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Cytokine-mediated Protein Kinase C Activation Is a
Signal for Lineage Determination in Bipotential
Granulocyte Macrophage Colony-forming Cells
A n t h o n y D. W h e t t o n , * Clare M. Heyworth,* Sian E. Nicholls,* Caroline A. Evans,*
J a n e t M. Lord,§ T. Michael Dexter,* a n d P. J a n e O w e n - L y n e h *
*Leukaemia Research Fund Group, Department of Biochemistry and Applied Molecular Biology, UMIST, Manchester, M60 1QD,
United Kingdom; *Cancer Research Campaign, Department of Experimental Haematology, Kay Kendall Laboratories, Paterson
Institute, Christie Hospital, Withington, Manchester, M20 9BX, United Kingdom; and §Department of Immunology, University of
Birmingham, Edgbaston, Birmingham B15 2TT, United Kingdom

Abstract. Granuloeyte macrophage colony-forming
cells (GM-CFC) have the potential to develop into either macrophages and/or neutrophils. With a highly
enriched population of these cells we have found that
although GM-CFC are equally responsive to macrophage colony stimulating factor (M-CSF) and stem
cell factor (SCF) in terms of DNA synthesis, M-CSF
stimulated the development of colonies containing
macrophages in soft gel assays, while SCF promoted
neutrophilic colony formation. When SCF and M-CSF
were combined, mainly macrophage development was
stimulated both in soft agar colony-forming assays and
liquid cultures. An analysis of some potential signaling
mechanisms associated with cytokine-mediated devel-

opmental decisions in GM-CFC revealed that M-CSF,
but not SCF, was able to chronically stimulate phosphatidylcholine breakdown and diacylglycerol production, indicating that protein kinase C (PKC) may be
involved in the action of M-CSE Furthermore,
M-CSF, but not SCF, can increase the levels of PKCa
(PKC~) expression and stimulate the translocation of
PKCo~ to the nucleus. When the PKC inhibitor, calphostin C, was added to GM-CFC cultured in M-CSF
then predominantly neutrophils were produced, conversely PKC activators added with SCF stimulated
macrophage development. The data indicate a role for
PKC in M-CSF-stimulated macrophage development
from GM-CFC.

umber of cytokines have now been identified which
can promote hemopoiesis in vivo and in vitro, and
several of them share a common subset of target cells
(Whetton and Dexter, 1989; Metcalf, 1991). For example,
granulocyte/macrophage colony-forming cells (GM-CFC) 1,
have been shown to proliferate and develop into colonies
containing mature neutrophils and/or macrophages in soft
agar, in response to the growth factors granulocyte colonystimulating factor (G-CSF), granulocyte/macrophage-CSF
(GM-CSF), interleukin 3 (1L-3), macrophage-CSF (M-CSF),
interleukin 6 (IL-6), and stem cell factor (SCF) (Metcalf,
1984, 1989; Williams et al., 1987; Cook et al., 1989; Met-

1. Abbreviations used in this paper: 1,2DAG, 1,2-diaeylglycerol; BrdU,
5-bromo-2'-deoxyuridine; G-CSF, granulocyte colony-stimulating factor;
GM-CFC, granulocyte/macrophage colony-forming cells; GM-CSF, granulocyte/macrophage colony-stimulating factor; IL-3, Interleukin 3; M-CSF,
macrophage colony-stimulating factor; PC, phosphatidyleholine; PI,
propidium iodide; PI3K, phosphatidylinositol-3-kinase; PKC, protein kinase C; SCF, stem cell factor.

calf and Nicola, 1991; Heyworth et al., 1993). There are,
however, differences as well as similarities in the effects of
these agents on GM-CFC. For example, GM-CFC treated
with M-CSF proliferate and develop into colonies that consist predominantly of macrophages and G-CSF, IL-6, and
SCF all promote the formation of neutrophilic colonies.
The proliferative response elicited by this diverse range of
hemopoietic growth factors in GM-CFC is presumably
based on some common molecular mechanism activated by
the occupation of their respective receptors. Thus, it is interesting to note that there is at least one common cellular
signaling event (increased intracellular pH [Cook et al.,
1989]) activated by a range of colony-stimulating factors,
which appears to be required for the survival of GM-CFC,
i.e., with suppression of programmed cell death (Rajotte et
al., 1992). What is not clear, however, is how growth factors
such as SCF, M-CSF, and G-CSF elicit such varied developmental responses in GM-CFC and how the signals are
related to receptor occupancy. The specific receptors for the
colony-stimulating factors GM-CSF, IL-3, M-CSF, SCF,
G-CSF, and IL-6 (Witte, 1990; Brizzi et al., 1991; Nicola
and Metcalf, 1991; Hara and Miyajima, 1992) have now
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been molecularly cloned and the derived amino acid sequences exhibit no discernible similarities between the various cytokines which stimulate neutrophilic development or
between those that stimulate macrophage development. The
SCF receptor (c-kit), for example, is a member of the type
Ill (platelet-derived growth factor) protein tyrosine kinase
family, and has significant sequence homology with the
M-CSF receptor (Bernstein et al., 1990; Witte, 1990).
Nonetheless, it is clear that the developmental response
elicited by these two cytokines is quite different (Metcalf and
Nicola, 1991; Heyworth et al., 1992).
The activated SCF receptor can interact with target proteins such as the p85 subunit of phosphatidylinositol-3kinase (PI3K) (Reith et al., 1991; Rottapel et al., 1991; Lev
et al., 1992), and phosphoinositidase C-gamma (although
this enzyme is not activated to any great extent by SCF [Lev
et al., 1991]) and possibly the ras GTPase-activating protein
(Herbst et al., 1991). M-CSF can also stimulate the phosphorylation of PI3K and a ras GTPase-activafing protein (in
fibroblasts which have been transfected with the M-CSF
receptor) (Sherr, 1991). M-CSF has also been shown to activate the hydrolysis of phosphatidylcholine to form 1,2diacylglycerol, which leads to the activation of protein ldnase C (PKC). Phorbol ester-mediated direct activation of
PKC can promote macrophage development in a highly enriched population of G M - C F C and also in some leukemic
cell lines (Lotem and Sachs, 1979; Liebermann et al., 1981;
Griffin et al., 1985; Collins, 1987; Heyworth et al., 1993).
To date, there is no evidence that SCF or G-CSF can activate
PKC (Imamura et al., 1990; Veis and Hamilton, 1991).
Unfortunately no hemopoietic cell line model exists where
the differential developmental effects of SCF and M-CSF can
be investigated. Furthermore, most of the studies performed
to date on hemopoietic growth factor-stimulated signaling
events have concentrated solely on the common effects of
hemopoietic growth factors i.e., those which induce D N A
synthesis and the agonist stimulated signals which may be associated with a specific developmental response in hemopoieric stem, and progenitor cells have received tittle attention.
We have, therefore, investigated the possible second messenger pathways and the role of PKC activation/inhibition in
the response of G M - C F C to two growth factors which bind
to related receptors yet elicit distinctive developmental
effects on hemopoietic cells. The work presented describes
one of the first biochemical mechanisms for a developmental
decision in primary cultures of normal hemopoietic progenitor cells.

Grunwald-Giemsa stain. Colonymorphologywas also assessed by stainins
whole coloniesin situ usin8 the combinedspecific(positivefor neutrophils)
and nonspeclfic(positive for monocytes) esterasestain. Limiting dilution
assays were also performedin some experiments, GM-CFC were plated in
microtiter wells in a total volume of 0.25 ml (to obtain about I cell/well).
Wells were then examinedvisually and those containin8 only a single cell
scoredafter being incubated in fully humidifiedconditionsin an atmosphere
of 5 % CO2 in air.Colonies (>50 cells)were counted at seven days.
In liquidcultureG M - C F C were culturedin 20% (vol/vol)fetalcalfserum in Iscove'smediumplus other growthfactors (Heyworthet al., 1992).

Sourcesand specificactivities of growthfactors were as previouslydetailed
(Heyworth et al., 1992).

Assessment of Cellular Proliferation
proliferating cells were identified as described previously (Cook et al.,
1989), usin8 a cell proliferationassay kit purchased from AmersbamInternational (Bucks, UK). After incubatingthe cells in Iscovesmedium pins the
appropriate growth factors, 5-bromo-2'-deoxyuridino(BrdU) and 5-fluoro2'-deoxyuridinefor 16 h at 37°C, cells were washed and ¢ytospinpreparations were prepared. These were probed with anti-BrdU as previously described (Cook et al., 1989). pH]thymidine incorporation was assayed as
previously described (Cook et al., 1989).

Measurement of Cellular Signaling Events
Measurements of growthfactor-stimulatedsignalingevents were carried out
as describedpreviously(Owenet al., 1993). In Allcases cells (1 x 106/ml)
were labeled overnightat 37°C in Fischers mediumsupplementedwith IL-3
(5 U/ml) and 1% (vol/vol)fetal calf serum (to maintain cell viability withOut
stimulating proliferation, this treatment had no effecton the developmental
potential of the GM-CFC) beforewashin~ free of growth factor, resuspending in Fischer's medium containi.~ 0.1% (wt/vol) bovine serum albumin,
and incubating for 6 h before stimulation as required.

Confocal Microscopy
Cells were incubatedin Fischer'smediumsupplementedwith 0.1% (wt/vol)
bovine serum albumin (Boehringer Mannheim, Mannheim, Germany) for
4 h at 37°C, in 5% CO2 in air before a 2-h incubation in the presence of
either 20 U/ml M-CSF or 250 U/ml SCF or no added growthstimulus. Rabbit antibodies (pumbased from GIBCO BRL, Oaithersborg, MD) raised
against spe~ic peptide sequences were used to probe for PKC isoformsa,
~, e, and ~'. The antibody specific for PKC/~2isoformwas kindly provided
by Dr. Peter Parker (Imperial Cancer Research Fund, London, UI0. Secondary FITC-conjugeted sheep anti-rabbit IgG antibody was purchased
from The Binding Site Lid. (Birnfingham, UK). Slide preparations were
made using a Shandon cytospin (500 rpm, 5 min) (Shandon Inc., Pittsburgh, PA), fixed for 10 min in ice cold methanol, and incubated with 20
~dprimary antibody for 30 min, and then wushedin PBS for 10 rain. Sampies were then blotted dry before being incubated with 20 td of secondary
antibody for 30 rain, and washed in PBS for 30 min. Nuclei were counterstained with propidium iodide (PI) for 1-2 min and ~dln~ of fluorescence
was retarded with 2.4 % DABCO(BDH Chemicals Ltd., Dagenham, UK)
in 80% glycerol (Johnson et al., 1982). Stained cells were analyzed using
an MRC 500 instrument (BioRad l~bs., Hereules, CA).

Results
Materials and Methods
Enrichment of GM-CFC
GM-CFC from normal murine bone marrow were obtained by elutriation
centrifugetion as described (grdllams et al., 1987; Cook et al., 1989). In
soft gel assaysof the elutriated cells there were few, ff any, clusters present
(the mean colony size in M-CSF, IL-3, and GM-CSF was over 800 cells
[Heyworth et al., 1992]).

Colony-forming Assays
Soft agar colony-formin~assays were performed as described previously
(Spooncer et al., 1986). Colonies were picked out at random from agar
plates for morphologicalanalysisby cytospinpreparation. Cytospin preparations of both liquid culture and colony samples were stained with May-
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SCF and M-CSF Act upon a Common Target
Cell Population in Elutriated Cells Highly Enriched
for GM-CFC
The majority of the cells elutriated proliferate in response to
IL-3, GM-CSF, and M-CSF (Cook et al., 1989; Heyworth
et al., 1992). SCF and M-CSF both stimulate a large increase in [3H]thymidine incorporation in the elutriated
GM-CFC, but when added together no additive increase in
[3I-l]thymidine incorporation was observed (Fig. 1). Also
there was no difference in the M-CSF or SCF effect on GMCFC in the presence of G-CSF: neither cytokine had either
an additive or synergistic effect when added with G-CSF
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SCF and M-CSF Have Differential Developmental
Effects on Elutriated GM-CFC

Hgure 1. The effect of SCF
(250 ng/n~), G-CSF (5:)00
U/ml), and M-CSF (20 U/rnl)
on [3H]thymidine incorporation in elutriated GM-CFC.
Results shown are from one
typical experiment of three.
The standard deviation of the
mean did not exceed 10% of
the mean value in any of the
data points shown.
(Fig. 1). [3I-I]thymidine suicide assays (Table I) show that
greater than 95 % of the colony-forming cells which respond
to M-CSF were stimulated to enter the cell cycle by SCE
Similarly, incubation of the cells with M-CSF in the presence of [3H]thymidine renders cells unable to form colonies
in the presence of SCF, M-CSF, or IL-3 (Table I). Furthermore, M-CSF, SCF, and M-CSF plus SCF all stimulate
DNA synthesis in 82 % of the elutriated cells as assessed
using anti-BrdU antibodies (Table I). Liquid cultures of
elutriated cells with either M-CSF or SCF exhibited no decrease in cell viability (which remained >97%) over 3 d in
culture, in other words, both cytokines were not required to
maintain all the cells in culture, only one was required (in
the absence of the appropriate cytokine <1% of the cells were
viable after 72 h).
The SCF- and M-CSF-stimulated increase in DNA synthesis therefore occurs in a common target cell population
and both these cytokines elicit a similar proliferative response within those cells.

The effect of SCF and M-CSF, respectively, on the types of
colonies that are formed is markedly different (Table II A).
M-CSF promotes the development of colonies which consist
of predominantly macrophages (M~), while SCF stimulates
neutrophilic (N) colony formation (Tables II, A and B). This
was confirmed in two ways, by taking cytospins of individual
colonies, and by using an in situ colony staining technique.
Both techniques gave similar results. We next determined the
effect on colony morphology of SCF + M-CSF; although no
more colonies were seen than in M-CSF alone, predominantly M~ colonies (>99%) with only occasional (<1%)
N/M~ colonies (Tables II, A and B) were formed. Similarly
in liquid cultures, M-CSF and SCF promoted macrophage
and neutrophilic development, respectively (Table 111). When
M-CSF was present with SCF there was a twofold increase
in the numbers of cells formed over 7 d (see Heyworth et al.,
1992) compared to that seen with M-CSF alone: however,
the vast majority of cells formed were macrophages (see Table m ) and there was no evidence of SCF-stimulated neutrophilic development in these cultures at any stage. As the
majority of the cells respond to M-CSF, the data suggest that
the neutrophilic stimulus elicited by SCF is apparently suppressed in the presence of M-CSF. These data encouraged
us to investigate early biochemical events stimulated by these
growth factors in an attempt to distinguish between common
signals which may be associated with proliferation and DNA
synthesis and noncommon signals involved in lineage restricted development and the dominance of the M-CSF developmental signal.

A Common Signal Associated with Proliferation Is
Elicited by M-CSF and SCF
We have previously demonstrated that M-CSF stimulates the
amiloride-sensitive Na+/H + antiport in GM-CFC leading to
an increase in intracellular pH (Cook et al., 1989). SCF (250

Table L M-CSF and SCF Effects on the Proliferative Status of Elutriated Cells
Proliferating cells
(% cells which are
bromo deoxyuridine
antibody positive)
82 + 7

82 5: 1

82 5:1

Colonies formed
(% control incubations

Growth factor present
in preincubation

Growth factor present in
soft gel colony-forming
assay after
preincubation + [3Hlthymidine

M-CSF
M-CSF
M-CSF
SCF

M-CSF
SCF
IL-3
M-CSF

0
4 + 2
0
2 + 2

SCF
SCF
SCF + M-CSF
SCF + M-CSF
SCF + M-CSF

SCF
IL-3
M-CSF
SCF
IL-3

0
0
2 5:1
0
3 5:3

where pH]thymidine

was omit~l from the
preincubation)

For [3H]thymidine suicide assays dutriated cells were preincubated for 8 h at 37"C in the absence of growth factors (to reduce the number of cells in cycle, a
preineubation which did not decrease cell viability, or plating efficiency, which was 35% in the presence of M-CSF and 21% in the presence of SCF) and then
preincubated with the growth factors shown above (see second coltmm), in serum free Iseoves's medium + 100/~CJml [3H]thymidine at a concentration of 2 x
105 ceils per ml for 16 h. This overnight incubation does not decrease the plating efficiency of the cells (Kan et al., 1991). Cells were then washed and taken
for soft gel assays in the presence of the cytokines shown in the third column. Results shown are the mean -4- SEM of three experiments and are expressed as
the percent control assays in which [~I-I]thymidine was omitted from the initial preincubation, Plating efficiency in the control incubations which had not been
treated with [3H]thymidine was similar to that observed in Table II.
For immtmocytoehemical labeling of proliferating cells the initial preincubation was followed by incubation in serum free Iscove's medium plus other additives
(see Materials and Methods). In control incubations without cytokines <10% of the cells were stained positively. Concentrations of growth factors employed were:
M-CSF, 20 U/ml; SCF, 250 ng/ml; IL-3, 100 U/ml.
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Table II A. The Effect of PKC Activators and PKC
Inhibitors on the Development of GM-CFC in Soft Agar
Colony-forming Assays
Colonies
formed (per
200 cells
plated)

IL-3
SCF
SCF + M-CSF
SCF + TPA
SCF + BRYO
SCF + TPA + CAL
SCF + BRYO + CAL
M-CSF
M-CSF + CAL (50
ng/ml)
M-CSF + CAL (100
ng/ml)
Calphostin (50 ng/ml)
Calphostin (100 ng/ml)

78
44
92
46
42
42
37
87

Table IlL The Effect of Combinations of CSFs on the Types
of Cells Formed from GM-CFC in Liquid Culture

Blast

M

G

G/M

%

%

%

%

+ 8
+ 8
-l- 6
+ 6
+ 5
+ 2
+ 8
:t: 6

0
3
0
0
0
3
3
0

15
I
97
79
90
54
50
98

3
88
0
5
5
37
47
0

82
8
3
15
5
6
3
2

94 + 9

0

23

69

8

93 + 9
0 + 0
0 + 0

84
.
.

6

.
.

10

0

.
.

.
.

M, macrophage colonies; GM, granniocyte/macrophage colonies; G, granulocytic colonies; Blast, those colonies made up of blast cells. The concentrations
of additives were: bryostatin, 10-8 M; TPA, 100 ng/ml; M-CSF, 20 U/ml;
SCF, 250 ng/ml. BRYO, bryostatin; CAL, calphostin, which unless otherwise
stated was present at a final concentration of 100 ng/ml. Colony formation is
shown as total colonies I~¢r200 cells plated and also as a pexcentage of the number
of colonies formed in the presence of an optimal concentration of IL-3 (I00 U/ml)
and show the mean + SEM from three experiments. We have previously shown
that TPA or bryostatin alone do not stimulate colony formation.

Table lIB. The Effect of Agents Which Potentiate the
Activity of PKC on Colonies Formed from GM-CFC
Colony type formed
Addition

Macrophage

Granulocyte

Granulocyte/
Macrophage

%

%

%

M-CSF
M-CSF
SCF
SCF +
SCF +
SCF +
SCF +

99
41
0
80
92
16
81

0
29
90
3
0
44
4

1
30
10
17
8
40
15

+ CAL
TPA
BRYO
TPA + CAL
M-CSF

The effect of agents which potentiate the activity of PKC on colonies formed
from GM-CFC, using in situ colony staining for combined esterases in soft agar
assays. M, macrophage colonies; GM, granulocyte/macrophage colonies; G,
granulocytic colonies. The concentrations of additives were: bryostatin, 10-a
M; TPA, 100 ng/ml; M-CSF, 20 U/nil; SCF, 250 ng/ml. BRYO, bryostatin;
CAL, calphostin, which was used at a concentration of 100 ng/rni.

ng/ml) stimulated an amiloride-sensitive rise of 0.09 + 0.02
U from a resting pHi of 6.94 -1- 0.05 (mean + SD, n = 4)
while M-CSF (20 U/ml) gave a rise of 0.11 + 0.02 (mean
+ SD, n = 6). There was no observed additive effect of
M-CSF and SCF at the concentrations shown. These results
show that some intracellular signaling events are commonly
activated in SCF- and M-CSF-treated GM-CFC.

Growth Factor Stimulation of Phospholipid Breakdown
Pathways in GM-CFC
The hydrolysis of phosphatidylinositol-4,5-bisphosphate to
generate the second messengers inositol-l,4,5-trisphosphate
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Growth
factor
added

M-CSF
SCF
M-CSF
+ SCF

Fold
increase
in cell
number

Blast

Cell type
Early
Late
M~b
granulocyte granulocyte

%

%

%

%

25
20

1
20

98
5

1
22

0
53

40

1

99

0

0

Growth factor concentrations were as shown for Fig. 1 A. The results shown
are for cells incubated for 7 d, seeded at an initial density of 2 x 104/ml, and
are from one typical experiment of three. M~, macrophage.

and sn-l,2-diacylglycerol (1,2DAG) occurs in many cells
(Berridge et al., 1982). The results shown in Table IV indicate that neither M-CSF nor SCF stimulate an increase in
inositol phosphates in GM-CFC. M-CSF has previously
been reported to stimulate phosphatidylcholine (PC) hydrolysis leading to the generation of 1,2DAG. An acute, transient
increase in [3H]I,2DAG was observed in M-CSF-treated
cells 15 s after stimulation (133 + 8% of control, mean +
SEM, n = 4) with a return to control levels after 1 rain, but
no such increase was observed in SCF-treated ceils (15 s-5
min). However, the commitment of the GM-CFC to differentiation occurs over a period of several hours, rather than
minutes (see Metcalf, 1984 and Whetton, A. D., and S. E.
NichoUs, unpublished observations) and we therefore ascertained whether there was a more persistent effect of M-CSF
on the levels of 1,2DAG (Table IV). M-CSF stimulated a
significant increase in [3H]I,2DAG levels over a 2-h time
course, whereas SCF had no such effect.
Measurement of the water soluble products of [3H]PC
breakdown in GM-CFC illustrate that M-CSF but not SCF
is able to stimulate a significant increase in pH]phosphocholine levels. Glycerophosphocholine and choline levels were unaffected by either M-CSF (suggesting phospholipase C-mediated hydrolysis of PC, as previously reported,
[Imamura et al., 1990]) or SCE These data infer that there
is a long term effect of M-CSF on PC hydrolysis, as has been
reported for some other growth factors (Cook and Wakclam,
1992). This may contribute to the observed increase in
1,2DAG levels and clearly distinguishes the activity of
M-CSF from that of SCE

Expression and Activation of Protein Kinase C
Isoforms by M-CSF and SCF in GM-CFC
Since 1,2DAG is the physiological activator of PKC, the
above results suggest that M-CSF, but not SCF, can activate
PKC. Thus, the activation of PKC may have a role to play
in determining the dominance of the M-CSF signal. Indeed,
M-CSF has been shown to activate PKC in other cell types
(Imamura et al., 1990; Veis and Hamilton, 1991). However,
direct activity assays or Western analysis of subceilular
fraction-associated PKC was not possible in highly enriched
GM-CFC due to the low numbers of cells obtained from the
elutriation procedure. Because of this we used confocal microscopy to determine whether or not stimulation with
M-CSF would lead to alterations in the patterns of PKC isoform expression and distribution. First, we ascertained the
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Table IV. The Effect of Cytokines on Lipid Hydrolysis in GM-CFC

Additive
M - C S F (20 U/ml)
M - C S F (20 U/ml)
M - C S F (20 U/trd)
SCF (250 ng/ml)
SCF (250 ng/ml)
SCF (250 ng/xrd)

Time

[3H]inositol
phosphate
(percentage of
control)

m/n
30
60
120
30
60
120

91 + 2
ND
ND
97 + 13
ND
ND

[3H]1,2 DAG
(percentage of
control)
106
128
149
103
111
103

+
+
+
+
+
+

9
12
10
7
9
7

Total pH]choline
levels (percentage
of control)
106
103
97
92
95
100

+
+
+
+
+
+

5
6
12
11
4
18

Total [~H]choline
phosphate levels
(percentage of control)
126
126
115
92
88
102

+
+
+
+
+
+

11
15
1
12
8
7

As a measure of inositol lipid hydrolysis [3H]inositol phosphate levels were measured in [3H]inositol-loaded GM-CFC. Results shown are from a 30-rain incubation. [3H]1,2 DAG levels were determined in cells loaded to isotopic equilibrium with pH]glycerol which after loading were washed and le/~ without cymkines
for 4 h prior to challenge with cytokines. [3H]choline and [3H]choline phosphate levels were assessed in cells loaded to isotopic equilibrium with [~H]choline.
The results shown are the mean + SEM of at least three observations. Incubations with fluoroeluminate (2/~M AICI3, 0.5 mM NaF) for 30 min gave a 155 + 10%
increase (mean + SEM, n ffi 4) in [3H]inositol phosphate levels in parallel incubations to those reported in the table above. Further time points on pH]inositol
phosphate levels were not assessed as the presence of lithium interferes with cellular metabolism and can effect cellular viability.

levels of the different PKC isoforms expressed in GM-CFC.
There was a high degree of expression of PKC isoforms/~
(which apparently consisted predominantly of the 82 isoform), ol and ~', whereas the PKC ~ and ~ isoforms were only
present in relatively low levels in the elutriated cells. It is important to state that the distribution of the PKC isoforms was
uniform throughout >95 % of the cells (Fig. 2).

We next determined the effect of chronic treaunent of the
GM-CFC with M-CSF and SCF, respectively, on the levels
and intracellular location of PKC isoforms. Neither M-CSF
nor 5CF affected the levels or the subcellular localization of
PKC/31, PKC ~', PKC 6, or ~ over a 2-h period. The level of
fluorescence (mean integrated fluorescence intensity per
cell) detected using the PKC~2 antibody was unaltered by

Figure 2. The effect of a 2-h incubation with SCF and M-CSE respectively, on the levels and distribution of PKC isoforms in elutriated
GM-CFC. The fields shown contain cells which were typical of >95 % of those observed.
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incubation with M-CSF for 2 h, however there was a marked
decline in fluorescence seen in SCF-treated cells (Fig. 2).
The subcellular location of the PKC/32 in control cells and
SCF-treated cells was predominantly cytosolic, as was the
case for M-CSF-treated cells.
When elutriated cells were probed with a PKC,-specific
antibody, marked differences were discernible in the effects
of SCF and M-CSF. M-CSF stimulated an increase in the
level of expression of PKCo~and also the translocation of this
protein from the cytosol to the nucleus (optical sectioning
through the cell revealed that this was not a translocation to
the perinuclear region). SCF, on the other hand, did not
affect either the location or the level of PKC~ within the cell.
It is important to note that these effects were observed in the
majority of cells studied (>95%).
When the PKC inhibitor calphostin C (100 ng/ml) was
added to GM-CFC at the same time as M-CSF we found that
there was a marked inhibition of M-CSF-stimulated PKCo~
translocation to the nucleus.

Activation of PKC Biases GM-CFC Development to
the Macrophage Lineage
We have previously reported that activators of PKC, such as
TPA or bryostatin, when used in combination with a neutrophil stimulus, G-CSF, can promote macrophage development from GM-CFC in both soft gel and liquid cultures
(Heyworth et al., 1993). This is also the case when PKC activators are added with SCF (see Table IIB). Furthermore
GM-CFC cultured with TPA or bryostatin develop into macrophages (Heyworth et al., 2993).
IL-4 has been shown to activate inositol lipid hydrolysis
and PKC in monocytes and B lymphocytes (Finney et al.,
1990; Harnett et al., 1991; Arruda and He, 1992) and to
stimulate the translocation of PKC to the nucleus (as
reported above for M-CSF-treated GM-CFC) (Arruda and
He, 1992). Moreover, IL-4 has also been reported to increase the levels of colony formation when used in combination with G-CSF (Broxmeyer et al., 1988; Rennick et al.,
1989; Vcllenga et al., 1990; Jansen et al., 1991), an effect
similar to that seen with TPA or bryostatin (I-Ieyworth et al.,
2992). In GM-CFC, IL-4 (100 ng/ml) stimulated an increase
in total inositol phosphate levels over a 30-min incubation
in the presence of lithium chloride (144 + 11% compared
to control samples, mean + SEM, n = 3). Furthermore,
IL-4 can also increase 1,2DAG levels in GM-CFC: incubations of 30, 60, and 120 min led to 120 + 23%, 148 + 12%,
and 189 :i: 33% increases in the 1,2DAG levels, respectively
(mean + SEM, n ffi 3).
IL-4 alone (10 or 100 ng/ml) did not stimulate colony development in soft agar assays of GM-CFC and modestly inhibited colony formation when combined with M-CSF (Fig.
3). When added with SCF, however, although there was no
significant effect on the number of colonies formed, there
was a marked switch to M~ colonies (see Fig. 3). In limiting
dilution assays where one cell/well was present SCF (250
ng/ml) stimulated the development of 85 % N colonies with
15% N/M~ colonies whereas SCF plus IL-4 (100 ng/ml)
gave 45 % M~ colonies and 55 % N colonies. The plating
efficiency seen with SCF was unaltered by the addition of
IL-4. These results show that even cytokines which have no
apparent colony-stimulating activity, but which can activate
specific signaling pathways, may influence the types of cole-
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Figure3. The effect of Interleukin-4 on the development of GMCFC. (,4)The effectof IL-4 on the colony formation in the presence
of either M-CSF or SCF. Optimal concentrations for colony formation were used for all growth factor additions (see Table ID. Colonies formed were counted after 7 d. Results shown are the mean
+ SEM of three experiments. (B) The percentage of each colony
type was assessed by picking out >40 colonies in each experiment
and staining the cells as described. Results are taken from one typical expe"nment of three. G/MO denotes granulocyte/macrophage

colonies, M~ denotes macrophage colonies, and G denotes
granulocytic colonies.

hies formed from GM-CFC in response to other cytokines
or growth factors.

Inhibition of PKC Activity Biases the Development of
GM-CFC Towards the Neutrophilic Lineage
PKC activation stimulates the preferential development of
macrophages from GM-CFC; does the inhibition of PKC
stimulate increased neutrophilic development? To test this,
we used the PKC inhibitor calphostin, which has the advantage of binding to the regulatory domain of PKC thereby having a greater degree of specificity than other inhibitors
(Tamaoki and Nakano, 1990). There was a marked effect of
calphostin on the types of colonies formed in the presence
of M-CSF in that predominantly neutrophilic colonies were
formed, although the total number and size of the colonies
remained unchanged (see Table II A).
Similar results were also observed in limiting dilution assays (1 cell/well [Heyworth et al., 1993]). The plating
efficiency was unaltered by calphostin, but the types of colonies formed were markedly different: M-CSF gave 90% M~
colonies plus 20% N/M~ colonies, whereas M-CSF + calphostin (100 ng/ml) gave 52% N colonies, 33 % N/MO colonies, and 15% MO colonies. Cultures of GM-CFC grown in
SCF + TPA or SCF + bryostatin (which consist of mainly
M~ colonies) (see Table IIB), are replaced by a mixture of
N, N/MO, and M~ colonies in the presence of calphostin.
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Granulocyte macrophage colony-forming cells have the potential to develop into either macrophages or neutrophils and
it has been known for some time that cytokines can influence
the developmental decisions within GM-CFC. Experiments
with parent, daughter, and granddaughter cells of these
bipotential progenitor cells have clearly shown that the regulation of lineage commitment is, at least in part, extrinsic:
the growth factors in which the cells are cultured can
influence the type of mature cells formed (Metcalf, 1984).
From these daughter cell experiments, it has also been established that the loss of the bipotential nature of GM-CFC that
occurs in the presence of growth factors is not an immediate
event (occurring within minutes or even hours) and also that
the commitment (when it occurs) is essentially irreversible.
To assess the mechanisms that influence the proliferation
and development of granulocyte macrophage progenitor
cells, we have used enriched murine GM-CFC as a target cell
population that can develop into either neutrophils or macrophages, depending on the culture conditions employed (W'tlliarns et al., 1987; Cook et al., 1989). While there is obviously a degree of heterogeneity in GM-CFC isolated from
bone. ~
and within the cell population prepared, we
and Others have shown that the population is enriched for
GM-CFC (Williams et al., 1987; Cook et ai., 1989) and, furthermore, that most of the ceils respond to SCF and M-CSF,
respectively. For example the majority of the cells proliferate
when either M-CSF or SCF is added to cultures containing
elutriated cells (see Table I); M-CSF and SCF have a
markedly less than additive effect on the proliferation of
elutriated cells or colony formation (Table I and Fig. 1); the
same effect of SCF and M-CSF, respectively, on PKC isozyme distribution is seen in >95 % of the cells. Furthermore,
M-CSF stimulated colony formation from about 43 % of the
cells plated (Table I), and SCF did not significantly increase
this figure when added to plating assays with M-CSE We
have therefore compared the biochemical events stimulated
by these growth factors in an attempt to distinguish between
common signals which may be associated with a proliferative response and more specific signals which may be linked
to lineage commitment and development to either neutrophils or macrophages (see Tables II, A and B).
Both cytokines stimulated a similar increase in pHi within
the elutriated cells, indicating that some of the signals

elicited by these cytokines are held in common and may be
associated with general housekeeping functions and (eventually) DNA synthesis. However, M-CSF has previously been
reported to stimulate PC breakdown to generate the second
messenger diacylglycerol (Imamura et al., 1990). We observed increases in 1,2DAG and phosphocholine levels, hut
not choline levels. These results are consistent with a chronic
activation of a phopholipase C-mediated PC hydrolysis
stimulated by M-CSF (SCF had no such effects). Classically
a rapid activation of inositol lipid hydrolysis can be followed
by a prolonged increase in PC hydrolysis and 1,2 DAG accumulation. We have confirmed here the results obtained on
M-CSF-stimulated monocytes where there is an increase in
1,2 DAG levels derived from PC hydrolysis with no concomitant inositol lipid hydrolysis (Whetton et al., 1988; Imamura
et al., 1990). Thus we have identified one example of a biochemical event stimulated by M-CSF, which is not activated
by SCF, and which therefore may be involved in the differential developmental effects of M-CSF compared to SCE
Because diacylglycerol is the physiological activator of the
classical PKC isoforms (Nishizuka, 1992), a prediction from
this data is that M-CSF, but not SCF, would stimulate PKC
in GM-CFC. This was found to be the case: confix:al microscopy experiments have shown that M-CSF does indeed have
a profound effect on the levels and subcellular localiz.ation of
one of the classical isoforms of PKC, PKCo~, but not on
others. SCF, on the other hand, has little effect on the localization of any isoform within the GM-CFC. This then raises
the question as to whether or not the translocated PKCc~can
influence the development of GM-CFC, presumably via
modification of transcription. In this respect it has been previously demonstrated that PKC may be important in hemopoietic cell development. For example, certain leukemic cell
lines develop into macrophages under the influence of PKC
activators (Lotem and Sachs, 1979; Liebermann et al., 1981;
Collins, 1987); M-CSF is known to activate PKC (Imamura
et al., 1990; Veis and Hamilton, 1991) while there is no evidence to suggest that SCF or G-CSF can activate PKC; phorbol esters can influence the development of myeloid progenitor cells leading to macrophage development (Griffin et al.,
1985; Heyworth et al., 1993). Interestingly, while SCF did
not translocate PKCB~ after 2 h, this isozyme was almost
completely downregulated by SCF. Thus the ability of this
cytokine to promote neutrophil development may be mediated by its downregulation of PKC/3x. Support for this proposal comes indirectly from other studies with phorbol esters. TPA promotes macrophage development in myeloid
progenitor cells (Bunce et al., 1990) and several authors
have shown that PKCB is more susceptible to downregulation by TPA than PKCo~ (Kllcy et al., 1990).
Perhaps more compelling evidence of a role for PKC in
macrophage development comes from our studies using activators and inhibitors of this enzyme. In this way we have now
demonstrated that chronic activation of PKC does indeed
bias the development of GM-CFC towards the macrophage
lineage, while inhibition of PKC leads to the preferential
production of neutrophils even in the presence of a potent
macrophage stimulus such as M-CSE Our data infer that the
PKC isozyme activated during macrophage fine,age development is PKCc~and the isozyme inhibited, possibly by downregulation, to determine neutrophil development is PKC32.
Furthermore this finding may well be of physiological
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The differential effects of calphostin on the levels of N,
N/Mck, and M~b colonies formed may be associated with the
differential modes of activation of PKC employed (i.e., direct
activation by TPA versus agonist-mediated stimulation by the
action of M-CSF on the ceils).
In limiting dilution assays, results similar to those de-

scribed in Tables II, A and B were obtained. In SCF +
bryostatin, 78% M0 and 22% N/M~ colonies were formed;
the further addition of calphostin (50 ng/ml) affected a
change in colony morphology to 12% M0, 34% N/M0, and
54% N colonies. When calphostin was added to colonyforming assays where only one cell/well was present with
SCF + TPA there was a similar shift in the types of colonies
formed. PKC inhibition by calphostin can influence lineage
choice, promoting neutrophilic colony development from
GM-CFC.

Discussion

significance particularly with respect to cytokines such as
IL-4. Although there is some evidence to suggest that IL-4
can stimulate PKCc~ translocation to the nucleus in GMCFC (Whetton, A. D., S. E. Nicholls, and J. M. Lord, unpublished observation) plainly IL-4 may potentiate the developmental decisions taken by these bipotential cells via
some other mechanism. What is important, however, is that
IL-4 can potentiate developmental decisions in GM-CFC
without stimulating colony formation directly. In other
words, the local production of IL-4 within the environment
of the bone marrow may be able to influence the lineage options taken by the adjacent GM-CFC. Much emphasis has
been placed on the synergy between cytokines leading to
growth promotion; we now suggest that developmental
potentiation is another critical role for cytokines (which, like
IL-4 on GM-CFC, need not have any CSF activity per se).
At present no inhibitors for specific PKC isoforms are
available and further studies to discriminate between the
roles of these kinases are difficult to perform. One way to
approach this, however, is by overexpressing the appropriate
isoform and where this has been performed. PKCcx was
shown to be associated with neural induction and competence in Xenopus (Otte and Moon, 1992). There may therefore be an important role for PKC in commitment decisions
in a number of different tissues.
The biological effects of overexpression of constitutively
activated PKC isoforms (see Otte and Moon, 1992) in GMCFC, however, are difficult to perform since GM-CFC are
a transit cell population and cannot be delayed in their development to mature cells for any great length of time. Here we
have provided biochemical and cell biological data that implicates PKCot activation and translocation in growth factormediated lineage restriction decisions in a highly enriched
population of bipotential committed hemopoietic progenitor
cells.
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