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ABSTRACT

The chemotactic peptide formylmethionylleucylphenylalanine rapidly
elevated the intracellular calcium concentration, in a concentration-de
pendent manner, of human leukemic (HL-60) cells which had been
differentiated to polymorphonuclear leukocyte-like cells by pretreatment

with dimethyl sulfoxide (1.3%). Preincubation of the cells with phorbol
12-my rÂ¡stale 13-acetate, a protein kinase ("-activating phorbol ester,

inhibited the formylmethionylleucylphenylalanine-induced rise in intra
cellular calcium in a time- and concentration-dependent manner. 4a-
Phorbol 12,13-didecanoate, which does not activate protein kinase C,
was inactive in this capacity. The use of calcium-free medium suggested
that the elevation of intracellular calcium by formylmethionylleucylphen-

ylalanine consisted of rapid intracellular release followed by calcium
influx. Phorbol 12-myristate 13-acetate (HP7 M) inhibited both compo
nents of the elevation of intracellular calcium, whereas III " M phorbol

12-myristate 13-acetate inhibited only the calcium influx. The influx of
calcium was not prevented by verapamiL, which blocks the voltage-

dependent calcium channels. These data suggest that, in differentiated
HL-60 cells, 12-0-tetradecanoylphorbol- 13-acetate rapidly inhibits both
the intracellular release of calcium and calcium influx through non-
voltage-dependent calcium channels in response to fonnylmethionylleu-

cylphenylalanine.

INTRODUCTION

Recently, it has been proposed that certain hormones, neu-
retransmitters, and mitogens act by stimulating the metabolism
of membrane phosphoinositides (1-3). Upon stimulation of
cells, PtdIns(4,5)P23 is rapidly hydrolyzed by the action of

phospholipase C to create two second messengers: iP.<,which
releases Ca2+ from intracellular stores; and 1,2-diacylglycerol,

which activates protein kinase C. These two processes are
thought to act synergistically in producing both short- and long-
term cellular responses. Other evidence has shown that protein
kinase C is activated by a group of tetracyclic diterpenes, the
phorbol esters (4, 5). It has been demonstrated that the phorbol
esters, such as TP A, have effects on phosphoinositide metabo
lism and Ca2+ mobilization in a variety of cell types, (a) TPA
increased the incorporation of [32P]phosphate into PtdIns(4)P

and PtdIns(4,5)P2 in intact cells (6, 7). (b) Pretreatment with
TPA inhibited agonist-induced phosphoinositide metabolism
and the elevation of intracellular calcium (8-17). These obser
vations have provided evidence which suggests that protein
kinase C has a negative feedback role in receptor-mediated cell
activation. This has been supported by the observation that the
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protein kinase C inhibitor, l-(5-isoquinolinesulfonyl)-2-meth-
ylpiperazine, was able to reverse the suppress! ve actions of TPA
on phosphoinositide metabolism and calcium mobilization in
thrombin-stimulated human platelets (16).

We are interested in the ability of phorbol esters to arrest
cell growth (reviewed in Ref. 18) and have therefore investigated
these effects on aspects of the inositol lipid signaling system.
When HL-60 promyelocytic leukemia cells were treated with
DMSO for 6 days, they differentiated into polymorphonuclear
leucocyte-like cells that possessed functional receptors for the
synthetic chemotactic peptide, fMLP, the biochemical proper
ties of which are indistinguishable from receptors on human
polymorphonuclear leukocytes (19, 20). It has been established
that fMLP stimulates phosphoinositide metabolism in differ
entiated HL-60 cells (19, 21-24) leading to lysosomal enzyme
secretion within 30 s (19, 21), and it has recently been demon
strated that phorbol esters inhibit phosphoinositide hydrolysis
in response to fMLP in these cells (25). In addition to fMLP,
other stimuli, such as leukotriene B4 and arachidonic acid,
increase intracellular calcium concentrations leading to neutro-
phil activation (26), and phorbol esters have been shown to
inhibit the fMLP and leukotriene B4-stimuIated calcium mo
bilization and enzyme secretion in rabbit neutrophils ( 12). The
change in intracellular calcium stimulated by fMLP is consid
ered to be the major mediator in neutrophil activation, but the
effector mechanisms responsible for the translation of the in
crease into the subsequent performance of the cell remain
unclear (27).

Although fMLP does not constitute a mitogenic signal in
differentiated HL-60 cells, this forms a convenient model sys
tem with which to examine the interaction between phorbol
esters and the inositol lipid signaling system. We have initially
examined the effect of phorbol esters on the elevation of intra
cellular calcium in response to fMLP in these cells.

MATERIALS AND METHODS

fMLP, Quin-2AM, TPA, 4aPDD, and verapamil were all obtained
from Sigma (Poole, United Kingdom). Growth media were from Gibco
(Glasgow, United Kingdom). All other chemicals were obtained from
commercial sources and were of analytical grade. Phorbol esters were
dissolved in acetone (final concentration, 0.5%; v/v); Quin 2AM and
fMLP were dissolved in DMSO (final concentration, 0.5%; v/v).

HL-60 cells were differentiated to polymorphonuclear leukocyte-like
cells by seeding at an initial density of 2 x 10" cells/ml in RPMI 1640

medium which contained 10% fetal calf serum, followed by incubation
at 37'C for 6 days with DMSO (1.3%, v/v) in an atmosphere of 95%

air:5% CO:. Terminal differentiation was assessed as described previ
ously by us (28). The cells were collected by low-speed centrifugation
and resuspended in the same medium (2.5 x IO6 cells/ml) containing
Quin-2AM (final concentration, 2 x 10~5M). They were then incubated
for 37'C for 1 h, harvested, and resuspended under the same conditions

in the absence of (Juin 2AM.
When required, 2.5 x IO7cells were harvested and resuspended in 2

ml of a buffer comprising 140 HIMNaCl, 5 niM KC1, 2.8 HIMNalK (),,
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1.5 mM CaCl2, 0.06 HIMMgCl2, 0.6 mM MgSO4, 5.6 mM glucose, and
15 mM JV-2-hydroxyethylpiperazine-A'-2-ethanesulfonic acid, pH 7.2.
They were transferred to a 1-cm2 quartz cuvet and fluorescence was
monitored at 37*C in a Perkin-Elmer LS-5 fluorescence spectrometer

equipped with a thermally controlled cuvet holder and magnetic si irrer.
The excitation and emission wavelengths were 339 nm and 492 nm,
respectively. The cells were thermally equilibrated for 10 min before
the addition of fMLP. Ethyleneglycol-bis(/3-aminoethylether)-yvyV'-tet-
raacetic acid (5 x io' M)was used to chetate calcium in the experiments

where a calcium-free buffer was used. Verapamil was added 2 min
before fMLP in order to examine the route of calcium influx. The
effects of phorbol esters were investigated by preincubation for up to
10 min before the addition of fMLP (in the absence of phorbol esters,
solvent alone was added). Intracellular free calcium concentrations were
calibrated as described previously (29).

RESULTS

Incubation of the differentiated HL-60 cells with fMLP
produced a rapid elevation of the intracellular calcium concen
tration. This response was concentration dependent and had
50% effective concentration of 10~8 M; the maximal activity
was obtained with 10~6 M fMLP as shown in Fig. 1.

Fig. 2 demonstrates the effect of IO"6 M fMLP on the

intracellular calcium concentration of these cells in the presence
and in the absence of external calcium. In the presence of
external calcium, there was an initial rapid rise of intracellular
calcium followed by a slower sustained rise, whereas in the
absence of external calcium, no slower sustained rise was ob
served, and the intracellular calcium concentration rapidly re
turned to basal levels. The speed of the response to fMLP
appeared to be independent of external calcium. Preincubation
of the cells for 2 to 5 min with verapamil (20 to 100 Â¿Â¿M)before
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Fig. 1. The concentration-dependent relationship for fMet-Leu-Phe-induced
elevation of intracellular calcium. Intracellular calcium was monitored in the
differentiated cells as described in "Materials and Methods." Points, mean of

three independent experiments; bars, SE.

the addition of 10 6 M fMLP had no effect on the calcium

signal (data not shown). These results suggest that the rise in
intracellular calcium in response to fMLP consists of rapid
intracellular release followed by calcium influx from the extra
cellular medium, through non-voltage-dependent calcium chan
nels.

Pretreatment of the differentiated HL-60 cells with TPA led
to a time- and concentration-dependent lowering of the resting
intracellular calcium concentration: 10~7 M TPA produced a

reduction to 84 Â±5% (P = <0.01, n = 3) of the control value
after 10-min incubation (data not shown). Furthermore, prein
cubation with TPA produced a concentration-dependent (50%
inhibitory concentration = 5 x 10~9M) inhibition of the fMLP
(10 '' M(-stimulated rise in intracellular calcium as shown in
Fig. 3. TPA (10~8 M) exerted a greater inhibitory effect on the

slower sustained rise than the initial rapid rise, whereas IO M
TPA virtually abolished both phases of the rise in calcium (Fig.
4). The inhibitory effect of TPA was very rapid; preincubation
with 10~7MTPA for 1 min produced 74 Â±3% (n = 3) inhibition

of the fMLP response, and after 10 min this had increased to
81 Â±2% (n = 3, data not shown).

The phorbol ester, 4a-PDD, which has been shown not to
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Fig. 3. Dose-dependent inhibition by TPA of the rise in intracellular calcium
induced by 10"' M fmet-Leu-Phe. Points, mean of three independent experiments.

Under control conditions, the resting intracellular calcium concentration was 127Â±16nM(n= 13), and on addition of 10~6M fMet-Leu-Phe alone, this increased

by 118 Â±21 n.M(n = 13). Bars, SE.
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Fig. 2. The effect of 10"' M fMet-Leu-Phe on the intracellular calcium

concentration in the presence and absence of external calcium. A representative
experiment of three essentially identical experiments.
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Fig. 4. Effect of a 10-min preincubation with 10~*M and 10~7M TPA on the
rise in intracellular calcium produced by 10"' M fMet-Leu-Phe. A representative

experiment of three essentially identical experiments is shown.
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activate protein kinase C (30) did not inhibit the fMLP-stimu-
lated calcium rise (data not shown). This suggests that the
active phorbol ester TPA rapidly inhibits both the release of
intracellular calcium and the influx of extracellular calcium
through non-voltage-dependent calcium channels in response
to fMLP via effects mediated by protein kinase C.

Extended treatment of dbcAMP-differentiated HL-60 cells
with phorbol ester resulted in a 70% reduction of the activity
of protein kinase C (25), a process referred to as "down-
regulation." TPA (1 x IO"9 M) was added to HL-60 cells which

had been differentiated by exposure to DMSO for 5 days in an
attempt to "down regulate" their protein kinase C. However,

within 4 h of the addition of TPA, we observed that the
polymorphonuclear leukocyte-like cells began to adhere to the
culture flask and display macrophage-like characteristics.4 We

considered it inappropriate to perform any down-regulation
experiments, as the phenotype of the cells appeared to have
been changed.

DISCUSSION

The present paper shows that the phorbol ester, TPA, inhibits
the fMLP-induced rise in intracellular calcium in DMSO-
differentiated HL-60 cells, whereas 4a-PDD, which does not
activate protein kinase C, was inactive in this capacity. TPA
has been shown to inhibit phosphoinositide metabolism, stim
ulated in response to fMLP, in dbcAMP-differentiated HL-60
cells (25) but not to affect the binding of fMLP to its receptor.
It is therefore possible that the action of the phorbol esters may
be due to a disturbance of the coupling between the receptor
and phospholipase C. It has been proposed that a GTP binding
protein represents the link between receptor and phospholipase
C, with a mechanism which resembles the role played by a
GTP-binding protein in controlling cAMP production (3). It
has recently been demonstrated in differentiated HL-60 cells
(31), human (32), and rabbit neutrophils (33) that phorbol esters
disrupt the coupling of the activated G-protein to phospholipase
C, evidence which supports the possibility that phorbol esters
may disturb the coupling between the receptor and phospholi
pase C via effects on a G-protein.

Our experiments, which used a differentiated HL-60 cell line,
suggest that both calcium release from intracellular stores and
calcium influx from the extracellular space contribute to the
rise in intracellular calcium induced by fMLP. These findings
are in agreement with earlier observations in neutrophils (24,
26, 34-38). The inability of verapamil to block the calcium
influx observed in our studies and in human neutrophils (39)
suggests that the entry is not through voltage-dependent cal
cium channels. This is supported by evidence that the rise in
intracellular calcium brought about by il' i in human neutrophils
caused transient openings of non-voltage-dependent C;r ' chan

nels (38).
The ability of TPA to inhibit the overall calcium signal

induced by fMLP in DMSO-differentiated HL-60 cells suggests
that it is able to prevent both intracellular release and calcium
influx. However, TPA appears to inhibit calcium influx at a
lower concentration (10~8 M) than that at which it prevents
intracellular release (10~7 M). The ability of TPA to interfere

with intracellular release may be attributed to the inhibition of
il't generation, as phorbol 12,13-dibutyrate (0 to 400 IIM) has

been shown to inhibit phosphoinositide metabolism in a con
centration-dependent manner, stimulated in response to fMLP,

' Hughes ci al., unpublished results.

in dbcAMP-differentiated HL-60 cells (25). The mechanism by
which 10~8 M TPA inhibits calcium influx is less clear. One

possibility involves the recent demonstration that microinjec-
tion of iP4, the phosphorylated product of iP3 (40), into sea
urchin eggs activated them by a mechanism which was depend
ent on external calcium (41). This suggested that iP4 is an
intracellular second messenger and that its function may be to
control calcium homeostasis at the plasma membrane. If TPA
inhibits calcium influx by preventing iP4 generation via
Ptdlns(4,5)P - breakdown, it might be expected that inhibition
of intracellular release and influx would occur at the same
concentration, which they do not (Fig. 4). It is possible, how
ever, that at a low concentration, TPA could affect iPj kinase
and/or il', phosphatase to either prevent il', generation or

induce its rapid removal without affecting iP3 generation. An
alternative hypothesis to explain the data is that TPA inhibits
calcium influx at lower concentrations by a more direct method,
such as protein kinase C-mediated phosphorylation of a calcium
channel, and prevents intracellular release at higher concentra
tions through inhibition of PtdIns(4,5)P2 metabolism. These
possibilities are under further investigation.

Stimulation of the metabolism of the phosphoinositides has
been implicated in the initiation of cell proliferation (1-3). In
view of the observation that TPA can arrest cell growth (re
viewed in Ref. 18), it is possible that inhibition of the inositol
lipid and calcium ion signaling systems may represent part of
the mechanism by which TPA exerts its antiproliferative effect.
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