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Stimulation of phosphatidylcholine synthesis by activators of
protein kinase C is dissociable from increased phospholipid
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The aim of this study was to clarify the relationship between the stimulatory effects of protein kinase C activators,
including phorbol 12-myristate 13-acetate (PMA) and bryostatin, on the hydrolysis of phosphatidylcholine (PtdCho) and
phosphatidylethanolamine (PtdEtn) and on PtdCho synthesis. The cell lines used were selected because of their differential
responses to protein kinase C activators and included rat-I fibroblasts, untransformed and A-raf-transformed NIH 3T3
fibroblasts and human HL60 leukaemia cells. Exposure of rat-l and NIH 3T3 fibroblasts to 100 nM-PMA stimulated
phospholipase D-mediated hydrolysis of phospholipids about 2- and 6-fold respectively. In contrast, 100 nM-PMA had
similar (2.5-3.0-fold) stimulatory effects on PtdCho synthesis in these cell lines. In the untransformed NIH 3T3 cells, both
PMA and bryostatin stimulated both phospholipid hydrolysis and PtdCho synthesis, with 100 nM-bryostatin being
somewhat less potent than 100 nM-TPA. In contrast, in A-raf-transformed NIH 3T3 cells or in HL60 cells, only TPA, but
not bryostatin, stimulated PtdCho synthesis. In these transformed cells, bryostatin had 3-fold, or higher, stimulatory
effects on phospholipid hydrolysis. Addition of ionomycin, a Ca2'-elevating agent, partially restored the stimulatory effect
of bryostatin on PtdCho synthesis, but it failed to modify the effect of bryostatin on phospholipid hydrolysis. These data
indicate that increased phospholipid hydrolysis is not necessarily associated with increased PtdCho synthesis.

INTRODUCTION

An important function of activated protein kinase C is the
regulation of phosphatidylcholine (PtdCho) synthesis. It is well
established that activators of protein kinase C, such as the potent
tumour promoter phorbol 12-myristate 13-acetate (PMA) [1],
stimulate the formation of CDP-choline [2-5], the rate-limiting
substrate for PtdCho synthesis [6-10]. Since activators of protein
kinase C failed to enhance the phosphorylation of choline-
phosphate cytidylyltransferase (EC 2.7.7.15) in intact cells [5] or

in assays in vitro [11,12], the activity of cytidylyltransferase may
be regulated by PMA and other protein kinase C activators
through an indirect mechanism(s).

In most cell types studied, activators of protein kinase C also
stimulate phospholipase D-mediated hydrolysis of PtdCho [13]
and phosphatidylethanolamine (PtdEtn) [14,15]. 1,2-Diacyl-
glycerol (1,2-DAG), a possible degradation product, is known to
stimulate PtdCho synthesis [16,17]. Tre tment of various cells
with phospholipase C enhanced PtdCho sy thesis by provoking
redistribution of cytidylyltransferase from the cytosol to internal
membranes [18-22]. Since phospholipase C attacks the outer
surface of the plasma membrane, it is difficult to understand how
such redistribution of cytidylyltransferase takes place. However,
available evidence strongly suggests that 1,2-DAG, generated by
exogenous phospholipase C, induces redistribution of cytidylyl-
transferase [20,21]. It has been suggested that, by analogy with
the action of phospholipase C, a similar causal relationship
between PMA-induced phospholipid hydrolysis and PtdCho
synthesis involving 1,2-DAG as a mediator may exist [11,23-25].
The aim of this study was to determine a possible correlation

between phospholipid hydrolysis and PtdCho synthesis in fibro-
blasts and HL60 leukaemia cells treated with various activators

of protein kinase C. The data presented are inconsistent with a

direct role of phospholipid hydrolysis in the regulation of PtdCho
synthesis.

EXPERIMENTAL
Materials
PMA, Dowex-50-W (HI form), phospholipase C (type IX;

from Clostridium perfringens), phospholipase A2 (from bee
venom), phospholipase B (from Vibrio species), PtdCho, PtdEtn,
phosphatidic acid (PtdOH) and 1,2-DAG were purchased from
Sigma Chemical Co., St. Louis, MO, U.S.A.; [2-14C]ethanol-
amine (20 mCi/mmol), [1-14C]palmitic acid (60 mCi/mmol) and
[methyl-14C]choline chloride (50 mCi/mmol) were from Amer-
sham, Arlington Heights, IL, U.S.A.; and tissue-culture reagents
were brought from GIBCO, Grand Island, NY, U.S.A. Bryo-
statin 1 was purified from the marine animal Bugula neritina
[26]. Phosphatidylethanol was prepared by a phospholipase
D-catalysed reaction from PtdCho and ethanol [27].

Cell culture
Rat-I fibroblasts, NIH 3T3 clone-7 untransformed fibroblasts

and NIH 3T3 clone-7 fibroblasts transformed with human A-raf
(NIH 3T3/A-raf) [28] were provided by Dr. Ulf R. Rapp
(National Cancer Institute, Frederick, MD, U.S.A.) and were

continuously cultured in Dulbecco's modified Eagle's medium
supplemented with 100% (v/v) fetal-calf serum, penicillin
(50 units/ml)/streptomycin (50 ,ug/ml) and glutamine (2 mM).
Fibroblasts were seeded [(1-2) x 105/dish] in 100 mm-diam.
plastic dishes (Costar), and growing (50-70% confluent) cell
populations were harvested after 2 days in culture. The human
promyelocytic-leukaemia cell line HL60 [29] was continuously
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cultured in RPMI 1640 medium supplemented with 20% heat-
inactivated fetal-calf serum, penicillin (50 units/ml)/strepto-
mycin (50 ,ug/ml) and glutamine (2 mM). Cells were harvested for
experiments at a density of (0.8-1.0) x 106/ml.

Measurement of PMA-stimulated hydrolysis of PtdCho and
PtdEtn

Attached NIH 3T3 cells were incubated with either [methyl-
14C]choline (0.20 ,uCi/ml) or [2-14C]ethanolamine (0.15 ,uCi/ml)
for 48 h, washed, incubated for 3 h in the presence of fresh
medium, and then harvested by gently scraping from the dish.
Collected cells, pooled from 3-5 dishes (150 cm2), were washed.
Then 0.3 ml portions of cell suspension [(1.2-2.8) x 106 cells/ml]
were incubated (final vol. 0.32 ml) in polypropylene tubes in an
incubator at 37 °C in the presence of 20 mm unlabelled choline or
2 mM-ethanolamine, as indicated, along with other agents as
specified. Incubations were terminated by addition of 4 ml of
chloroform/methanol (1:1, v/v). Cells were extracted in this
mixture for 60 min at room temperature, followed by addition of
3 ml of water to initiate phase separation. After centrifuging the
samples for 5 min at 2000 g, samples of the water/methanol
phase were used for determination of total released 14C radio-
activity, as well as for the separation of choline and ethanolamine
metabolites. For this latter purpose, essentially the method
described by Cook & Wakelam [30] was used. Briefly, Dowex-
50-W (HI) packed columns (Bio-Rad Econo-columns; 1 ml bed
vol.), treated with 1 M-HCI for 2 h, were washed with water until
the washings were approx. pH 5.5. The samples were diluted to
5 ml with distilled water and loaded on to the columns. The
initial flow-through along with a following 5 ml water wash
contained either [14C]glycerophosphocholine or [14C]glycero-
phosphoethanolamine. [14C]Choline phosphate or 114C]ethanol-
amine phosphate was eluted by 20 ml of water, and [14C]choline
or [14C]ethanolamine was eluted by 20 ml of 1 M-HCI. Each
fraction was evaporated to dryness, and their 14C content was
determined by liquid-scintillation counting. For the preparation
of appropriate standards, the "4C-labelled cells were treated with
either phospholipase A2 (1 unit/ml) + phospholipase B (1 unit/
ml) (to produce glycerophospho-bases), or phospholipase C
(1 unit/ml) (to produce phosphorylated bases), for 60 min, and
extracts were prepared as above. For determination of the
elution profiles of standards (determined in each experiment),
2 ml fractions were collected. The metabolites of ['4C]choline and
['4C]ethanolamine present in the peak fractions were further
identified by t.l.c. [14]. Phospholipids, present in the lower
chloroform phase, were separated, and their 14C content was
determined as described above. In typical experiments, the 14C
content of PtdEtn and PtdCho pools was 168 000-184000 and
139000-155000 d.p.m./106 cells respectively.

Measurement of PtdCho synthesis in intact cells
For the measurement of PtdCho formation, fibroblasts were

harvested as above. Fibroblasts [(1.2-1.6) x 106/ml)] or HL60
cells (1.5 x 060/ml) were suspended in fresh Dulbecco's medium
or RPMI 1640 medium respectively, and incubated with either
[methyl-14C]choline (1 ,uCi/ml) or [32P]P1 (0.3 mCi/ml) for
20-120 min in the presence of agents as indicated. Incubations
were terminated by addition of chloroform/methanol (1: 1, v/v).
PtdCho was separated from the other lipids by silica-gel t.l.c.,
and the radioactivity in PtdCho was determined [31,32].

Measurement of formation of PtdOH, phosphatidylethanol and
1,2-DAG in fibroblasts prelabelled with 1[4Clpalmitic acid

Cells were prelabelled with [1-_4C]palmitic acid (0.25 ,uCi/ml)
for 24 h. Cells were washed, incubated in fresh medium for
an additional 2 h (to minimize the amount of unesterified

labelled palmitic acid), and then harvested from 3-4 dishes
(150 CM2). Cells were washed and 0.3 ml portions [(1.6-2.4) x 106
cells] were incubated (final vol. 0.32 ml) with PMA and other
agents as indicated for 20-30 min. Incubations were terminated
by addition of 4 ml of chloroform/methanol (1: 1, v/v), and
neutral lipids (present in the chloroform phase) were separated
by silica-gel t.l.c. in the solvent system hexane/diethyl ether/
acetic acid (70:30:2, by vol.). PtdOH was separated from other
phospholipids as described previously [31,32]. Phosphatidyl-
ethanol was separated by silica-gel t.l.c. by using the organic
phase of ethyl acetate/2,2,4-trimethylpentane/acetic acid/water
(13:2:3:10, by vol.) as the developing solvent [33].

Determination of intracellular content of 1,2-DAG
This was done after its quantitative conversion into PtdOH, by

using 1,2-DAG kinase and [y-32P]ATP as described by Preiss
et al. [34].

RESULTS

Effects of PMA on PtdCho synthesis and phospholipid
hydrolysis in NIH 3T3 and rat-i fibroblasts
A possible quantitative relationship between the stimulatory

effects ofPMA on phospholipid hydrolysis and PtdCho synthesis
was initially studied in NIH 3T3 and rat-I fibroblasts. In
agreement with previous data [14,15], PMA was a potent
stimulator of phospholipase D-catalysed hydrolysis of the 14C-
prelabelled pools of PtdCho and PtdEtn in NIH 3T3 cells (Table
1). In contrast, PMA was a less potent stimulator ofphospholipid
hydrolysis in rat-I fibroblasts (Table 1). Thus, although the
treatment of 14C-prelabelled rat-I cells with 100 nM-PMA for 1 h
resulted in the hydrolysis of only 3.3-3.4% of the total cellular
pools of PtdCho and PtdEtn, a similar treatment of NIH 3T3
cells with PMA resulted in the hydrolysis of 11.3-13.6% of these
phospholipids.
Another widely used method to measure phospholipase D

activity is based on the ability of this enzyme to catalyse a
transphosphatidylation reaction. In this reaction the phospha-
tidyl group of PtdCho or PtdEtn is transferred to ethanol or
other alcohols [35]. The resulting product is a phosphatidyl-
alcohol, which, unlike PtdOH, is only slowly metabolized in cells
[35]. As shown in Table 2, formation of phosphatidylethanol in

Table 1. Effect of PMA on phospholipase D-mediated hydrolysis of
phospholipids in rat-i and NIH 3T3 fibroblasts

Cells were prelabelled with [14C]choline or ['4C]ethanolamine for
48 h, followed by incubation of cells for 60 min in the absence or
presence of 100 nM-PMA as described in the Experimental section.
The water-soluble "C-labelled products were separated by ion-
exchange chromatography. The 14C content of PtdCho in rat-I and
NIH 3T3 cells was 197000 and 178000 d.p.m./ lOf cells respectively.
Data are means + S.E.M. of four determinations. Similar results
were obtained in two other experiments.

Degradation of ["C] phospholipids
(% of total membrane pool of respective phospholipids)

[14C]Choline ["4C]Ethanolamine

Addition Rat-I NIH 3T3 Rat- 1 NIH 3T3

None 1.16+0.12 1.90+0.05
PMA (I00nM) 3.34+0.15 11.31+0.38

1.84+0.07 2.43+0.13
3.37+0.14 13.62+0.75
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Table 2. Effect of PMA and ethanol on the formation of I14Clphospha-
tidylethanol in rat-i and NIH 3T3 fibroblasts

Cells were prelabelled with ['4CJpalmitic acid for 24 h and then
incubated in the absence or presence of 100 nM-TPA and/or
200 mM-ethanol for 20 min. The 14C content of the total phospho-
lipid fraction in rat-I and NIH 3T3 cells was 135000 and
154000 d.p.m./106 cells respectively. Data are means +S.E.M. of four
determinations. Similar results were obtained in another experiment.

["4C]Phosphatidylethanol
(d.p.m./20 min per 106 cells)

Addition NIH 3T3 Rat-I

None
PMA
Ethanol
PMA + ethanol

0
0
0

5470+ 390

0
0
0

1420+ 130

Table 3. Effect of PMA on the formation of I14CIPtdOH and
I'4C11,2-DAG in rat-i and NIH 3T3 fibroblasts

Cells were prelabelled with [14C]palmitic acid for 24 h and then
incubated in the absence or presence of 100 nM-PMA for 30 min.
The '4C content of the total phospholipid fraction in rat-I and NIH
3T3 cells was 286000 and 353000 d.p.m./106 cells respectively.
Data are means + S.E.M. of four determinations. Similar results were
obtained in another experiment.

Formation (d.p.m./30 min per 106 cells)

[14C]PtdOH [14C] 1,2-DAG

Addition NIH 3T3 Rat-l NIH 3T3 Rat-l

None 7330+310 5610+520 3210+200 2240+ 180
PMA (100 nM) 11570+240 4820+390 4570+280 1770+260

0 0 04 0 8 00 2 0 6 010

PCb in(a) Rat-i (b) NIH 3T3
c

.C 50-
40
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Fig. 1. Time course ofPMA effect on the incorporation of I14Clcholine into
PtdCho in rat-I and NIH 3T3 fibroblasts

Cells were incubated with [14C]choline for 20-100 min in the absence
(0) or presence (0) of 100 nM-PMA. Each point represents the
mean + S.E.M. of four determinations. Similar results were obtained
in another experiment.

[14C]palmitate-prelabelled NIH 3T3 and rat- 1 cells was observed
only in the simultaneous presence of ethanol and PMA. Im-
portantly, during a 20 min incubation period, stimulated NIH
3T3 cells converted about 3 times more 14C-labelled phospholipid
into phosphatidylethanol compared with stimulated rat-i cells
(Table 2).
The observed large differences in phospholipid hydrolysis in

the two cell lines were not reflected in the effects of PMA on
PtdCho synthesis. As shown in Fig. 1, treatment of rat-i and
NIH 3T3 fibroblasts with 100 nM-PMA for 100 min stimulated
the incorporation of ['4C[choline into PtdCho in the rat-I and
NIH 3T3 cells 2.6- and 2.9-fold respectively. Similar results (not
shown) were obtained when [32P]P, was used as the labelling
agent, indicating that PMA-stimulated incorporation of
['4CJcholine into phospholipid was due to increased PtdCho
synthesis. In addition, (i) PMA had no effect on the uptake of
['4C]choline, (ii) it decreased the cellular level of ['4C]choline
phosphate about 20%, and (iii) it stimulated the formation of
[14C]CDP-choline about 2.5-fold (results not shown). In agree-
ment with data in the literature [2-5], our results are consistent
with CDP-choline formation being the regulatory step for
PtdCho synthesis in the PMA-treated fibroblasts.

Effects of PMA on the levels of 1,2-DAG and PtdOH in
NIH 3T3 and rat-i fibroblasts

Decreased phospholipid hydrolysis does not necessarily result
in lower levels of 1,2-DAG, a possible mediator ofPMA action on
PtdCho synthesis. The effects of PMA on the cellular levels of
1,2-DAG were first examined in ['4C]palmitate-prelabelled
NIH 3T3 and rat-I fibroblasts. For comparative purposes, the
relative levels of ['4C]PtdOH were also determined. Whereas in
the NIH 3T3 cells a 30 min treatment with PMA enhanced the
levels of both [14C]PtdOH and, to a lesser extent, [14C]1,2-DAG,
in rat-I cells PMA failed to increase either of the degradation
products (Table 3). Using the 1,2-DAG kinase assay for the
determination of 1,2-DAG levels [34], we also observed that
treatment ofNIH 3T3 cells with PMA for 30 min only minimally
enhanced the cellular content of 1,2-DAG (1.25-fold), whereas a
similar treatment of rat-l cells actually decreased 1,2-DAG by
20% (results not shown). These data indicate that in the PMA-
treated cells the synthesis of PtdCho does not correlate with the
formation of 1,2-DAG. In addition, these results also suggest
that in the PMA-treated cells 1,2-DAG is not the rate-limiting
substrate for PtdCho synthesis.

Comparison of the effects of PMA and 1,2-DAG-elevating
agents on PtdCho synthesis: inhibitory effects by H7

Since in intact cells PMA is the most efficient stimulator of
protein kinase C-mediated protein phosphorylation [36-38], 1,2-
DAG could mediate the effect ofPMA on PtdCho synthesis only
through a protein kinase C-independent mechanism. Therefore,
we determined the role of protein kinase C in the mediation of
1,2-DAG and PMA effects on PtdCho synthesis by using H7, a
commonly used inhibitor of this enzyme [39]. The cellular levels
of 1,2-DAG were raised by using either diC8, a cell-permeant
1,2-DAG analogue, or phospholipase C. Treatment of the
['4C]palmitate-prelabelled NIH 3T3 cells with this enzyme for
30 min resulted in a 5.5-fold increase in [14C]1,2-DAG (results
not shown). As shown in Table 4, treatment of NIH 3T3 cells
with both phospholipase C and diC8 enhanced, although with
different efficiency, the synthesis of PtdCho. Importantly, the
stimulatory effects of diC8, phospholipase C and 100 nM-PMA
were similarly inhibited by H7. We should note that H7 was a
more efficient inhibitor of PMA action if added 20 min before
PMA; however, the results also were more variable. In contrast,
very reproducible effects were obtained at 300 /M concentration
of H7. However, in the experiment shown in Fig. 2, even 300 LM-
H7 failed to inhibit the effect of 3 nM-PMA on PtdCho synthesis.
Significant inhibitory effects of H7 were evident only at higher
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Table 4. Effect of PMA, diC8, phospholipase C and H7 on PtdCho
synthesis in NIH 3T3 cells

NIH 3T3 cells were incubated with [14C]choline for 2 h in the
absence or presence of PMA (100 nM), phospholipase C (0.2 unit/
ml), diC8 (50 ,ug/ml) and H7 (300 #M). Data are means +S.E.M.
of four determinations. Similar results were obtained in two other
experiments.

Incorporation of [14C]choline in PtdCho
(d.p.m./2 h per 10 cells)

Addition None H7 (300 /LM)

None
PMA
Phospholipase C
DiC8

o 45
0
'0, 400.

. _ 35
0 U
C I
o

30
c) o

= 25
0 q0-

E 1
la 0.o, -c
W =

X 20

10

_ 5
°
0

13320+ 390
40730+ 1510
33880+ 1140
18230+360

13110+420
26260 +490
17540+630
15360+280

Comparison of the effects of PMA and bryostatin on PtdCho
synthesis and phospholipid hydrolysis
Comparison of the effects of PMA on PtdCho synthesis and

phospholipid hydrolysis in rat-I and NIH 3T3 cells indicated
that decreased effects of PMA on phospholipid hydrolysis are
not necessarily accompanied by decreased PtdCho synthesis.
Next, we examined whether stimulation of phospholipid hy-
drolysis would automatically lead to increased PtdCho synthesis.
For this, a number of protein kinase C activators were compared
for their effects on PtdCho synthesis and phospholipid hydrolysis.
The most characteristic differences were observed between the
effects of PMA and bryostatin, two similarly potent stimulators
of protein phosphorylation in intact cells [37], in A-raf-trans-
formed NIH 3T3 cells and in HL60 human leukaemia cells. In
the untransformed NIH 3T3 cells both PMA (100 nM) and
bryostatin (100 nM) stimulated both PtdCho synthesis and
phospholipid hydrolysis, with bryostatin being somewhat less
effective than PMA (Table 5). In A-raf-transformed cells, PMA
stimulated the synthesis of PtdCho about 1.7-fold, whereas
bryostatin had no stimulatory effect at all. At the same time,
bryostatin stimulated, although less effectively than PMA did,
the hydrolysis of PtdCho and PtdEtn 3.9- and 3.3-fold re-
spectively (Table 5). In HL60 cells, bryostatin also failed to
stimulate PtdCho synthesis, despite its significant (4.1-4.8-fold)
stimulatory effects on phospholipid hydrolysis. On the other
hand, the stimulatory effects of PMA on PtdCho synthesis and
phospholipid hydrolysis in HL60 cells were similar to those
observed in A-raf-transformed cells (Table 5). From these data it
seems clear that stimulation of phospholipase D-mediated hy-
drolysis of phospholipids, such as observed with bryostatin, does
not automatically lead to increased PtdCho synthesis.
To understand better the differences between the effects of

PMA and bryostatin, we examined conditions which might
enhance the ability of bryostatin to stimulate PtdCho synthesis in

I /
0 10 20 100

[PMA] (jM)

Fig. 2. Inhibition by H7 of PMA-stimulated PtdCho synthesis in NIH 3T3
cells

NIH 3T3 cells were incubated with ['4C]choline for 2 h in the
presence of various concentrations ofPMA without (0) or with (@)
300 /LM-H7. Each point represents the mean + S.E.M. of four
determinations.

concentrations of PMA. In two other experiments, the effects of
2-5 nM-PMA also were unaffected by H7, whereas in a third
experiment H7 even failed to inhibit the effect of 10 nM-PMA.
However, in each experiment H7 inhibited the effect of 100 nM-
PMA by at least 40 %. Despite the slight variability of data we
can conclude that the actions of lower and higher concentrations
of PMA on PtdCho synthesis are differentially sensitive to the
inhibitory effect of H7.

In another set of experiments, PMA, diC8 or phospholipase C
was added to NIH 3T3 cells pretreated with 300 nM-PMA for
24 h. Such prolonged treatment of fibroblasts with PMA causes
down-regulation of protein kinase C [40-42]. In agreement with
data from other laboratories [4,43], newly added PMA (100 nM)
failed to stimulate PtdCho synthesis. In addition, pretreatment
of cells with PMA also decreased the stimulatory effects of diC8
and phospholipase C by 70 and 76% respectively (results not
shown). These data suggested that in NIH 3T3 cells the major
effects of both PMA and 1,2-DAG on PtdCho synthesis involved
protein kinase C.

Table 5. Effects of PMA and bryostatin on phospholipid metabolism in
untransformed and transformed cells

For the determination of PtdCho synthesis, ['4C]choline was used as
the labelling agent. The 14C content of PtdCho in untreated
NIH 3T3, NIH 3T3/A-rafand HL60 cells was 14100±470, 18310 +
670 and 6620 + 220 d.p.m./2 h per 106 cells respectively. For the
determination of phospholipid hydrolysis by phospholipase D, cells
were prelabelled with ['4CJcholine or ['4C]ethanolamine for 48 h,
followed by incubation of cells for 1 h in the absence or presence of
PMA (100 nM) or bryostatin (100 nM). The '4C content of choline
released from untreated NIH 3T3, NIH 3T3/A-raf and HL60 cells
was 1780+80, 1590+310 and 2370±160d.p.m./h per 0l cells
respectively. The "C content of ethanolamine released from
untreated cells in the same order was 3180 +440, 3960+ 370 and
2620 ± 190 d.p.m./h per 106 respectively. Data are means+ S.E.M. of
three determinations and are expressed as percentages of control
(100 %). Similar results were obtained in two other experiments.

Cell line
PtdCho PtdCho PtdEtn

Addition synthesis hydrolysis hydrolysis

NIH 3T3 None
PMA
Bryostatin

NIH 3T3/A-raf None
PMA
Bryostatin

HL60 None
PMA
Bryostatin

100+4.3
263 + 2.2
203 +2.6
100+2.1
170+ 3.0
104+2.2
100+ 1.9
182 +4.7
102 + 3.3

100+18.4
700+ 10.1
574+ 14.5
100+ 14.9
639 +6.7
394+6.2
100+2.9
618 +4.7
486+13.3

100+ 5.5
356+ 3.1
307 + 3.3
100+2.6
499+3.3
333 + 8.9
100+ 1.3
496+ 11.6
411+7.4
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Table 6. Effects of ionomycin, PMA and bryostatin on PtdCho synthesis in
untransformed and A-raf-transformed NIH 3T3 fibroblasts

Cells were incubated with [14C]choline for 2 h in the absence or
presence of PMA (100 nM), bryostatin (100 nM) and/or ionomycin
(2 /iM). Data are means+S.E.M. of four determinations. Similar
results were obtained in another experiment.

Incorporation of [14CJcholine into PtdCho
(d.p.m./2 h per 106 cells)

NIH 3T3 NIH 3T3/A-raf

Addition None Ionomycin None lonomycin

None 15280+660 18420+890 21340+1180 21720+1050
PMA 42690+340 42730+240 33300+ 720 36070+ 510
Bryostatin 35120 + 390 37540+810 21540+450 27420+410

the transformed cells. As shown in Table 6, addition of the Ca2+
ionophore ionomycin to the A-raf-transformed cells partially
restored the stimulatory effect of bryostatin on PtdCho synthesis.
Ionomycin failed to modify the effects of bryostatin or PMA in
the untransformed NIH 3T3 cells (Table 6). Importantly,
ionomycin (0.1-2 /SM) did not modify the stimulatory effects of
100 nM-PMA or 100 nM-bryostatin on the hydrolysis of PtdCho
or PtdEtn in either cell line (results not shown). When applied
alone, ionomycin slightly (1.2-1.3-fold) stimulated the hydrolysis
of both PtdCho and PtdEtn in each cell line studied here.

DISCUSSION

It has been suggested that PMA-stimulated PtdCho synthesis
is preceded by, and might possibly be the result of, increased
PtdCho hydrolysis [11,23-25]. The following results argue against
such direct relationship between phospholipid hydrolysis and
PtdCho synthesis. (1) Although PMA was nearly 3 times as
effective in NIH 3T3 cells as in rat- I cells in stimulating
phospholipid hydrolysis, it had similar stimulatory effects on
PtdCho synthesis in these cell lines. (2) In transformed cells,
bryostatin stimulated phospholipid hydrolysis, but it failed to
stimulate PtdCho synthesis.
One might still argue that formation of a special 1,2-DAG

pool, rather than the extensive hydrolysis of phospholipids, is
important for the PMA action on PtdCho synthesis. This is also
unlikely, since (1) in the rat-I cells, stimulation of PtdCho
synthesis by PMA was not accompanied by an increase in
1,2-DAG, and (2) the 1,2-DAG-elevating agents, such as
phospholipase C or diC8, were less effective than PMA in
stimulating PtdCho synthesis. The reason for this latter phenom-
enon may be that the 1,2-DAG-elevating agents are less potent
than PMA in stimulating protein phosphorylation in intact cells
[36-38], and in fibroblasts the main action of 1,2-DAG on
PtdCho synthesis appears to be mediated by protein kinase C.
One reason why the action of PMA on PtdCho synthesis

remains elusive might be that PMA acts through two different,
but co-operatively interacting, mechanisms. Although this re-
mains to be proven, the differential effects of H7 at low and high
PMA concentrations and the divergent effects of PMA and
bryostatin in the transformed cells are consistent with such a
possibility.
Two possible mechanisms may account for the observed

differential effects of H7: (1) the effect of PMA on PtdCho
synthesis may involve two different isoforms of protein kinase C
(regulating two different mechanisms), only one of them being

inhibited by H7, or (2) two sub-populations of the same protein
kinase C isoform may mediate the effects of PMA. Some
regulatory conditions, such as high ATP concentration (which
competes with H7 at the substrate-binding site of protein kinase
C; [39]), may selectively render one sub-population of protein
kinase C insensitive to H7. It appears that in the transformed
cells bryostatin cannot interact with an isoform or a sub-
population of protein kinase C unless the intracellular con-
centration of Ca21 is elevated. This points to the possibility that
Ca2+ is involved in the regulation of PtdCho synthesis.

In summary, our work indicates that there is no direct
relationship between PMA-induced phospholipid hydrolysis and
PtdCho synthesis. In addition, the results also suggest that the
action of PMA may involve two regulatory mechanisms, only
one of which is regulated by bryostatin in the transformed cells.
These observations may be important in view of the known
differential effects of TPA and bryostatin on tumour promotion
in mouse skin [44,45], HL60 cell differentiation [46] and T-
lymphocyte proliferation [47].
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