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Phorbol 12-myristate 13-acetate (PMA)-mediated signalling was
investigated in relation to the ability of murine (CBA) bone
marrow cells to form colonies in vitro. Treatment ofmarrow cells
with PMA did not influence the 1,2-diacylglycerol or cyclic AMP
concentrations, the intracellular Ca2+ concentration or phospho-
lipase D activity. PMA increased particulate phospholipase A2
(PLA2) activity, lysophosphatidylcholine formation and arachi-
donic acid release from bone marrow cells; these effects were
abolished when cells were pretreated with the putative PLA2
inhibitors heparin and mepacrine. While indomethacin and
nordihydroguaiaretic acid inhibited either the cyclo-oxygenase
or lipoxygenase pathway of arachidonic acid metabolism, as
measured by their products prostaglandin E2 and leukotriene B4,
they did not influence PMA-mediated PLA2 activation or trans-
location of protein kinase C (PKC) from the soluble to the
particulate fraction. Treatment of cells with PMA increased the
amounts of membrane-bound a, /, 4, e and ( isoforms of PKC
in bone marrow cells. Pretreatment of cells with PLA2 inhibitors
reduced the amount ofmembrane-bound PKC-( in unstimulated

cells and diminished PMA-induced translocation of PKC-C to
membranes without affecting other PKC isoforms. This effect
could be overcome by exogenous addition of arachidonic acid,
suggesting that PKC-C may operate downstream of the activated
PLA2. On the other hand, wortmannin, an inhibitor of phospha-
tidylinositol 3-kinase, did not influence the amount of PKC-C
associated with particulate fractions in control cells and could
not abolish the PMA-mediated translocation of this isoform.
Short-term exposure (45 min) of bone marrow cells to PMA,
phorbol 12,13-dibutyrate or arachidonic acid increased the
number of colonies formed over 7 days in a methylcellulose-
based culture in vitro. The effects of PMA, but not those of
arachidonic acid, could be prevented by putative PLA2 inhibitors.
This suggests that PMA-mediated activation of conventional
PKCs and novel PKCs leads to PLA2 activation which, by
releasing arachidonic acid from phospholipids, activates PKC-C.
This signalling pathway appears to be mitogenic for bone marrow
cells.

INTRODUCTION

The protein kinases C (PKCs) constitute a family of phospho-
lipid-dependent and diacylglycerol (DAG)-activated protein kin-
ases which play key roles in signal transduction and cell regulation
[1]. PKC isoenzymes exhibit distinct tissue distribution patterns,
with most cell types expressing more than one PKC isotype.
These isoenzymes have been grouped into three functional classes
depending on their requirements for phosphatidylserine, calcium
and DAG. The first group, the conventional PKCs (cPKCs;
isoforms a, /31, /32 and y), require Ca2+ and DAG to be activated,
whereas the second group, the novel PKCs (nPKCs; isoforms 8,
e, 0 and q), are Ca2+-independent [1,2]. Common features of the
C1 domain ofcPKCs and nPKCs are a conserved pseudosubstrate
site and two adjacent N-terminal cysteine clusters which are

responsible for phorbol ester binding. The stimulation of PKCs
by phorbol 12-myristate 13-acetate (PMA) has been widely used
in studies of PKC-mediated cell signalling [1,2]. More recently,
the third group, termed the atypical PKCs (aPKCs; isoforms C,
A, t and ,) has been identified. aPKCs are dependent on

phosphatidylserine, but are not affected by DAG, phorbol esters
or Ca21 [1,3].

All mature blood cells in the body are derived from pluripotent
stem cells which generate lineage-restricted progenitor cells
through the process of differentiation. Haematopoiesis is regu-

lated by a series of soluble and membrane-bound molecules
which act on responding cells via specific membrane receptors
[4,5]. Although many haemopoietic growth factors have been
purified to homogeneity and their genes cloned, post-receptor
signalling events elicited by the occupation of their respective
receptors remain only partially described [4-6]. The role ofPKC
in haematopoietic cell function has been widely examined and it
has been shown that proliferation, differentiation and colony
formation of both normal and leukaemic haematopoietic cells
can be stimulated by treatment of the cells with PMA [2,4,7,8].
Therefore the aim of the present study was to investigate PMA-
mediated signalling in murine bone marrow cells and to compare
it with the ability of the cells to form colonies in vitro.

MATERIALS AND METHODS
Materials
Reagents were obtained from the following sources: Iscove's
modified Dulbecco's medium, CHAPS, EGTA, EDTA, Hepes,
nordihydroguaiaretic acid (NDGA), indomethacin, PMA,
phorbol 12,13-dibutyrate (PDBu), cytochalasin B, fura 2-AM,
ionomycin, A23187, dithiothreitol (DTT), wortmannin, lipid
standards, Triton X-100, histone IIIS, ATP, mepacrine and
heparin from Sigma, St. Louis, MO, U.S.A.; [y-32P]ATP,
[3H]alkyl-lysophosphatidylcholine ([3H]alkyl-lysoPtdCho), [ara-

Abbreviations used: PKC, protein kinase C; cPKC, conventional PKC; nPKC, novel PKC; aPKC, atypical PKC; PMA, phorbol 12-myristate 13-acetate;
PDBu, phorbol 12,13-dibutyrate; DAG, 1 ,2-diacylglycerol; PLD, phospholipase D; (c)PLA2, (cytosolic) phospholipase A2; PtdCho, phosphatidylcholine;
PtdOH, phosphatidic acid; PtdEt, phosphatidylethanol; [Ca2+]i, intracellular free Ca2+ concentration; PGE2, prostaglandin E2; LTB4, leukotriene B4;
cAMP, cyclic AMP; MAP kinase, mitogen-activated protein kinase; DTT, dithiothreitol; NDGA, nordihydroguaiaretic acid; GM-CSF, granulocyte/
macrophage colony-stimulating factor; M-CSF, macrophage colony-stimulating factor.
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chidonyl-'4C]PtdCho, [choline-14C]PtdCho, [3H]arachidonic acid,
[3H]choline chloride, kits for measurement of cyclic AMP
(cAMP), prostaglandin E2 (PGE2) and leukotriene B4 (LTB4)
and enhanced chemiluminescence kit from Amersham Inter-
national, Amersham, Bucks., U.K.; anti-PKC anti-peptide
antibodies (against isoforms a, fi, y, eand from Gibco-BRL,
Gaithersburg, MD, U.S.A.; MethoCult M3430 from Stemcell
Technologies, Vancouver, BC, Canada. All other chemicals were
of analytical grade. All studies were performed on CBA mice of
both sexes bred at the Department of Physiology, School of
Medicine, University of Zagreb, Croatia.

Isolation of bone marrow cells
Bone marrow cells from 8-12-week-old CBA mice were obtained
by flushing the femoral and tibial shafts with ice-cold Iscove's
modified Dulbecco's medium and the concentration of the cells
was adjusted to 10 x 106 per ml. If not stated otherwise, all
incubations were performed with the above-mentioned con-

centration of cells and medium.

Mass assay of DAG
DAG from the cells was extracted using 1.5 ml of chloroform/
methanol (1:2, v/v). Further extraction was performed as

described by Folch et al. [9]. The lipid extract was dissolved in
0.5 ml of chloroform and loaded on a silicic acid column (0.5 ml;
made in a Pasteur pipette), eluted with 1 ml of chloroform, dried
again and the mass measurement for DAG was performed using
DAG kinase whose purification was achieved in a single step
from rat brain using DEAE-Sepharose column as described by
Divecha and Irvine [10].
The mass measurement for DAG was performed in the

following manner. The dried lipid was dissolved by adding 20,1
of CHAPS (9.2 mg/ml) and sonicated at room temperature for
15 s. After addition of 80,1 of buffer (50 mM Tris/acetate,
80 mM KCI, 10 mM magnesium acetate, 2 mM EGTA, pH 7.4),
the reaction was started by adding 20 ,1 ofDAG kinase followed
by 80 ,1 of buffer containing 20 ,uM ATP and 1 ,uCi of [32P]ATP.
After 1 h of incubation at room temperature the reaction was

stopped by adding 750 ,ul of chloroform/methanol/HCl
(80:160: 1, by vol.). Phosphatidic acid (PtdOH) was extracted as

described by Folch et al. [9] and chromatographed on oxalate
(1 %)-sprayed TLC plates using the solvent system chloroform/
methanol/conc. ammonia/water (45:35:2:8, by vol.). After
autoradiography, the spots corresponding to PtdOH were

scraped off and their 32p content determined by scintillation
counting. The DAG mass content in each sample was adjusted to
between 5 and 50 pmol, since the sensitivity of the mass assay is
highest within this range [10].

Determination of phospholipase D (PLD) activity
Cells were labelled with 5 ,uCi/ml [3H]alkyl-lysoPtdCho for
30 min at 37 °C in a buffer comprising 20 mM Hepes, 137 mM
NaCl, 2.7 mM KCI, 1 mM CaCl2, 1 mM MgCl2, 5.6 mM glucose
and 1 mg/ml fatty-acid-free BSA (pH 7.2) as described by
Stutchfield and Cockcroft [11]. The labelled cells were washed
twice, resuspended in the same buffer and equilibrated for 30 min
at 37 'C. Cytochalasin B was added to the cells (5,M final
concentration) and 100,1 samples were transferred to tubes
containing PMA with ethanol (2%, v/v, final concentration).
After incubation, the cells were quenched with chloroform/
methanol (1:2, v/v). At this stage, a mixture of unlabelled
PtdOH and phosphatidylethanol (PtdEt) was added for local-

achieved by sequential addition of 2 M KCl and chloroform.
Lipids were extracted as described by Folch et al. [9] and
chromatographed on oxalate (1 %)-sprayed TLC plates using the
solvent system chloroform/methanol/acetic acid/water
(75:45:3: 1, by vol.). Lipids were visualized using iodine vapour
and the spots corresponding to PtdOH and PtdEt standards were
scraped off and their 3H content determined by scintillation
counting.

Measurement of intracellular calcium concentration ([Ca2+],)
Isolated bone marrow cells were incubated in Hanks' physio-
logical salt solution with 2 mM fura 2-AM at 37 °C for 30 min,
washed and resuspended in fresh solution. Cells (13 x 106) were
transferred to a 3 ml cuvette for measurement of [Ca2+]1. The
fluorescence was measured in a Perkin Elmer LS50 spectro-
fluorimeter with excitation at 340 and 380 nm and emission at
510 nm. [Ca2+]i was calculated from the fluorescence ratio, as
described by Grynkiewicz et al. [12]. Maximum fluorescence was
determined by adding 10,M ionomycin, and the minimum
fluorescence was determined by adding 50 mM EGTA.

Determination of phospholipase A2 (PLA2) activity
After incubation, the cells were washed once with PBS and put
into 0.5 ml of homogenization buffer: 50 mM Hepes (pH 7.4),
0.25 M sucrose, 1 mM EDTA, 1 mM EGTA, 50 ,uM NaF, 10 4uM
leupeptin, 0.15 mM PMSF and CaCl2 to give free Ca21 con-
centration of 150 nM. The cells were homogenized with 10
strokes using a Potter-Elvehjem motor-driven Teflon pestle at
600 rev./min. The homogenate obtained was then centrifuged at
104000 g for 60 min in a Beckman TL-100 ultracentrifuge. The
resulting supernatant was designated the soluble fraction and the
pellet was designated the particulate fraction.

Determination of PLA2 enzymic activity was carried out at
37 °C for 60 min in 200 Iel of buffer (0.1 M Tris/HCl, pH 7.4,
containing 1 mM EDTA, 1 mM EGTA, 10uM leupeptin,
0.15 mM PMSF, CaCl2 to give a free Ca2+ concentration of
150 nM and 5 mM DTT to inactivate secretory PLA2) containing
50,ug of protein and 3 nmol of [arachidonyl-14C]PtdCho or
[choline-'4C]PtdCho (the specific radioactivity was adjusted to
10000 d.p.m./nmol by adding unlabelled PtdCho). The reaction
was terminated by adding 4 1l of acetic acid and 800,ul of
chloroform/methanol (2: 1, v/v) containing 20 ,tg of arachidonic
acid. After centrifugation, the lower phase was concentrated and
chromatographed on TLC plates using chloroform/methanol/
water (65:25:3, by vol.) or light petroleum (b.p. 35-80 C)/
diethyl ether/acetic acid (60:40: 1, by vol.) as solvent systems.
When [arachidonyl-14C]PtdCho was used as substrate, two radio-
active spots corresponding to fatty acid and PtdCho were detected
by autoradiography. When [choline-'4C]PtdCho was used as a
substrate, radioactive spots corresponding to lysoPtdCho and
PtdCho were detected [13]. The spots were scraped off and their
14C content was determined by scintillation counting.

Measurement of arachidonic acid release and formation of
IysoPtdCho
For the study of arachidonic acid release, bone marrow cells
were prelabelled at 37 °C for 60 min with 5 ,tCi/ml [3H]arachi-
donic acid, washed twice and resuspended in the medium; 100 a1l
samples were transferred to tubes containing PMA and/or
different inhibitors. After incubation, cells were spun down and
50 ,ul of supernatant was counted for 3H radioactivity.
For the study of lysoPtdCho formation, bone marrow cells

were prelabelled at 37 °C for 60 min with 30 ,uCi/ml [3H]cholineization of the reaction products by TLC. Phase separation was
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chloride, washed and incubated as described above. After in-
cubation, cells were quenched with chloroform/methanol (1 :2,
v/v). A mixture of unlabelled lysoPtdCho and PtdCho was
added at this stage for localization of the products by TLC.
Lipids were extracted as described by Folch et al. [9] and
chromatographed on TLC plates using the solvent system
chloroform/methanol/7 M NH3 (12:7: 1, by vol.). Lipids were
visualized using iodine vapour and the spots corresponding to
lysoPtdCho and PtdCho standards were scraped off and their 3H
content determined by scintillation counting.

Determination of PKC
Particulate and soluble fractions from bone marrow cells were
prepared as described above (for the determination of PLA2
activity), particulate PKC was extracted from the membranes
using 0.1 %0 Triton X-l00 and PKC activity was determined by
a modification of the method used by Dawson and Cook [14].
The sample (50 j1; protein concentration 2 mg/ml) was added
into 150 ,ul of buffer for determination of PKC activity (20 mM
Tris, 40 mM magnesium acetate, 25 ,ug of histone IIIS, 0.75 mM
CaCl2, pH 7.5) also containing 100,M ATP and- 1 ,sCi of-
[32P]ATP. The mixture was incubated at 30 °C for 5 min with or
without 24 ,ug of phosphatidylserine and 0.8 ,tg of diolein. The
reaction was stopped by adding 1 ml of ice-cold 50% (w/v)
trichloroacetic acid. Radioactivity incorporated into the histone
was trapped on filters (0.45 ,um pore size) by washing twice with
3 ml of ice-cold 500 trichloroacetic acid. The filters with the
remaining radioactivity were then placed into scintillation vials
and radioactivity was measured by liquid scintillation counting.
PKC activity was taken as the difference in counts of 32P between
samples with activators (phosphatidylserine and diolein) and
without them (control).

SDS/PAGE and Immunoblotting
Proteins for electrophoresis were prepared so that the con-
centration of each sample was 50 ug/25 ,ul of sample loading
buffer [15]. Electrophoresis was carried out using a Bio-Rad
Minigel apparatus at an acrylamide concentration of 10% (w/v).
After electrophoresis, the proteins were transferred to nitro-
cellulose using a Bio-Rad wet-blotting system. After blocking the
nitrocellulose in 20 mM Tris, 140 mM NaCl, 0.05 % (v/v) Tween
20 and 4% (w/v) dried milk (Marvel), the blots were incubated
with primary antibody (1: 1000) for 2 h, washed in the above
buffer and incubated with the secondary antibody conjugated to
horseradish peroxidase. Visualization was carried out using the
ECL kit (Amersham).

Statistical evaluation
The data are shown as means + S.E.M. For statistical analyses,
Student's t test for unpaired samples at the level of significance
of 0.05 was used.

RESULTS
As shown in Figure 1, the treatment of bone marrow cells with
PMA (500 nM) did not produce any increase in the measured
DAG concentration. In order to measure PLD activity, the cells
were prelabelled with [3H]alkyl-lysoPtdCho. Over 85 % of the
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Colony-forming assay
Isolated cells were incubated at (2-3) x 106 per ml at 37 °C with
PMA and/or different inhibitors. Cells were washed, resuspended
and the concentration was adjusted to 1 x 106 per ml, and 0.1 ml
of this suspension was mixed with 1 ml of MethoCult M3430.
Methylcellulose cell suspensions were equally divided into two
24-well plates. After 7 days of incubation at 37 °C in a humidified
atmosphere of 5 % CO2 in air, discrete cellular aggregates of
> 50 cells were scored as colonies using an inverted microscope
at 25 x magnification.
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Measurements of cAMP, PGE2, LTB4 and proteins
cAMP, PGE2 and LTB4 were determined as described using
commercial kits (Amersham). Proteins were determined by the
Bradford method [16].

Figure 1 Time courses of changes In (a) DAG concentration, (b) PtdEt and
(c) PtdOH formation, and (d) representative [Ca2+], response in a suspension
of bone marrow cells stimulated with PMA (500 nM)

Each point represents the mean+S.E.M. from four different experiments performed in
duplicate. All other details are as described in the Materials and methods section.
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Figure 2 (a) Time course of changes In membrane-bound PLA2 activity in
bone marrow cells stimulated with PMA (500 nM), and (b) dose-response
curve for PMA-stUmulated Increase In membrane-bound PLA2 activity In bone
marrow cells after a 30 min Incubation

The activity of membrane-bound PLA2 in the control bone marrow cells was 35.7 + 4.2 pmol/min
per mg of protein (n = 16). *Significantly different (P < 0.05; Student's ttest) from controls.
All other details are as described in the Materials and methods section and the legend to
Figure 1.

lipid-soluble radioactivity was associated with PtdCho (results
not shown). Activation of PLD generates PtdOH which can be
converted into DAG in a time-dependent manner by the enzyme
PtdOH phosphohydrolase. When the cells are stimulated in the
presence of 2% (v/v) ethanol, PtdEt is formed at the expense of
PtdOH, and as the former is a more stable product than PtdOH,
the sensitivity of the assay will be increased. Despite using 2%
ethanol in the assays, we could not observe any increase in
radioactivity either in PtdOH or in PtdEt upon stimulation of
bone marrow cells with PMA (500 nM) (Figure 1). Moreover,
when the cAMP concentration was measured in bone marrow

cells over 60 min of incubation in the presence of 5 mM 3-
isobutyl-l-methylxanthine, no significant difference between
control and PMA (500 nM)-treated cells could be observed
(untreated cells, 2.28 + 0.12 pmol/mg of protein; PMA-treated
cells, 2.41 + 0.22 pmol/mg of protein; number of cell prepara-
tions = 8].

Figure 1 also shows a representative [Ca2+], response in a

suspension of murine bone marrow cells stimulated with PMA.
Resting [Ca2+]1 varied from 38 to 232 nM (mean value
161 + 25 nM; number of cell preparations = 8), which is similar
to the typical [Ca2+], measured in unstimulated haematopoietic
cells [17]. During a 45 min incubation a slow increase in [Ca2+]1
was observed, but there was no statistical difference in A[Ca2+]1

0 0.1 1 10 100 1000 10000
Heparin (ug/ml)

Figure 3 Dose-dependent Inhibition by (a) mepacrine and (b) heparin of
membrane-bound PLA2 activity In control (-) and PMA-stlmulated (-)
bone marrow cells

To investigate the effects of mepacrine and heparin, bone marrow cells were pretreated with
inhibitors for 15 min and the inhibitors were also present during treatment of the cells with or

without 500 nm PMA for 45 min. *Significantly different (P < 0.05; Student's t test) from
controls. All other details are as described in the Materials and methods section and the legend
to Figure 2.

between control and PMA-stimulated cells at the end of in-
cubation period (A[Ca2+]1 in control cells was 111 + 32 nM, while
in PMA-treated cells it was 108 + 25 nM). Moreover, the shapes
of the [Ca2+]1 curves were similar in the two groups of cells.
Because an increase in [Ca2+], could be detected, experiments in
which cells were stimulated with calcium ionophore were designed
to investigate how an acute increase in [Ca2+]1 caused by
ionophore will influence PLC and PLD activity. Short-term
exposure (10 min) of cells to calcium ionophore A23187 (1 ,uM)
significantly increased the DAG concentration, as well as the
amount of radioactivity found in PtdOH and PtdEt. On the
other hand, simultaneous 10 min treatment of cells with both
PMA (500 nM) and A23187 (1 ,uM) did not produce any further
increase in the concentration and the radioactivity of the com-

pounds mentioned above when compared with the cells stimu-
lated by ionophore alone (results not shown).

Figure 2 shows the time- and dose-dependent activation of
membrane-bound PLA2. At 10 min after the stimulation of the
cells with 500 nM PMA, a significant increase in the particulate
PLA2 activity could already be observed. In unstimulated cells,
no change in the particulate PLA2 activity could be observed
during the incubation period. A small increase in enzyme activity
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Table 1 Effects of PMA and different inhibitors on arachidonic acid release and on the formation of lysoPtdCho and PtdCho in bone marrow cells
Bone marrow cells were treated for 45 min with PMA (500 nM), for 60 min with mepacrine (500 ,uM) plus heparin (1 mg/ml), or pretreated for 15 min with mepacrine (500 ,uM) plus heparin
(1 mg/ml), indomethacin (50 ,uM) or NDGA (50 ,uM) and then stimulated with PMA (500 nM) for 45 min. Results are given in d.p.m./mg of protein. All other details are described in the Materials
and methods section. All data are from four different experiments and each measurement was performed in duplicate. *Significantly different (P < 0.05; Student's t test) from controls.

Treatment Arachidonic acid (d.p.m./mg) LysoPtdCho (d.p.m./mg) PtdCho (d.p.m./mg)

None
PMA
Mepacrine + heparin
Mepacrine + heparin + PMA
Indomethacin + PMA
NDGA+ PMA

1412+147
4578 + 371 *

207 + 33*
231 + 40*

4271 + 305*
4351 + 309*

911 + 62
2271 + 179*
206+ 29*
207 + 26*

2091 + 159*
2171 + 206*

35812 + 911
36217 +1321
35458 +1972
36371 + 21 78
35378 + 2221
34358 + 21 98

could be detected with 5 nM PMA, while the increase in activity
became statistically significant at a concentration of 50 nM.
Since it is known that the free concentration of Ca2+ in the
homogenization buffer can influence the cellular distribution of
PLA2 [18], the concentration of free Ca2+ in both the homo-
genization and PLA2 assay buffers was adjusted to 150 nM,
which is similar to the measured [Ca2+]i (Figure 1). The assays
were performed in the presence of 5 mM DTT to inactivate the
secretory PLA2 [19]. It is important to note that under the
experimental conditions described we were not able to observe
any difference in soluble PLA2 activity between control and
PMA-treated (500 nM over 30 min) groups (results not shown).

Figure 3 shows that the inhibitors of PLA2, mepacrine and
heparin [20,21], can diminish particulate PLA2 activity in both
control and PMA-treated bone marrow cells. In the present
study, heparin of low molecular mass (approx. 3000 Da) was
used, and although it was introduced extracellularly, its in-
tracellular effect on PLA2 activity might be explained by its
endocytosis, which is known to occur in leukaemic haemato-
poietic cells [22], and its partial release from endocytotic vesicles
within the cell. When the inhibitors were applied together
(mepacrine 500 ,uM + heparin 1 mg/ml), more than 80% of
initially measured particulate PLA2 activity in untreated cells
could be inhibited (control, 17 + 40%; PMA-treated cells,
16 + 3 %o; all other details are as described in the legend to
Figure 3).

Additional experiments in which phospholipids were pre-
labelled with arachidonic acid were performed and arachidonic
acid release from bone marrow cells was monitored. Table 1

shows that the treatment ofcells with PMA significantly increased
arachidonic acid release and formation of lysoPtdCho. Mepa-
crine and heparin diminished the release of arachidonic acid into
the medium, as well as the radioactivity found in lysoPtdCho, in
both control and PMA-treated groups, which is a similar result
to that obtained when PLA2 activity was assayed under in vitro
conditions (Figure 3). On the other hand, pretreatment of cells
with indomethacin, an inhibitor of cyclo-oxygenase [20], or
NDGA, an inhibitor of lipoxygenase [23], had no effect on PMA-
mediated arachidonic acid release. Moreover, when metabolites
of the cyclo-oxygenase pathway (PGE2) or the lipoxygenase
pathway (LTB4) were measured (Table 2), it could be observed
that mepacrine and heparin not only abolished PMA-mediated
increases in their production, but also decreased metabolite
concentrations below control levels, probably by reducing the
amount of available arachidonic acid (Table 1). Indomethacin
could prevent the PMA-mediated increase in PGE2, while NDGA
could prevent the PMA-mediated increase in LTB4.
The simplest explanation for all the above results is that

mepacrine and heparin effectively inhibit PLA2 actiVity, perhaps

Table 2 Effects of PMA and different inhibitors on PGE2 and LTB4
production from bone marrow cells
Bone marrow cells were treated for 45 min with PMA (500 nM), or pretreated for 15 min with
mepacrine (500 ,uM) plus heparin (1 mg/ml), indomethacin (50 ,uM) or NDGA (50 ,uM) and
then stimulated with PMA (500 nM) for 45 min. All other details are described in the Materials
and methods section and the legend to Table 1. *Significantly different (P < 0.05; Student's
t test) from controls.

Treatment PGE2 (ng/ml) LTB4 (ng/ml)

None
PMA
Mepacrine+ heparin + PMA
Indomethacin + PMA
NDGA + PMA

2.72+ 0.34
1 3.58+ 1.26*
0.52 + 0.11*
2.68 + 0.29

1 4.02 + 1.03*

0.86+ 0.11
2.25+ 0.21 *

0.12+ 0.04*
2.31 + 0.30*
0.68 + 0.12

by inhibition of translocation, while indomethacin and NDGA
are capable of inhibiting either the cyclo-oxygenase or the
lipoxygenase pathway of arachidonic acid metabolism. As in-
hibitors might also influence the PMA-mediated translocation of
PKC from soluble to particulate fractions, the influence of these
compounds on PKC activity was examined in a classical PKC
histone kinase assay. As shown in Table 3, none of the inhibitors

Table 3 Effects of PMA and different inhibitors on PKC activity in bone
marrow cells
Bone marrow cells were treated for 45 min with PMA (500 nM), for 60 min with mepacrine
(500 ,uM) plus heparin (1 mg/ml), indomethacin (50 ,M) or NDGA (50 4uM), or pretreated for
15 min with mepacrine (500 4M) plus heparin (1 mg/ml), indomethacin (50,M) or NDGA
(50 uM) and then stimulated with PMA (500 nM) for 45 min. All other details are described
in the Materials and methods section and the legend to Table 1. *Significantly different
(P < 0.05; Student's t test) from controls.

PKC activity (pmol/min per mg of protein)

Treatment Soluble Particulate

None 1356 +107 306+ 27
PMA 731 + 65* 651 + 60*
Mepacrine + heparin 1305+ 77 341 + 33
Mepacrine + heparin + PMA 678 + 53* 605+ 41 *

Indomethacin 1291 + 121 327+ 36
Indomethacin + PMA 711 + 61* 632+ 51 *

NDGA 1334+ 101 341 + 28
NDGA+ PMA 721 +61* 622 + 36*
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1 2 3 4

x _ *-80 kDa

80 kDa

/5 .. .... ..
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Table 4 Effects of PMA, arachidonic acid and different Inhibitors on colony
formation by murine bone marrow cells

Bone marrow cells were treated for 45 min with PMA (500 nM) or arachidonic acid (15 ,uM),
for 60 min with mepacrine (500 ,uM) plus heparin (1 mg/ml), indomethacin (50 ,M) or NDGA
(50,M), or pretreated for 15 min with mepacrine (500,M) plus heparin (1 mg/ml),
indomethacin (50 1M) or NDGA (50,M) and then stimulated with PMA (500 nM) or
arachidonic acid (15 ,uM) for 45 min. All other details are described in the Materials and
methods section. After a 7 day incubation, the number of colonies scored in control wells varied
from 18 to 151 (mean+S.E.M. 58+6; n = 17). All data are from at least three different
experiments performed in duplicate. ND, not determined. *Statistically significant difference
(P < 0.05; Student's ttest) from control; tstatistically significant difference from PMA-treated
in the absence of inhibitors.

Colony formation (% of control)

Treatment Control PMA Arachidonic acid

None
Mepacrine + heparin
Indomethacin
NDGA

100.0 + 2.9
67.5 + 20.5

101.2 + 6.7
92.3 + 6.6

241.2 + 30.8* 219.3 + 23.6*
74.5 + 20.3t 209.5 + 1 9.6*

228.3 + 28.6* ND
194.8+17.5* ND

--80 kDa

Figure 4 Translocation of different PKC isoforms to particulate fractions

Particulate fractions were isolated as described in the Materials and methods section
(determination of PLA2 activity). Protein (50 ,ug) was subjected to SDS/PAGE, transferred to
nitrocellulose and probed with different anti-PKC antibodies. Lane 1, particulate fractions
isolated from unstimulated bone marrow cells; lane 2, particulate fractions isolated from bone
marrow cells treated for 60 min with mepacrine (500 #M) and heparin (1 mg/ml); lane 3,
particulate fractions isolated from bone marrow cells stimulated for 45 min with PMA (500 nM);
lane 4, particulate fractions isolated from bone marrow cells pretreated with inhibitors
(mepacrine 500 ,uM + heparin 1 mg/ml) for 15 min and then stimulated with PMA (500 nM)
for 45 min. All other details are as described in the Materials and methods section.

influenced PMA-mediated translocation ofPKC from the soluble
to the particulate fraction in bone marrow cells. It is important
to note that PKC-8, PKC-e and PKC-~could not be detected by
the typical PKC histone kinase assay [24,25], and therefore
Western blot analysis of PKC isoforms was performed using
commercially available antibodies against the a, /J, y, e and C
isoforms. As expected, PKC-y was not found in bone marrow
cells, since it is known that this isoform is expressed only in the
brain [1]. As shown in Figure 4, all other isoforms were found
associated with the particulate fraction of bone marrow cells
(lane 1), as well as in the soluble fraction (results not shown), and
their translocation to a membrane fraction could be stimulated
by treatment of the cells with PMA (lane 3). PLA2 inhibitors did
not influence the amounts of cPKCs and nPKCs associated with
the particulate fraction in either control or PMA-treated bone
marrow cells (Figure 4, lanes 2 and 4). On the other hand, the
pretreatment of cells with mepacrine and heparin lowered the
amount ofatypical PKC-( associated with the particulate fraction
of control cells (Figure 4, lane 2) and diminished PMA-induced
translocation of PKC-~ to the membrane fraction (lane 4),
suggesting that PKC-~may operate downstream of PLA2 and is
activated by arachidonic acid. Treatment of bone marrow cells
with arachidonic acid induced translocation of PKC-( to the
membrane fraction, which was not influenced by PLA2 inhibitors
(results not shown). It is important to note that in the un-
stimulated bone marrow cells only about 5% of the total PKC-
C is associated with the particulate fraction, while 95 % is found

to be in the soluble fraction (assessed by densitometric analysis
of the Hyperfilm after enhanced chemiluminescent detection of
Western blots). Because PMA induced an approx. 1.5-fold
increase in the membrane-bound PKC-(, no clear decrease in the
cytosolic PKC-G could be detected on the Western blots (results
not shown). Since it is known that under in vitro conditions
PtdInsP3 may also be a PKC- activator [26], we used wort-
mannin, an inhibitor of Ptdlns 3-kinase [27], as a tool to prevent
PtdInsP3 formation in the bone marrow cells. A 15 min pre-
treatment of cells with wortmannin (100 nM), which is known to
be sufficient to inhibit Ptdlns 3-kinase and its physiological
effects [27], did not influence the amount of PKC- associated
with the particulate fraction in control cells and could not
abolish its PMA-mediated translocation (results not shown).
When grown in semi-solid medium containing an adequate

supply of growth factors, bone marrow cells form colonies,
which is used as a proliferation and differentiation test [7,8].
Therefore the effects of short-term exposure of cells to PMA,
arachidonic acid and different inhibitors were investigated on the
ability of murine bone marrow cells to form colonies in methyl-
cellulose supplemented with an optimal level of cytokines. As
shown in Table 4, treatment of cells for 45 min with PMA or
arachidonic acid significantly increased the number of colonies
counted after 7 days. As it is known that PMA is very poorly
released/washed out of cells and that PMA treatment might not
be limited to only 45 min for the colony formation assay, bone
marrow cells were stimulated with the more hydrophilic PDBu
(500 nM) for 45 min, and a significant increase in the number of
colonies was counted after 7 days when compared with the
control group (207.5 + 26.2; result is from three different experi-
ments performed in duplicate and all other details are as shown
in Table 4). When cells were treated simultaneously with PMA
and arachidonic acid, no further increase in the number of
colonies could be observed when compared with the groups
treated with either PMA or arachidonic acid alone (240.2 + 18.9;
result is from three different experiments performed in duplicate
and all other details are as shown in Table 4). While exposure of
cells to PLA2 inhibitors reduced the number of colonies formed
in the control group and abolished the increase in the PMA-
stimulated group, the treatment of cells with arachidonic acid
overcame the effect of inhibitors on colony formation. Moreover,
the treatment of cells with either cyclo-oxygenase or lipoxygenase
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inhibitors, which effectively blocked production of arachidonic
acid metabolites (Table 2), did not influence the PMA-mediated
increase in colony formation, further suggesting that arachidonic
acid, but not its metabolites, is essential in the signalling pathway
that is responsible for PMA-mediated effects in bone marrow

cells.

DISCUSSION
PKC activation is caused by increased amounts of DAG in
membranes, which is generated primarily by stimulation of the
inositol lipid/Ca2+ signalling pathway. In recent years it has
become clear that the products of hydrolysis of other membrane
phospholipids, particularly PtdCho, by PLC, PLD and/or PLA2
may enhance and prolong the activation of PKC, which may be
essential for long-term cellular responses such as cell proliferation
and differentiation [1,17]. Tumour-promoting phorbol esters
have been widely used to by-pass initial signalling processes in
studies of the downstream effects of PKC [1], especially in
complex experimental systems such as haematopoiesis, where
signal transduction pathways that are activated after ligand-
receptor interactions are poorly understood but where PKC
plays an important role in the control and regulation of cell
growth [4,6]. In the present investigation, PMA-mediated acti-
vation of PKC in bone marrow cells did not influence [Ca2+]1
homeostasis, PLC or PLD activity (which could be increased
only when cells were stimulated by calcium ionophore) or the
concentration of cAMP, even in leukaemic and haematopoietic
cells where 'cross-talk' between these signalling pathways has
been shown to be modulated by PKC [1,2]. Nevertheless, it was
observed that PMA-mediated PKC activation in bone marrow

cells leads to increased PLA2 activity.
In cells, two major groups of PLA2s are recognized: a low-

molecular-mass secretory PLA2 and a high-molecular-mass cyto-
solic PLA2 (cPLA2) [19]. The latter is known to be selective for
arachidonic acid, to be activated by nanomolar concentrations
ofCa2+ and to be insensitive to DTT [18,19,28]. Upon stimulation
of various cell types with activators of PKC or protein tyrosine
kinases (e.g. epidermal growth factor), cPLA2 is phosphorylated
and translocated to cell membranes [28,29]. Present data show
that treatment of bone marrow cells with PMA increased
particulate PLA2 activity that is insensitive to DTT. This was

accompanied by an increase in arachidonic acid release from
cells, so it seems that cPLA2 is activated by PKC-mediated
phosphorylation and perhaps in part by translocation, although
other possible mechanisms of PLA2 stimulation, such as ac-

tivation by phospholipase-activating protein, lipocortin or G-
proteins, could not be completely ruled out.

Recently it has been demonstrated that cPLA2 activation
depends on phosphorylation of serine-505 by mitogen-activated
protein (MAP) kinase, which can be achieved through both
PKC-dependent and PKC-independent mechanisms [30]. More-
over, it is known that, in leukaemic and haematopoietic cell lines,
activation of the MAP kinase pathway by either granulocyte/
macrophage colony-stimulating factor (GM-CSF) or PKC will
stimulate cell proliferation and differentiation [31-33]. This,
together with evidence that macrophage colony-stimulating fac-
tor (M-CSF) and GM-CSF activate cPLA2 [34,35] and the
present observation of PMA-mediated activation of PLA2 which
correlates with the increased ability of bone marrow cells to form
colonies in vitro (a well known assay for both proliferation and
differentiation), not only suggests a possible involvement of
PKC-mediated activation of the MAP kinase pathway in the
activation of PLA2 but also gives PLA2 an important role in the

supported by using the putative PLA2 inhibitors heparin and
mepacrine [20,21]. Heparin has anti-proliferative effects on many
cell types including endothelial cells [36], Schwann cells [37] and
muscle cells [38] where it inhibits the PKC-dependent pathway
for proto-oncogene induction [39], as well as MAP kinase
activation [40], while mepacrine blocks growth factor- and serum-
stimulated proliferation of endothelial and smooth muscle cells
[41]. We observed that exposure of cells to these compounds
inhibited more than 80% of the initial PLA2 activity, diminished
the release of arachidonic acid from the cells and abolished the
increase in the number of colonies formed after treatment of
the cells with PMA. Therefore current results corroborate the
hypothesis formulated by Reilly et al. [42] that heparin regulates
cell proliferation and that one possible mechanism is to inhibit,
together with mepacrine, PLA2 activity.

PMA-sensitive PKCs are involved in mitogenic signal trans-
duction in many cell systems [1], although this does not appear
to be a general phenomenon. Recently it has been observed that
the PKC-C isoform, which is insensitive to PMA, is critical for
mitogenic signal transduction and is associated in vitro with the
MAP kinase pathway [43,44]. Although the mechanisms of
PKC-C activation are only partially understood, it is known that
PtdInsP3 and unsaturated fatty acids can enhance PKC-C activity
under in vitro conditions [25,45,46]. Since the pretreatment of
cells with wortmannin did not influence the association of PKC-
C with particulate fractions in control or PMA-stimulated bone
marrow cells, it seems that in the experimental model used in this
study and under in vivo conditions PtdInsP3 does not comprise a
part of the signalling pathway leading to the activation of PKC-
C. On the other hand, pretreatment of cells with mepacrine and
heparin, which effectively inhibit PLA2 activity, reduced the
amount of PKC-C associated with the particulate fraction in
control cells and diminished the PMA-induced translocation of
PKC-C. These observations correlate with the effects of these
inhibitors on the ability of bone marrow cells to form colonies in
vitro. Therefore it seems probable that in bone marrow cells
PKC-C is important for mitogenic signal transduction, as has
been shown in oocytes and fibroblasts [44]. In addition, in this
experimental model the activation of PKC-C lies downstream to
PLA2 activation, since exogenous addition of arachidonic acid
caused translocation of PKC-C to the particulate fraction and
increased the number of colonies formed, and neither effect was
influenced by PLA2 inhibitors. It is also important to note that
the pattern of translocation of PKC-C, as measured by Western
blot analysis, should be interpreted with great caution, since anti-
peptide antibodies directed against the C-terminus of PKC-C
may also recognize a newly described PKC-t, as well as a
member of the cPKC subfamily which is thought to be distinct
from either PKC-a or -,f [3,25,47].

In conclusion, the present data suggest that PMA-mediated
activation of cPKCs and nPKCs in bone marrow cells leads to
PLA2 activation which, by releasing arachidonic acid from
phospholipids, activates PKC-C; this signalling pathway appears
to be mitogenic. As it is well known that PKC has an apparent
role not only in the development but also in the lineage
commitment of myeloid progenitor cells [48], particularly in M-
CSF-stimulated macrophage development from granulocyte/
macrophage colony-forming cells [49], it will be of major
importance to investigate the PMA-mediated signalling pathway
in purified myeloid progenitor cells, as well as in leukaemia cell
lines. The results obtained from signalling pathway studies should
be correlated with the ability of cells to proliferate and differ-
entiate, since PMA (present paper), M-CSF and GM-CSF [34,35]
share at least a part of a common signalling process which, by
affecting cPLA2 and PKC-C, might not only control mitogenesis
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as has been suggested [43,44] but also have a pivotal role in the
development and lineage commitment of haematopoietic cells.
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