
ViSnjic et al.: Effects of phorbol ester and different inhibitors on bone marrow cells 679

Eur J Clin Chem Clin Biochem
1995; 33:679-686
© 1995 Walter de Gruyter & Co.

Berlin · New York

Short-Term and Long-Term-Effects of Phorbol 12-Myristate 13-Acetate
and Different Inhibitors on the Ability of Bone Marrow Cells
to Form Colonies In Vitro

By Dora Visnjic1, Drago Batinic2, Matko Marusic1 and Hrvoje Banfic1

1 Department of Physiology, School of Medicine, University of Zagreb, Zagreb, Croatia
2 Department of Clinical Laboratory Diagnosis, Clinical Hospital Center, Zagreb, Croatia

(Received January 23/March 16, 1995)

Summary: The process of signal transduction responsible for the phorbol 12-myristate 13-acetate mediated increase
in the colony-forming potential of murine (CBA) bone marrow cells was studied using known modulators of the
mitogenic signal. Pretreatment of cells for 60 minutes with staurosporine (1 μηιοΙ/1), an inhibitor of protein kinase
C, completely prevented colony formation in the control group of cells and significantly reduced the number of
colonies formed in the phorbol ester-treated group. Brief exposure (60 min) of cells to the phospholipase A2

inhibitors, mepacrine (500 μιηοΐ/ΐ) and heparin (1 g/1), reduced the number of colonies formed in the control group
and completely abolished the increase in the number of colonies formed after treatment of the cells with phorbol
ester. When inhibitors of protein kinase C or phospholipase A2 were present during the entire period of the colony
forming assay (7 days), no colonies could be scored in either the control or phorbol ester-treated groups of bone
marrow cells. Long-term treatment or temporary exposure (60 min) of cells to indomethacin (50 μπιοΙ/1), an inhibi-
tor of cyclooxygenase, or nordihydroguaiaretic acid (50 μπιοΐ/ΐ), an inhibitor of lipoxygenase, had no effect
on colony formation in both groups. Pretreatment of cells for 45 min with calcium ionophore A23187 (10
μιηοΐ/ΐ) failed to increase the number of colonies, compared with the control group. Moreover, simultaneous
treatment of cells for 45 min with phorbol ester (500 nmol/1) and A23187 (10 μιηοΐ/ΐ) did not produce any
further increase in the number of colonies, compared with the phorbol ester-treated group, suggesting that
elevation of intracellular calcium is unimportant in the phorbol ester-mediated response. Dibutyryl cyclic
adenosine monophosphate (50 μιηοΐ/ΐ) in the presence or absence of phorbol ester, failed to stimulate colony
formation, indicating that cyclic AMP-dependent protein kinases are not involved in the signalling process.
Temporary exposure (75 min) of bone marrow cells to okadaic acid (1 μπιοΐ/l), a potent inhibitor of serine/
threonine phosphatases, or to tyrphostine AG-115 (20 μηιοΙ/1), a tyrosine kinase inhibitor, did not effect colony
growth in the control or phorbol ester-treated group. The results indicate that phospholipase A2 activation is
involved in the phorbol ester-mediated increase in colony formation, since, of the different agents applied,
only staurosporine, an inhibitor of protein kinase C, and mepacrine and heparin, putative inhibitors of phospholi-
pase A2, were capable of abolishing phorbol ester-mediated effects.

Introduction

Haematoppiesis provides an example of a precisely reg- committed progenitor cells of every major haemopoietic
ulated hierarchical system in which multipotential stem class can be induced to proliferate in agar cultures and
cells continuously produce mature blood cells via a to generate colonies of differentiating progeny cells. Al-
series of progressively lineage-restricted progenitor cell though many of these haematopoietic growth factors
populations. Using specific colony stimulating factors, have now been purified to homogeneity and their genes
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cloned, postreceptor signalling events elicited by the oc-
cupation of their respective receptors are only partially
described (1,2).
Phorbol 12-myristate 13-acetate has been found to induce
some myeloid leukaemic cells to differentiate along the
monocyte-macrophage pathway (3), and to modulate the
in vitro proliferation and differentiation of normal ery-
throid and granulocytic-monocytic progenitor cells (4,5).
Phorbol esters exert their effects on cellular function by
activating protein kinase C, a family of calcium, phospho-
lipid-dependent protein kinases, which are also activated
by some haematopoietic cytokines. This model has there-
fore proved useful for determining the role of protein ki-
nase C in the growth, development and lineage commit-
ment of haematopoietic progenitor cells (6).
Our previous study (7) focused on the downstream ef-
fects of the phorbol ester-mediated activation of protein
kinase C in bone marrow cells. The results showed the
phorbol ester increased particulate phospholipase A2 ac-
tivity and that this effect was abolished by pretreatment
of cells with mepacrine and heparin. Phorbol ester did
not influence [Ca2+]i homeostasis, phospholipase C or
phospholipase D activity, or the concentration of cAMP,
despite the existence of systems, including leukaemic
haematopoietic cells, where 'crosstalk' between these
signalling pathways has been shown to be modulated by
protein kinase C (6, 8). Treatment of cells with phorbol
ester increased the amount of membrane bound α, β, δ,
ε, and ζ isoforms. Pretreatment with mepacrine and hep-
arin reduced the amount of membrane bound protein ki-
nase C-ζ in unstimulated cells and diminished the phor-
bol ester-induced translocation of protein kinase C-ζ to
the membranes without affecting other protein kinase C
isoforms. In conclusion, our previous study suggested
that in bone marrow cells the phorbol ester-mediated
activation of conventional and novel protein kinases C
led to phospholipase A2 activation which in turn affects
protein kinase C-ζ. This signalling pathway appears to
be mitogenic for bone marrow cells, since inhibition of
protein kinases C by staurosporine, or inhibition of
phospholipase A2 by heparin and mepacrine diminishes
the ability of bone marrow cells to form colonies in vi-
tro (7).

The present study concerns the short- and long-term ef-
fects of agents, known to be involved in the modulation
of the mitogenic signal (9), on the transduction pathway
responsible for increased colony formation after the pre-
incubation of cells with phorbol ester.

Materials and Methods
Materials and animals

Reagents were obtained from the following sources: Iscove's modi-
fied Dulbecco's medium (IMDM), phorbol ester, 4a-phorbol ester,

A23187, mepacrine, heparin, nordihydroguaiaretic acid, stauro-
sporine, dibutyryl-cAMP, okadaic acid from Sigma, St. Louis, MO,
U.S.A.; foetal calf serum from Gibco BRL, Paisley, U.K.; poke-
weed mitogen from Flow in vitro diagnostics, Kernel Hempstead,
U. K.; MethoCult M3430 from Stemcell Technologies, Vancouver,
BC, Canada. Tyrphostine AG-115 was kindly provided by Dr. A.
Levitzki. 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; cell concentration was adjusted to
2-3 X 109/i.

Colony^forming assay

Isolated cells (2-3 X 106/1) were incubated at 37 °C with phorbol
ester and/or different inhibitors. Cells were washed and resus-
pended, and the concentration was adjusted to 1 X 109/1; an aliquot
(0.1 ml) of this suspension was mixed with 1 ml of MethoCult
M3430. Methylcellulose cell-suspensions were equally divided be-
tween two 24 well-plates. After 7 days incubation at 37 °C in a
humidified atmosphere of 5% CO2 in air, discrete cellular aggre-
gates of > 50 cells were scored as colonies, using an inverted
microscope at 25 X magnification. To assess the ability of phorbol
ester to promote colony formation in the absence of colony-stimu-
lating factors, bone marrow cells were plated in 0.9% methylcellu-
lose in Iscove's modified DMEM containing 20% foetal calf serum
with or without 20% pokeweed mitogen spleen conditioned me-
dium.

Pokeweed mitogen spleen conditioned medium

Media conditioned by splenocytes in the presence of pokeweed-
mitogen was made according to methods previously described (10).
Briefly, splenocyte suspensions form the CBA mice were incubated
at a cell concentration of 5 X 109/1 in Iscove's medium containing
20% foetal calf serum and 5 mg/1 pokeweed mitogen. After seven
days incubation at 37 °C, 5% CO2, the supernatant was removed,
centrifuged at 550 g for 10 minutes, passed through a 0.22 μηι
filter, and stored at -20 °C until use. Each preparation of poke-
weed mitogen spleen conditioned medium was tested in methylcel-
lulose-based assay for murine colony formation.

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

Unseparated bone marrow cells form colonies in the
M3430 conditioned medium after 7 days of incubation.
Although provided with an optimal level of colony stim-
ulating factors, cells could be induced to form signifi-
cantly more colonies by stimulation with phorbol ester.
Brief (45 min) exposure of bone marrow cells to phorbol
ester (5-500 nmol/1) caused dose-dependent stimulation
of colony formation (results not shown). In order to in-
vestigate the effect of phorbol ester on unseparated bone
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marrow cells in the absence of colony-stimulating
factors, cells were plated without added sources of col-
ony stimulating activity. In the absence of pokeweed mi-
togen spleen conditioned medium, colony formation was
not observed. When the cells were grown in the methyl-
cellulose colony forming assay in the presence of phor-
bol ester (500 nmol/1) alone, no colonies were seen at
either 7 or 14 days of incubation. In the presence of
pokeweed mitogen spleen conditioned medium, phorbol
ester (500 nmol/1) caused a significant increase in the
number of colonies (results not shown), similar to those
observed in the M3430 conditioned medium.
Temporary exposure (45 min) of marrow cells to phor-
bol ester (500 nmolA), followed by repeated centrifu-
gations and resuspensions in fresh culture medium,
was sufficient to produce a stimulation of colonies
comparable to that observed after continuous exposure
to the same concentration of phorbol ester (figs. 1 and
3). Brief (45 min) preincubation of bone marrow cells
with 4a-phorbol ester (500 nmol/1), an inactive ana-
logue of phorbol ester, did not influence the number
of colonies formed, compared with control cells (fig.
1). On the other hand, brief exposure of bone marrow
cells to staurosporine (1 μιηοΐ), an inhibitor of protein
kinase C (11), completely prevented colony formation
in the control group of cells and significantly reduced
the number of colonies formed in the phorbol ester-
treated group (fig. 1). When staurosporine (1 μπιοΐ/ΐ)
was present during the entire period of the colony
forming assay (7 days), no colonies could be scored
in both groups (fig. 3).

Our previous study demonstrated clearly that phorbol
ester (500 nmol/1) increased particulate phospholipase
A2 activity, formation of lyso-phosphatidylcholine and
arachidonic acid release in bone marrow cells. These
effects were abolished by pretreatment of the cells with
the combination of putative phospholipase A2 inhibitors.
When applied together, mepacrine (500 μπιοΐ/ΐ) and hep-
arin (1 g/1), inhibited more than 80% of initially mea-
sured particulate phospholipase A2 activity in untreated
cells. While indomethacin (50 μπιοΐ/ΐ) and nordihydro-
guaiaretic acid (50 μπιοΐ/ΐ) inhibited the cyclooxygenase
or lipoxygenase pathway, respectively, of arachidonic
acid metabolism (as measured by their products, prosta-
glandin E2 and leukotriene B4), they did not influence
phorbol ester-mediated phospholipase A2 activation or
translocation of protein kinase C from the soluble to
particulate fraction (7). As shown in figure 2, brief expo-
sure of cells to phospholipase A2 inhibitors reduced the
number of colonies formed in the control group and
completely abolished the increase in the number of colo-
nies formed after treatment with phorbol ester. When
inhibitors were present during the entire period of the
colony forming assay (7 days), no colonies could be
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Fig. 1 The effect of short-term exposure of murine bone marrow
to phorbol ester, 4a-phorbol ester and staurosporine on colony for-
mation. Bone marrow cells were treated for 45 min with phorbol
ester (500 nmol/1) and 4a-phorbol ester (500 nmol/1) and for 60
min with staurosporine (1 μηηοΙ/1). A group of cells was pretreated
for 15 min with staurosporine (1 μτηοΐ/ΐ) and then stimulated with
phorbol ester (500 nmol/1) for 45 min. After the preincubation, the
cells were washed and plated as described in the Materials and
Methods. After 7 days incubation the number of colonies scored in
control wells varied from 20 to 75 (mean value 42 ± 6, the number
of cell preparations = 7). Results are expressed as a percentage of
the number of colonies formed by control cells in the Methocult
M3430 conditioned medium and are the mean ± S. E. M. of at least
three different experiments performed in duplicate.
* Statistically significant difference (P < 0.05, Student's t test)
from control.
** Statistically significant difference from phorbol ester-treated.

scored in either control or phorbol ester-treated groups
of bone marrow cells (fig. 3). Temporary exposure
(60 min) of cells to indomethacin (50 jimol/1) or nor-
dihydroguaiaretic acid (50 μιηοΐ/ΐ) had no effect on
colony formation (fig. 2). Long-term treatment of cells
with either cyclooxygenase or lipoxygenase inhibitors
did not influence the ability of bone marrow cells to
form colonies in vitro in both control and phorbol
ester-treated groups (fig. 3).

Our previous study ruled out the possible involvement
of the cAMP/protein kinase A system in phorbol ester-
mediated signalling in bone marrow cells, because no
increase in the level of cAMP was observed when cells
were treated with phorbol ester (7). To test the possible
effect of dibutyryl-cAMP on control cells or the possible
synergistic effect with phorbol ester, cells were exposed
for 45 min to the combination of dibutyryl-cAMP (50
μηιοΐ/ΐ) and phorbol ester (500 nmol/1), or to dibutyryl-
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Fig. 2 The effect of short-term exposure of murine bone marrow
cells to different inhibitors on colony formation by control and
phorbol ester-stimulated cells. Bone marrow cells were treated for
45 min with phorbol ester (500 nmol/1), for 60 min with mepacrine
(500 μηιοΐ/ΐ) plus heparin (1 g/1), or with indomethacin (50 μηιοΐ/ΐ),
or with nordihydroguaiaretic acid (50 μπιοΐ/ΐ). Other bone marrow
cells were pretreated for 15 min with mepacrine (500 μπιοΐ/ΐ) plus
heparin (1 g/1), or with indomethacin (50 μηιοΐ/l), or with nordihy-
droguaiaretic acid (50 μιηοΐ/ΐ), then stimulated with phorbol ester
(500 nmol/1) for 45 min. After 7 days incubation the number of
colonies scored in control wells varied from 18 to 151 (mean value
59 ± 10, the number of cell preparations = 10). All other details
are as described in Materials and Methods and the legend to the
figure 1.

cAMP (50 μιηοΐ/l) alone. No effects of dibutyryl-cAMP
(50 μιηοΐ/ΐ) were seen on the colony-forming ability of
control bone marrow cells or cells stimulated with phor-
bol ester (500 nmol/1) (fig. 4).

The intracellular signals triggered by inositol trisphos-
phate and diacylglycerol can be independently mim-
icked by calcium ionophores (such as A23187) and
phorbol ester, respectively. A23187 causes an increase
in intracellular Ca2+ and phorbol ester; although it does
not provoke a significant increase in Ca2+ it increases
the affinity of protein kinase C for calcium (8). We have
previously shown that treatment of unseparated murine
bone marrow cells with phorbol ester (500 nmol/1) did
not result in any significant increase in the concentration
of intracellular calcium over a period of 45 min (7). To
explore the possibility of synergism between phorbol es-
ter and A23187 in increasing the colony-forming ability

of bone marrow cells, cells were simultaneously treated
for 45 min with phorbol ester (500 nmol/1) and A23187
(10 μηιοΐ/l). As shown in figure 4, the treatment of cells
with the combination of agents mentioned above did not
cause any further increase in the number of colonies.
Furthermore, there were no differehfces in the number of
colonies formed by control cells or cells stimulated for
45 min ionophore alone (fig. 4).

Pretreatment of cells for 75 min with tyrphostine AG-
115 (20 μηιοΐ/l), a tyrosine kinase inhibitor (12), had no
effect on the colony-forming potential of either control
or phorbol ester-stimulated cells (fig. 4). Temporary ex-
posure (75 min) of bone marrow cells to okadaic acid
(1 μιηοΐ/ΐ), a potent inhibitor of serine/threonine phos-
phatases (13), did not effect colony growth in either the
control or phorbol ester-treated group (fig. 4).

Discussion

Short-term (45 min) exposure of unseparated bone
marrow cells to 500 nmol/1 phorbol ester, as well as
continuous exposure to the same concentration of
phorbol ester, significantly increased the number of
colonies formed in the M3430 conditioned medium.
However, the growth of granulocyte-macrophage colo-
nies was completely dependent on the presence of
colony stimulating factors, since no colony formation
was observed in the presence of phorbol ester alone.
Although previous results suggested that a limited de-
gree of cell proliferation can be promoted by protein
kinase C activation, the proliferative response is not
maintained over the several cell divisions required for
colony formation (14).

The ability of the phorbol esters to promote colony for-
mation was tested on the unfractionated bone marrow
which is composed mainly of mature, accessory cells
with only a minor proportion of committed progenitor
cells. Therefore, the effect of phorbol ester may be at-
tributable, at least in part, to the ability of protein kinase
C activators to stimulate the production of colony-stimu-
lating factors from accessory cells, such as fibroblasts
and macrophages (15, 16). However, the results of
studies done in the presence of neutralising antibodies
to colony-stimulating factors, or on highly enriched pop-
ulation of granulocyte/macrophage colony-forming
cells, are compatible with a direct mode of action of
phorbol ester on progenitor cells (14, 17). In our study,
phorbol ester-mediated stimulation of colony formation
under conditions which have already provided cells with
an optimal level of cytokines could not be ascribed mer-
ely fo the stimulation of colony-stimulating factor pro-
duction by accessory cells. It seems much more likely
that phorbol ester-mediated activation of protein kinase
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Fig. 3 The effect of long-term exposure of murine bone marrow
cells to different inhibitors on colony formation by control and
phorbol ester-stimulated cells. Bone marrow cells were treated for
45 min with phorbol ester (500 nmol/1), for 60 min with mepacrine
(500 μηιοΐ/ΐ) plus heparin (1 g/1), or with indomethacin (50 μπιοΐ/ΐ),
or with nordihydroguaiaretic acid (50 μιηοΐ/ΐ). Other bone marrow
cells were pretreated for 15 min with mepacrine (500 umol/l) plus
heparin (1 g/1), or with indomethacin (50 μιηοΐ/), or with nor-dihy-
droguaiaretic acid (50 uinol/l), then stimulated with phorbol ester
(500 nmol/1) for 45 min. After incubation, cells were washed,
mixed with Methocult 3430 and the agents were added in concen-
trations equal to those used during pretreatment. After 7 days incu-
bation the number of colonies scored in control wells varied from
18 to 151 (mean value 57 ± 9, the number of cell preparations
= 13). All other details are as described in Materials and Methods
and the legend to the figure 1.
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Fig. 4 The effect of short-term exposure of murine bone marrow
cells to dibutyryl-cAMP, A23187, tyrphostine AG-115 and okadaic
acid on colony formation by control and phorbol ester-stimulated
cells. Bone marrow cells were treated for 45 min with phorbol ester
(500 nmol/1), dibutyryl-cAMP (50 μπιοΐ/ΐ), or A23187 (10 μιηοΐ/ΐ)
and for 75 min with tyrphostine AG-115 (20 μιηοΐ/ΐ) or okadaic
acid (1 μπιοΐ/ΐ). The effects of agents on phorbol ester-stimulated
cells were tested by pretreating cells for 30 min with tyrphostine
AG-115 (20 μιηοΐ/ΐ) or with okadaic acid (1 μιηοΐ/ΐ), then stimulat-
ing with phorbol ester (500 nmol/1) for 45 min. Dibutyryl-CAMP
(50 μιηοΐ/ΐ) and A23187 (10 μηαοΐ/ΐ) were added to cells with 500
nmol/1 phorbol ester for 45 min. After the preincubation, the cells
were washed and plated as described in Materials and Methods.
After 7 days incubation the number of colonies scored in control
wells varied from 19 to 86 (mean value 52 ± 4, the number of cell
preparations = 12). All other details are as described in the legend
to the figure 1.

C acts by permitting an otherwise unresponsive subpo-
pulation of progenitor cells to form colonies in response
to these cytokines.

The growth and development of colonies in semisolid
cultures involve several processes dependent on the
presence of growth factors; survival or prevention of
apoptosis, proliferation, irreversible commitment of
multipotential progenitors to individual lineages and ter-
minal differentiation into mature blood cells (1, 2). In
this respect, it has been previously demonstrated that
protein kinase C can influence the commitment of my-
eloid progenitor cells, leading to macrophage develop-
ment. A highly enriched population of murine granulo-
cyte/macrqphage colony-forming cells was stimulated
with an optimal level of interleukin-6 or granulocyte
colony-stimulating factor, which are factors with rela-
tively poor colony-stimulating activity on granulocyte/
macrophage colony-forming cells. In such cell popula-

tions, phorbol ester markedly elevated the number of
colonies, and altered the types of mature cells from ma-
ture neutrophilic cells to a mixture consisting predomi-
nantly of macrophages (14). The activation of protein
kinase C is involved in transduction of signals initiated
by macrophage colony-stimulating factor, interleukin-3
and granulocyte/macrophage colony-stimulating factor,
while there is no evidence to suggest that stem cell
factor or granulocyte colony-stimulating factor, which
are responsible for neutrophil development, can activate
protein kinase C (18, 20). There may therefore be an
important role for protein kinase C in commitment and
lineage restriction decisions in a population of progeni-
tor cells (14, 20).

Phorbol ester can also induce cells from various leukae-
mic cells lines (HL-60, U937) to mature into non-divid-
ing macrophage-like cells, and studies on signalling pro-
cess responsible for phorbol ester-mediated differentia-
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tion have observed the activation of cytosolic phospholi-
pase A2 and the concomitant release of arachidonic acid
(21). The results from our previous studies confirmed
the importance of phospholipase A2 activation for phor-
bol ester-mediated increase in colony formation, since
inhibitors of phospholipase A2 were as effective as
staurosporine in inhibiting the phorbol ester-mediated
effects on colony formation. Furthermore, the con-
tinuous exposure to inhibitors completely prevented col-
ony formation in both control and phorbol ester-treated
groups. Despite observations that arachidonic acid me-
tabolites play numerous roles in the regulation of haema-
topoiesis, neither the short-term nor long-term exposure
of cells to indomethacin and nordihydroguaiaretic acid
have effects on the colony growth of control or phorbol
ester-stimulated cells (figs. 2 and 4). Arachidonic acid
metabolites, such as prostaglandin E2 (PGE2), mono-hy-
droxyeicosatetraenoic acid and leukotrienes, have been
implicated in the modulation of the colony formation
of both erythroid and myeloid progenitor cells and in
differentiation processes of leukaemic cell lines (22).
Both stimulatory and inhibitory effects of prostaglandins
E and leukotrienes have been observed, depending on
the incubation techniques, types and concentrations of
colony-stimulating factors and different, and sometimes
unphysiologically high, concentrations of agents used
(22-24).

Tyrosine phosphorylation is a crucial signal in the trans-
duction of the mitogenic message delivered by the ma-
jority of haematopoietic cytokines and precedes the acti-
vation of phospholipase C and the subsequent pro-
duction of diacylglycerol and activation of protein ki-
nase C. All the members of the large haematopoietic
cytokine receptor superfamily belong either to a group
of receptors with intrinsic tyrosine-kinase activity or re-
cruit one of the cytosolic tyrosine kinases which might
in turn activate phospholipase C-γ (9). Tyrphostins are
the large family of synthetic tyrosine kinase inhibitors
expressing high specificity toward cell lines (25), and
requiring an extended period of incubation (even hours)
to achieve maximal inhibitory effect (26). Somogyi et
al. (12) previously showed that tyrphostine AG-115 was
effective in inhibiting the activity of cytoplasmic tyro-
sine kinases associated with the integrin receptor. In the
present study, we have ruled out the possible involve-
ment of tyrosine phosphorylation in signalling process
responsible for increased colony formation after the
short-term preincubation of cells with phorbol ester. Al-
though protein kinase C is one of the major mediators
of signals generated when haematopoietic cytokines
bind to their receptors, phorbol ester-mediated activation
of protein kinase C obviously by-passes early signalling
processes initiated after binding of physiological regula-
tors of proliferation and differentiation. For downstream

effects of activated protein kinase C, tyrosine phosphor-
ylation seems not to be crucial.

The short-term pretreatment of bone marrow cells with
okadaic acid (1 μιηοΐ/ΐ) had no effect on colony forma-
tion. The concentration used is well within the range
shown by other investigators to exert maximal effects
on various cell lines (27-29), including the inhibition of
proliferation in leukaemic HL-60 and U927 lines (30).
Okadaic acid is a potent inhibitor of protein phospha-
tases 2A and 1, two of the four major protein phospha-
tases in the cytosol of eukaryotic cells that dephosphory-
late phosphoserine and phosphothreonine residues. Be-
cause substrates of protein kinase C are primarily de-
phosphorylated by phosphatases 1 and 2A, the effects of
okadaic acid could reflect the existence of constitutively
active protein kinase C. Although phorbol ester and oka-
daic acid have similar effects on intracellular pH in rat
thymic lymphocytes (27) or the level of epidermal
growth factor (EGF)-receptor phosphorylation (28), the
substrates or signalling pathways are not necessarily
identical. Okadaic acid was found to enhance the stimu-
latory effects of phorbol ester on phosphatidylcholine
synthesis in NIH 3T3 fibroblasts, but the effect was ob-
served only with suboptimal concentrations of phorbol
ester (29).

We have previously shown that the phorbol ester-stimu-
lation of bone marrow cells was not associated with the
elevation of cAMP. To further elucidate the role of
cAMP and protein kinase A on phorbol ester-mediated
signalling, we investigated the effects of short-time ex-
posure of bone marrow cells to 50 μιηοΐ/l dibutyryl-
cAMP, an agent that mimicks cellular effects of cyclic
AMP. No effects on the colony-forming potential of
either control or phorbol ester-stimulated cells were ob-
served. Similarly, the results obtained with the highly
enriched population of granulocyte/macrophage colony-
forming cells (31) confirmed that there was no role for
cAMP in the stimulation of granulocyte/macrophage
colony-forming cells proliferation, either in the presence
or absence of myeloid growth factors. However, recent
findings suggest that the activation of the cAMP/protein
kinase A signalling pathway may be involved in the
granulocyte colony-stimulating factor-mediated prolifer-
ation of murine myeloblastic NFS-60 cells, whereas in-
terleukin-3-dependent proliferation is not mediated in
this way (32). Brief exposure of the human promyelo-
cytic leukaemia cell line HL-60 to dibutyryl-cAMP in-
duced the cells to differentiate along a, myelocytic path-
way (33). Although the previous data exclude the role
of cAMP/protein kinase A as the common signal associ-
ated with proliferation or macrophage development, it
may represent one of the early biochemical events re-
quired for lineage-restricted development, resulting in
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the formation of mature neutrophils. The agonist-stim-
ulated signals associated with a specific developmental
response in haemopoietic progenitor cells must be dif-
ferent, in order to elicit distinctive lineage commitment
(34).

In summary, the present study provides further informa-
tion with regard to the intracellular mechanism(s) in-
volved in phorbol ester-mediated signalling in bone mar-
row cells. The results from our studies clearly demon-
strated the importance of phospholipase A2 activation
for the phorbol ester-mediated increase in colony forma-

tion. Thus, among the different agents applied, only
staurosporine, an inhibitor of protein kinase C, and mep-
acrine and heparin, putative inhibitors of phospholipase
A2, were capable of abolishing the effects of phorbol
ester and permitting colony formation after continuous
expsoure to inhibitors.
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