice and finally suspended at
a concentration of 5 x 106cells/ml in 5 mMHEPES (pH 7.4) containing

150 IHM NaCl, 5 mM KCL, 5.5 mM glucose, 0.8 mM MgSO4, 1 mM
CaCl2, and 0.1% BSA. Under these conditions, 4 /Â¿Ciof [3H]inositol
were taken up by 1 x IO7 cells, and about 305, 8, and 9 nCi of [3H)-
inositol were incorporated into PI, PIP, and PIP2, respectively. [3H]-
Inositol-Iabeled HI.-60 cells (2 x 10" cells) were pretreated for 10 min
at 37'C with or without the indicated concentrations of PDBU in the

presence of 10 mM lithium chloride in a volume of 0.5 ml. The cells
were then stimulated by fMLP for 1 min at 37Â°C.The reaction was

stopped by the addition of 1.88 ml of chloroform:methanol:HCl
(100:200:2), and 0.62 ml of chloroform and 0.62 ml of water were
added to separate the phases. The tubes were mixed and then centri-
fuged for 5 min at 1200 x g. The phosphorylated inositols were
separated as described by Berridge (24). A 1.5 nil aliquot of the upper
aqueous phase was mixed with 2.5 ml of water and subjected to a
column containing 1 ml of Dowex AG l-XS-formate. The column was
washed with 8 ml of water and then with 20 ml of 60 mM ammonium
formate/5 mM disodium tetraborate. [3H]Inositol and [3H]glycerophos-

phorylinositol were eluted with water and 60 mM ammonium formate/
5 mM disodium tetraborate, respectively. These fractions were dis
carded. After this washing, [3H]IP, was eluted with 8 ml of 200 mM

ammonium formate/100 mM formic acid. The column was washed with
8 ml of the same buffer and [3H]IP2 was eluted with 8 ml of 400 mM

ammonium formate/100 mM formic acid. The column was washed with
8 ml of the same buffer and |'II|ll', was eluted with 4 ml of l M

ammonium formate/100 mM formic acid. Fractions of 2 ml each were
collected. The radioactivity of each fraction containing IPi, IP2, and
11'i was determined.

|3H]fMLP-binding Assay. A [3H]fMLP-binding assay was performed

by the procedure described by Okajima and Ui (25) with slight modifi
cations. The differentiated HL-60 cells were suspended at a concentra
tion of 5 x IO7 cells/ml in 10 mM HEPES (pH 7.4) containing 134

mM NaCl, 4.7 mM KC1, 1.2 mM KH2PO4, 1.2 mM MgSO4, 2.5 HIM
CaCl2, 5 HIMNaHCO3, 5 HIMglucose, and 0.1% BSA. The cells (2 x
10" cells) were pretreated with or without 200 nM PDBU in 0.1 ml of
the same buffer for 10 min at 37'C and then incubated with the
indicated concentrations of [3H]fMLP for 30 min at 37*C. The incu

bation was terminated by pouring the same cold buffer which contained
no CaCl2 and 2 mM HEPES instead of 10 mM HEPES. It was followed
by immediate filtration through a Whatman GF/B glass microfiber
filter and rapidly washed three times with this cold buffer. Filters were
placed in liquid scintillation vials containing 5 ml of scintillator and
their radioactivities were measured. Nonspecific binding was deter
mined by incubating cells with [3H]fMLP in the presence of 50 MM

unlabeled fMLP. Nonspecific counts represented less than 25% of the
total counts.

Down-Regulation of Protein Kinase C. After the cells were differen
tiated by treatment with dbcAMP under the conditions described above,
the cells were further incubated for 24 h at 37'C with 400 nM PDBU
in Ham's F-10 medium containing 2% Ultroser G, 10 mM HEPES (pH

7.4), and 500 MMdbcAMP. By this treatment, protein kinase C was
down-regulated as shown in the text.

Preparation of Triton X-100 Extract from the Down-regulated Cells
and Its Gel Filtration Analysis. The down-regulated cells were collected
by low speed centrifugation and resuspended in Ham's F-10 medium

containing 0.025% BSA. This procedure was repeated twice. The cellswere finally resuspended at a concentration of 5 x 10" cells/ml in 20

mM Tris-HCl (pH 7.5) containing 10 mM 2-mercaptoethanol, 2 mM
EDTA, 5 mM EGTA, 2 mM phenylmethylsulfonyl fluoride, 0.25 M
sucrose, and 0.1% Triton X-100 and sonicated for 10 s at 4*C twice

with a Kontos Model K881440 son Â¡fier.The sonicate was centrifuged
for 60 min at 100,000 x g at 4Â°C.The supernatant was used as a Triton

X-100 extract.
The extract (0.7 ml, 1.8 mg of protein) was subjected to a Toyo Soda

INK G3000SW column, which was attached to a high performance
liquid Chromatograph (Toyo Soda Model CCPM). The column was
equilibrated with 20 mM Tris-HCl (pH 7.5) containing 0.5 mM EGTA,
0.5 mM EDTA, 0.1 M NaCl, and 6 mM 2-mercaptoethanol. The elution
was performed with the same buffer solution under a pressure of 20
kg/cm2. The flow rate was 0.7 ml/min, and 0.7-ml fractions each were
collected. The column chromatography was carried out at 4Â°C.An

aliquot of each fraction was assayed for protein kinase C activity as
described below.

Assay for Protein Kinase C. Protein Kinase C was assayed by mea
suring the incorporation of 32P into H l histone from [-y-32P]ATP as

described previously (21). The reaction mixture (0.25 ml) contained 20
mM Tris-HCl (pH 7.5), 5 mM magnesium acetate, 10 MM[-y-32P]ATP
(40,000 cpm/nmol), 0.4 mM CaCl2, HI (0.2 mg/ml), histone, phospho-
lipid (40 Mg/ml), 10 nM TPA, and an enzyme preparation. Incubation
was carried out for 12 min at 30'C. The reaction was stopped by the

addition of 25% trichloroacetic acid, and the acid-precipitable materials
were collected on a Toyo Roshi membrane filter (pore size, 0.45 MHI)
as described (21).

Assay for (3H]PDBU Binding to the Down-regulated Cells. The down-

regulated cells were collected by low speed centrifugation and resus
pended in 30 ml of RPMI 1640 containing 0.1% BSA. This procedure
was repeated twice. By this extensive washing, cold PDBU was removed
from the cells. The cells were suspended at a concentration of 1.5 x
IO7cells/ml in RPMI 1640 containing 0.1% BSA. The cells (3 x IO6
cells) were then incubated with the indicated concentrations of ['111

PDBU in a final volume of 0.3 ml of the same medium. The incubation
was carried out for 20 min at 37Â°Cand the reaction was terminated by

pouring cold RPMI 1640 containing 0.1% BSA over a Whatman GF/
B glass microfiber filter and rapidly washing three times with the same
medium. Filters were placed in liquid scintillation vials containing 5
ml of scintillator, and their radioactivities were measured. Nonspecific
binding was determined by incubating the cells with [3H]PDBU in the

presence of 50 MMunlabeled PDBU. Nonspecific counts represented
less than 25% of the total counts.

Determinations. The radioactivity of 'II and 32P samples was deter

mined with Packard Tri-Carb Model 3320 liquid scintillation spectrom
eter. Protein was determined by the method of Lowry et al. (26).

RESULTS

Incubation of the differentiated HL-60 cells with 0.1 MM
fMLP caused a marked generation of IPi, II'-. and IP, as shown

in Fig. 1. The concentrations of fMLP necessary for these
reactions were nearly the same and the maximum activities
were obtained with 1 nM fMLP. Fig. 2 shows the time courses
for these reactions. The generation of IPa was observed rapidly,
reached to the maximum level within 30 s, and declined. II';

was also produced rapidly, accumulated to the maximum level
within 1 min, and then gradually decreased. In contrast, IP,
was most slowly produced.

Pretreatment of the differentiated HL-60 cells with PDBU
for 10 min resulted in the marked reduction of fMLP-induced
generation of IP,. IP,, and IP, as shown in Fig. 2. This inhibi
tion by PDBU was dose dependent and the doses of PDBU
necessary for the inhibition of fMLP-induced generation of the
three phosphorylated inositols were nearly identical as shown
in Fig. 3. Treatment of the cells with 200 nM PDBU for 10 min
increased the pool sizes of PIP and PIP2 from 8 and 9 nCi/1 x
IO7cells to 12 and 11 nCi/1 x IO7cells, respectively. The pool

size of PI was not altered by this treatment. These results were
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fMLP ((JM)

Fig. 1. Dose-response curves for fMLP-induced generation of phosphorylated
inositols. The differentiated cells prelabeled with [3H]inositol were stimulated by
the indicated concentrations of fMLP for 1 min at 37'C. The generation of
phosphorylated inositols was analyzed as described under "Materials and Meth
ods." â€¢.IP, generation; â€¢,II'. generation; A, II', generation. All experimental

values are the means of four independent experiments.
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Fig. 2. Time courses of fMLP-induced generation of phosphorylated inositols
and their inhibition by PDBU. The differentiated cells prelabeled with [3H]inositoI
were stimulated by I MMfMLP for various periods of time indicated at 37'C. The
generation of phosphorylated inositols was analyzed as described under "Mate
rials and Methods." The radioactivities of IP,. IP... and II1, generated after

stimulation by fMLP for 15 min, 1 min, and 30 s were 13,170 Â±212 (SE), 3,400
Â±102, and 590 Â±46 cpm, respectively. Each point of II',. IJ':, and 11', generation

is expressed as a percentage of these respective values. The background values for
IP,, IP2, and IP3 were 1,750 Â±62, 90 Â±12, and 10 Â±1 cpm, respectively, and
were obtained from the cells which were not stimulated by fMLP. From all
experimental values, the respective background values were subtracted. All exper
imental values are the means of four independent experiments, â€¢.IP, generation;
â€¢,IP; generation; A, IP) generation.

In another set of experiments, the differentiated cells prelabeled with [3HJ
inositol were pretreated with 200 nM PDBU for 10 min at 37Â°Cand then

stimulated by l Â»AIfMLP under the same conditions described above. Each point
is expressed as described above. D, IP, generation; O, IP2 generation; A, IP3
generation.

consistent with the earlier observation made in platelets (15)
that the phorbol ester stimulates the phosphorylation of PI and
PIP to produce PIP and PIP2, respectively. However, the inhi
bition by PDBU of fMLP-induced generation of IPi, IP2, and
IP3 was not simply due to the change of the pool sizes of PIP
and PIP2, since treatment of the cells with PDBU increased the
pool sizes of PIP and PIP2 50 and 22%, respectively, of the
control levels and did not change that of PI but inhibited fMLP-
induced generation of IPi, IP2, and IP3 more than 50% of the
control levels. The inhibitory action of PDBU was observed
also with other protein kinase C-activating substances. Table 1
shows that TPA and OAG were also effective for inhibiting
fMLP-induced generation of the three phosphorylated inosi
tols. However, 4Â«-phorbol-12,13-didecanoate, which was
shown not to activate protein kinase C (5), was ineffective in

Fig. 3. Dose-dependent inhibition by PDBU of fMLP-induced generation of
phosphorylated inositols. The generation of phosphorylated inositols was assayed
as described in the legend to Fig. 2 except that the cells were pretreated with the
indicated concentrations of PDBU for 10 min at 37*C and then stimulated by 1
MMfMLP for 1 min at 37'C. The radioactivities of IP,, IP2, and IP3, which were

obtained in the absence of PDBU pretreatment, were 2950 Â±86, 3400 Â±102,
and 520 Â±38 cpm, respectively. Each point of IP,, IP2, and IP3 generation is
expressed as a percentage of these respective values. The background values for
IP,, IP2, and IP3 were 1750 Â±62, 90 Â±12, and 10 Â±I cpm, respectively, and
were obtained from the cells which were not stimulated by fMLP. From all
experimental values, the respective background values were subtracted. All exper
imental values are the mean of four independent experiments. â€¢.IP, generation;
â€¢,II'.. generation; A, IP, generation.

Table 1 Effect of various phorbol derivatives and OAG on fMLP-induced
generation of phosphorylated inositols

The differentiated cells prelabeled with [3H]inositol were pretreated with 200
n\i concentrations each of phorbol derivatives or OAG (200 up 'ml) for 10 min
at 37'C and then stimulated by 1 Â¡MfMLP for 1 or 15 min at 37'C. The
generation of phosphorylated inositols was analyzed as described under "Mate
rials and Methods." Each value is the mean of four independent experiments.

The values indicate the increments in the generation of phosphorylated inositols
by fMLP.

cpm

TreatmentNone

PDBu
TPA
4a-Phorbol-12,l3-

didecanoate
OAGIP,"11,420Â±205C

5,680 Â±174
5,230 Â±158

12,290Â±2366,010

Â±122IPz"1,620

Â±59
160Â±19
150Â±24

1,510Â±68110Â±

11IP,'510

Â±43
240 Â±28
190 Â±24
490Â±51210

Â±16
" Incubation time with fMLP was 15 min.
b Incubation time with fMLP was 1 min.
' Mean Â±SE.

this capacity. Under these conditions, PDBU did not alter the
fMLP binding to the cells as shown in Fig. 4.

In another set of experiments, the differentiated cells were
treated with either 400 HMPDBU in RPMI1640 or the medium
alone as a control for 24 h. After this treatment, the Triton X-
100 extract of the cells was prepared and subjected to gel
nitration on a Toyo Soda TSK G3000SW column under the
conditions described in "Materials and Methods." When each

fraction of the control cells was assayed for protein kinase C
activity in the presence of Ca2+, TPA, and phospholipid, a

single peak appeared as shown in Fig. 5/4. The enzymatic
activity of this peak was dependent on the presence of these
three activators. The molecular weight of this peak was esti
mated to be about 77,000, which is the same as that of well
characterized rat brain protein kinase C (27). However, when
each fraction of the cells treated with PDBU was assayed for
protein kinase C, a small single peak appeared at the same
position as that of the control cells, but the enzymatic activity
of this peak was reduced to the level of about 30% of that of
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100 200

fMLP (nM)

Fig. 4. Effect on I'DHI on |'II|IMI.1' binding to the differentiated III 60

cells. The differentiated cells, which were pretreated with or without 200 nM
l'I )HI for 10 min at 37*C, were incubated with the indicated concentrations of
[3H]fMLP for 30 min at 25"C. A (3HlfMLP-binding assay was carried out as
described under "Materials and Methods." â€¢.total binding without PDBU

pretreatment; D, total binding with PDBU pretreatment; â€¢,specific binding
without PDBU pretreatment; O, specific binding with PDBU pretreatment; A,
nonspecific binding without PDBU pretreatment; A, nonspecific binding with
PDBU pretreatment. All experimental values are the mean of three independent
experiments.

FRACTIONNUMBER FRACTIONNUMBER

Fig. 5. Down-regulation of protein kinase C by prolonged treatment with
PDBU. After the differentiated cells were treated with or without 400 nM PDBU
for 24 h at 37*C, the Triton X-100 extract of the cells was prepared and subjected

to a Toyo Soda TSR G3000SW column under the conditions described under
"Materials and Methods." Each fraction was assayed for protein kinase C activity
as described under "Materials and Methods." A, control cells; /(, down-regulated
cells. O, in the presence of Ã‡a2*,TPA, and phospholipid; â€¢,in the presence of

EGTA. The data shown are typical of three independent experiments.

the control cells as shown in Fig. 5Ã„.This result clearly indi
cates that protein kinase C was markedly down-regulated and
reduced by prolonged treatment of the cells with PDBU. This
phenomenon was confirmed by using another assay method for
protein kinase C. Fig. 6 shows that [3H]PDBU bound to the
control cells in a dose-dependent manner and this binding was
reduced by prolonged treatment of the cells with PDBU. The
binding affinity of PDBU shown in Fig. 6 was 3- to 4-fold lower
than that described previously by Solanki et al. (28), but the
exact reason for this difference is not clear. The decrease of the
radioactive PDBU-binding to the down-regulated cells was not
simply due to the presence of nonradioactive PDBU which
might remain in the cells after washing, since PDBU was almost
completely removed by washing as estimated by using the
radioactive compounds. In these cells, in which the enzymatic
and [3H]PDBU-binding activities of protein kinase C were

C 3

100 200

PDBu (1*1)

100 200

PDBu(nM)

Fig. 6. [3HJPDBU-binding activity of the down-regulated cells. After the
differentiated cells were treated with or without 400 DMPDBU for 24 h at 37'C,
a [3H]PDBU-binding assay was carried out as described under "Materials and
Methods." A, control cells; H, down-regulated cells. â€¢total binding; â€¢.specific

binding; A, nonspecific binding. All experimental values are the means of three
different experiments.

200

PDBu (nM)

100 0 200

PDBu (nM)

1400 0 200

PDBu (nM)

MOO

Fig. 7. Effect of down-regulation of protein kinase C on fMLP-induced
generation of phosphorylated inositols. After the differentiated cells were treated
with or without 400 nMPDBU for 24 h at 37'C, the generation of phosphorylated

inositols was assayed as described in the legend to Fig. 3. In the control cells, the
radioactivities of IP], 11"2.and IP,, which were obtained in the absence of PDBU
pretreatment for 10 min, were 2430 Â±224, 1850 Â±205, and 440 Â±56 cpm,
respectively. Eachpoint of IP,, IP2,and IP] generation is expressed as a percentage
of these respective values. The background values for IP,, IP2, and IP, were 1030
Â±115, 110 Â±8, and 20 Â±3 cpm, respectively, and were obtained from the cells
which were not stimulated by fMLP. From all experimental values, the respective
background values were subtracted. In the down-regulated cells, the radioactivities
of ll'i. IP;, and IP], which were obtained in the absence of PDBU pretreatment
for 10 min, were 2200 Â±252, 1,570 Â±186, and 510 Â±62 cpm, respectively. Each
point of IP,, IP> and IP, generation is expressed as a percentage of these respective
values. The background values for IP,, IP,, and IP, were 970 Â±108, 80 Â±24,
and 20 Â±4 cpm, respectively, and were obtained from the cells which were not
stimulated by fMLP. From all experimental values, the respective background
values were subtracted. All experimental values are the means of four independent
experiments. A, IP, generation; H. IP. generation; C, IP] generation. â€¢,control
cells; D. down-regulated cells.

markedly decreased, the inhibitory effect of PDBU on the
fMLP-induced generation of IP!, IP2, and IP3 was also reduced
to the same extent as that of protein kinase C as shown in Fig.
7.

DISCUSSION

The present paper shows that PDBU and other protein kinase
C-activating substances inhibit fMLP-induced generation of
IPi, IP2, and IPj in the differentiated HL-60 cells. 4o-Phorbol-
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12,13-didecanoate, which is inactive for protein kinase C, is
inactive in this capacity. These results are in good agreement
with the earlier observations that the phorbol esters inhibit
acetylcholine-induced generation of IPi, IP2, and IP3 in astro-
cytoma cells (14), 11m>mbin-induced generation of these phos-
phorylated inositols in human platelets (IS, 16), carbachol-

induced generation of these phosphorylated inositols and rise
of cytosolic Ca2+ in PC 12 cells (17), and carbachol-induced

generation of IPi in rat hippocampal slices (18). Moreover,
evidence is presented in this paper that the decrease of protein
kinase C activity down-regulated by treatment of the cells with
PDBU roughly parallels with the reduction of inhibition by
PDBU of fMLP-induced generation of IPi, IP2, and IP3. These
results strongly suggest that protein kinase C is involved in the
inhibitory effect of the phorbol esters on fMLP-induced gen

eration of the phosphorylated inositols.
It has been described that IP3 is generated from the hydrolysis

of PIP2 by the action of phospholipase C (2). IP2 is produced
either from the hydrolysis of PIP by the action of phospholipase
C or from the dephosphorylation of IP3 by its phosphatase (29).
IPi is produced from the hydrolysis of PI or the dephosphoryl
ation of IP2 (29). Berridge has proposed that the primary event
of receptor stimulation is probably the hydrolysis of PIP2 and
that PIP2 is formed by a two-stage phosphorylation of PI, which

is first phosphorylated at position 4 of its inositol head group
by a specific kinase to form PIP; this is in turn further phos
phorylated at position 5 to give PIP2 (2). In his proposal, IP3
is produced from the hydrolysis of PIP2, but IP2 and IPi are
produced from the dephosphorylation of IP3 and not from PIP
and PI. However, Wilson et al. (30) have demonstrated in
platlets that PIP2 is most rapidly hydrolyzed and subsequently
PIP and PI are hydrolyzed by the action of the same phospho
lipase C, resulting in the production of IP3, IP2, and IP],
respectively. It is not known which of the above mechanisms
operates upon stimulation by fMLP in the differentiated HL-

60 cells. However, our results indicate that PDBU and other
protein kinase C-activating substances inhibit fMLP-induced
hydrolysis of PIP2 and possibly of PIP and PI in HL-60 cells.

Recently, it has been demonstrated that fMLP-induced hy

drolysis of phosphoinositide is inhibited by pertussis toxin in
the differentiated HL-60 cells (19). Moreover, it has been shown

that the generation of IP3 and IP2 is stimulated by GTP and its
stable analogues such as guanyl-S'-yl imidodiphosphate and
guanosine-5'-(3-O-thio)trisphosphate (31, 32). Based on these

observations, it has been suggested that GÂ¡(NÂ¡)protein, which
originally has been shown to be an inhibitory transducer for the
adenylate cyclase system (for a review, see Ref. 33), may also
be involved in the transduction from the receptor to phospho
lipase C-catalyzing phosphoinositide hydrolysis (19, 34-36).
Another line of evidence indicates that protein kinase C phos-
phorylates the a, subunit of GÂ¡protein in a cell-free system (37)
and that TPA interferes with thrombin-induced inhibition of
the platelet adenylate cyclase (38). It has been been examined
whether the phorbol esters may stimulate the phosphorylation
of this protein also in the differentiated HL-60 cells, and the
mode of action of the phorbol esters in the inhibition of fMLP-

induced hydrolysis of phosphoinositide has not yet been clari
fied. However, it is most likely that the phorbol esters may
disturb the coupling between the receptor and phospholipase C
through the activation of protein kinase C and thereby inhibit
this reaction, since the phorbol esters do not affect the binding
of fMLP to the receptor.
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