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ABSTRACT

Mechanism) in addition to protein kinase C activation may mediate
12-0-tetradecanoylphorbol-13-acetate (TPA) stimulated differentiation
of leukemic cells. We compared the effect of pretreating intact mono-
blastoid U937 cells with TPA or the diacylglycerol derivative, 1-oleoyl-
2-acetylglycerol (OAG), by studying the protein kinase C dependent and
independent histone phosphotransferase activity, the phosphorylation of
endogenous substrates, and the ability to stimulate differentiation. In
cellular fractions derived from cells treated with TPA or OAG, cytosolic
protein kinase C activity decreased. In the detergent extracted particulate
fraction, TPA produced a time and dose dependent decrease in protein
kinase C activity. In contrast, OAG increased particulate protein kinase
C activity. In addition, the particulate fraction derived from cells treated
with TPA exhibited increased phosphatidyl serine and diolein independ
ent histone phosphotransferase activity as well as an increase in the
phosphorylation of two endogenous substrates with molecular weights of
120,000 and 80,000. OAG did not mimic these effects. When exposed to
'â€¢I'-laliek-il intact cells, OAG and TPA stimulated phosphorylation of

three substrates. Thus, the inability of OAG to mimic the effects of TPA
was not due to lack of protein kinase C activation. TPA, but not OAG,
stimulated differentiation of the U937 cell to a monocyte-like cell. These
data demonstrate that TPA and OAG have dissimilar effects on protein
kinase activity and differentiation in the U937 monoblastoid cell.

INTRODUCTION

Phorbol esters stimulate a variety of cellular events, including
the differentiation of certain human leukemic cell lines into a
monocyte-macrophage-like cell (1-7). One possible mechanism
by which phorbol esters mediate these effects is by stimulating
protein kinase C (8). By substituting for endogenously produced
diacylglycerol, phorbol esters activate protein kinase C in both
subcellular fractions and in intact cells (9). To discern if phorbol
esters exert their cellular effects solely through protein kinase
C activation, a series of diacylglycerol derivatives, such as
OAG,4 have been synthesized. These derivatives are capable of

stimulating protein kinase C in intact cells (10). In a variety of
cell types, certain effects of phorbol esters are mimicked by
OAG, indicating that such phorbol ester effects may indeed be
directly mediated by protein kinase C activation (11-17). How
ever, not all actions of phorbol esters can be duplicated by
synthetic diacylglycerol derivatives. For example, OAG expo
sure does not stimulate differentiation of the promyelocytic cell
line, 111.-60. which differentiates into a monocyte-macrophage
like cell in response to TPA (18, 19). Treatment of 32P-labeled
intact HL-60 cells with either OAG or TPA stimulated protein
phosphorylation; nine common substrates were phosphorylated
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by both agents (18). However, phosphorylation of five addi
tional substrates was enhanced in TPA treated cells (18). Stud
ies evaluating bryostatin provide corroborating evidence that
protein kinase C activation is not a sufficient stimulus to
differentiate HL-60 cells. Although bryostatin interacted with
and activated protein kinase C, it did not stimulate differentia
tion of the HL-60 cell (20, 21). These data may indicate that
TPA activates kinases other than protein kinase C and that
activation of these kinases may be critical in mediating TPA
stimulated differentiation of leukemic cells.

In other systems, TPA stimulation of non-protein kinase C
phosphotransferase activities has been reported. When exposed
to intact 3T3-L1 cells, TPA stimulates phosphorylation of the
S6 ribosomal protein (22, 23). Following TPA exposure to the
intact cell, phosphopeptide mapping of S,, reveals six distinct
phosphopeptides (22). In a cell free system, the addition of
purified protein kinase C to purified S,, stimulates the phospho
rylation of S6 on only two phosphopeptide sites (23). In chick
embryo fibroblasts, TPA stimulates phosphorylation of a pro
tein with a molecular weight of 42,000 on tyrosine residues (24,
25). Phosphorylation on serine and threonine, but not on ty
rosine residues, is a characteristic of purified protein kinase C
(26). In the intact HL-60 cell, a substrate with a molecular
weight of 17,000-20,000 is phosphorylated in response to TPA
stimulation (27). However, when purified protein kinase C is
added to cell free extracts containing the Mr 17,000-20,000
substrate, phosphorylation of this substrate is not increased
(28). Thus, in addition to activating protein kinase C, phorbol
esters may either directly or indirectly, through a protein kinase
C dependent mechanism, activate other kinase activities. The
activation of these nonprotein kinase C phosphotransferase
activities may mediate a portion of the diverse cellular effects
stimulated by phorbol esters.

We examined the effects of TPA and OAG on protein kinase
C activity, endogenous substrate phosphorylation and the abil
ity to stimulate differentiation of the human, monoblastoid,
leukemic cell line, U937, into a monocyte-macrophage-like cell.
The ability of OAG and TPA to stimulate U937 differentiation
was contrasted with the ability of these agents to modulate
protein kinase C activity and to activate non-protein kinase C
phosphotransferase activities.

MATERIALS AND METHODS
Materials. Dulbecco's modified Eagle's minimal essential medium:

Ham's 112. Eagle's minimal essential medium without glutamine and

phosphates, FBS, penicillin and streptomycin were purchased from
Grand Island Biological Co. Obtained through Sigma were: PMSF,
TPA, histone type V-S, 4Â«-phorbol, phosphatidyl serine, and diolein.
[7-"P]ATP and "PÂ¡were purchased from New England Nuclear. P-81

papers were obtained from Whatman. Scintiverse and molecular weight
standards for gel electrophoresis were purchased from Fisher and Bio-
Rad, respectively. OAG was obtained from Avanti Polar Lipids.

Cell Culture Conditions. Characteristics of the U937 cell line, derived
from a patient with histiocytic lymphoma, have been previously de
scribed (29). U937 cells were passaged every 2 to 3 days in medium
consisting of Dulbecco's modified Eagle's minimal essential medium:
Ham's F-12 medium (1:1) supplemented with 5% FBS, 15 mM 4-(2-
hydroxyethyl)-l-piperazineethanesulfonic acid, penicillin, 100 units/
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ml, and streptomycin, 100 Mg/ml. Cells were incubated at 37Â°Cin

humidified 5% CO2:95% air. Viability was determined by trypan blue
exclusion. Cells were greater than 90% viable under all experimental
conditions. Prior to treatment with OAG or TPA, cells were centrifuged
and resuspended in fresh medium. TPA was dissolved in Me2SO with
the final Me2SO concentration of TPA treated cells being <0.001%.
OAG, stored at -20Â°C in chloroform, was dried under nitrogen and

suspended in Me2SO (18). The final concentration of Mc2SO in OAG
experiments was <0.1%. In all experiments, the control cells were
treated with the same final concentration of Me2SO as the treated cell
received.

Preparation of Cellular Fractions. Cells were pelleted by centrifuga-
tion, resuspended in a buffer containing 20 mM Tris-HCl, pH 7.4, 2
IHMEDTA, 0.5 mM EGTA, 0.25 M sucrose, and PMSF (50 Mg/ml)
and disrupted with 50 strokes of a tight fitting teflon homogenizer. The
homogenate was centrifuged at 100,000 x g for 60 min, the cytosol
saved and the pellet resuspended in 0.1% Triton X-100 contained in
the above buffer, omitting the sucrose. After 45 min at 4Â°C,the

resuspended pellet was centrifuged at 100,000 x g for 60 min. The
resulting supernatant was termed the solubilized paniculate fraction.
Protein was determined by the method of Lowry et al. (30).

Evaluation of Protein Kinase C Activity. Kinase activity was deter
mined by the transfer of phosphorus-32 from [-/-"PJATP to histone.
The reaction was initiated by the addition of 10 MM[7-32P]ATP (3 ^Ci

per tube) to a reaction mixture containing protein, 30 /<g;histone, 40
Mg;EDTA, 200 MM;EGTA, 50 MM;magnesium acetate, 10 HIM;and
Tris-HCl, 20 mM, pH 7.4, in a final volume of 100 Â¡A.Phosphatidyl
serine and diolein were added at saturating concentrations, 5 Â¿ig/100pi
and 1.2 Mg/100 Â¡A,respectively. Maximal protein kinase C activity was
elicited by these compounds without the addition of supplemental
calcium (31). Phosphatidyl serine and diolein were prepared as previ
ously described (32). After 8 min at 27Â°C,the reaction was terminated

by adding 100 n\ of 60% acetic acid (v/v) containing ATP, 1 HIM.Forty-
Miportions were aliquoted, in triplicate, onto 2- x 2-cm squares of P-
81 papers and treated in a manner previously described (33). Papers
were counted in 5 ml of Scintiverse. Protein kinase C activity was
determined by subtracting phosphorus-32 incorporation into histone in
the absence of activators from incorporation in the presence of activa
tors. The mean variation between samples, as described by the standard
deviation divided by the mean, was 15%. The mean variation of replicate
determinations of a single sample was 7%.

DEAE Chromatography. Cells were homogenized in 20 mM Tris-
HCl, pH 7.4, 2 mM EDTA, 0.5 mM EGTA, 0.1% Triton X-100, and
50 Mg/ml of PMSF. After a 45-min incubation at 4Â°Cthe homogenate

was centrifuged at 100,000 x g for 60 min. The supernatant, containing
both the cytosolic and solubilized particulate fractions, was applied to
a 1- x 0.75-cm DEAE-cellulose column that had been previously
equilibrated with 20 mM Tris-HCl, pH 7.4, 2 mM EDTA, 0.5 mM
EGTA, 50 mM /3-mercaptoethanol, 0.01% Triton X-100, and 50 Mg/ml
of PMSF. After washing with three column volumes of the equilibration
buffer, elution of the sample was initiated with a linear 0-300 mM NaCl
gradient contained in 15 ml of the equilibration buffer. One-mi fractions
were collected at a flow rate of 0.2 ml/min. Conductivity of the column
fractions was measured. Aliquots, 50 Â¡A,of the eluate were analyzed for
protein kinase C activity under the same conditions used to determine
kinase activity in the crude cellular fractions. Calcium chloride, 1.5
HIM, was added with phosphatidyl serine and diolein to stimulate
protein kinase C activity.

Endogenous Substrate Phosphorylation in Cellular Fractions. Cellular
fractions, 30 Mgof protein, were incubated with magnesium acetate, 10
HIM;Tris-HCl, 20 mM, pH 7.4; EDTA, 200 MM;EGTA, 50 MM;and
[7-32P]ATP, 1 MM(5.0 MCiper tube) in a total volume of 50 Â¡A.Where

indicated, phosphatidyl serine and diolein were prepared and added at
the same concentrations described for the protein kinase C dependent
histone phosphotransferase activity determination. After incubation for
1 min at 27Â°C,the reaction was terminated with 25 M!of a solution

containing sodium dodecyl sulfate, 10% (w/v). One-dimensional poly-
acrylamide electrophoresis was performed as described by Laemmli
(34). The stacking and running gels were 3 and 8% acrylamide, respec
tively. Autoradiography was done utilizing Kodak XAR film at â€”70Â°C.

Concurrent electrophoresis of molecular weight standards allowed as
signments of approximate molecular weights to the phosphorylated
substrates.

Phosphoamino Acid Analysis. Endogenous phosphoproteins were
separated on 8% polyacrylamide gels. The wet gel was exposed at 4Â°C

to Kodak XAR film for 3 h. The phosphoproteins of interest were
identified from inspection of the autoradiogram. Using the autoradi-
ogram as a template, the phosphoproteins 'vere excised from the wet
gel. The gel piece was dehydrated and washed with four changes of
acetone. After less than a 5 min exposure to ammonium bicarbonate,
50 mM, pH 7.0, the rehydrated gel piece was washed and placed in 0.5
ml of the same ammonium bicarbonate solution to which /V-a-tosyl-
phenylalanylchloromethyl ketone treated trypsin, 50 Mg was added.
After an overnight incubation at 21Â°C,the supernatant, containing

>80% of the radioactivity, was lyophilized, resuspended in 6 N HC1,
and hydrolyzed in an N2 atmosphere for 3 h. Two-dimensional phos-
phoamino acid analysis were performed as previously described (35).

Intact Cell Phosphorylation. Cells, 3x10'' ml, were suspended in
Eagle's minimal essential medium without glutamine and phosphates
for 30 min. 32PÂ¡,0.25 mCi/3 x IO6cells, was added for 2 h, after which

the cells were centrifuged and the supernatant was removed. The cells
were resuspended in fresh phosphate free medium.

After a 1-h incubation with vehicle, OAG or TPA, the reaction was
terminated by the addition of a one-third volume of a 10% (w/v) sodium
dodecyl sulfate stop solution followed by heating to 110Â°Cfor 3 min.

Electrophoresis, using a 10% polyacrylamide running gel, was per
formed. After staining and destaining, the gels were treated with l N
potassium hydroxide for 1 h at 56Â°C.The KOH treatment was followed

by exposure to the destaining solution for 1 h. The gels were dried and
autoradiography was performed. Alkali treatment was used to facilitate
visualization of OAG and TPA dependent substrate phosphorylations.

Measurement of Growth and Adherence. Adherence to plastic was
used as an indicator of U937 differentiation. U937 cells, which prolif
erate in suspension, acquire the ability to adhere to plastic when induced
to differentiate. This method was performed identically to that de
scribed elsewhere (36). U937 cells (IO5 per well) were cultured in 24-
well plates in 1 ml of Dulbecco's modified Eagle's minimal essential
medium: Ham's F-12 medium supplemented with FBS, 5% (v/v). After

the desired incubation period, ranging from 56 to 72 h, the nonadherent
cells contained in the medium and the cells adherent to the plastic well
were separated. After lysis, the adherent and nonadherent nuclei were
counted using a Coulter D2N counter. The addition of adherent and
nonadherent nuclei gave the total cell number.

RESULTS

TPA and OAG Stimulated Alterations in PKC Activity. In
U937 cells, 77% of the protein kinase C activity was found in
the cytosolic fraction (Fig. 1). Exposure of intact cells to less
than 10 HM TPA did not alter protein kinase C activity or
distribution. However, incubation with 10 to 100 nM TPA for
60 min decreased protein kinase C activity equally in both
cytosolic and solubilized particulate fractions (Fig. 1). 4a-Phor-
bol, a phorbol ester unable to mimic the effects of TPA in other
biological systems, was unable, at concentrations of 100 HM,to
alter protein kinase C activity or distribution (data not shown).
The decrease in activity was rapid being measurable within 3
min, and was maximal after a 30-min exposure to 100 nM TPA
(Fig. 2). We examined whether the TPA-induced decrease in
protein kinase C activity was evident in cellular extracts that
had been fractionated using DEAE chromatography. Cells ex
posed to vehicle or 100 HMTPA for 60 min were homogenized
and cellular extracts containing both the cytosolic and solubi
lized particulate fraction were prepared. The extracts were
subjected to DEAE chromatography. TPA treatment dramati
cally decreased protein kinase C activity in the column fractions
(Fig. 3). Similar TPA-induced decreases in protein kinase C
activity were obtained when cytosolic and solubilized particulate
fractions were separately subjected to DEAE chromatography
(data not shown).

Concomitant with the decline in protein kinase C activity
was an increase in a nonphosphatidyl serine and diolein de-
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Fig. 1. Effect on protein kinase C dependent and independent histone phos-

photransferase activity after treatment of intact U937 cells with TPA. Cells, SO
x IO6, in 10 ml of medium, were treated with varying concentrations of TPA.
After a 60-min incubation, cellular fractions were prepared and protein kinase C
dependent histone phosphotransferase activity was analyzed as described in
"Methods and Materials." The basal histone phosphotransferase activity was

defined as the cpm incorporated into histone in the absence of protein kinase C
activators. Top, basal and protein kinase C dependent histone phosphotransferase
activity in the cellular fractions; bottom, effect of TPA, over a more restricted
concentration range, on protein kinase C dependent histone phosphotransferase
activity in the cellular fractions. Points, mean of triplicate determinations within
a single experiment. These data are representative of five separate experiments.

pendent histone phosphotransferase activity in the solubili/ed
paniculate fraction of cells treated with 100 HM TPA for 60
min (Fig. 1). In seven separate experiments, the nonphospha-
tidyl serine and diolein dependent, solubili/ed paniculate, his
tone phosphotransferase activity increased from 24,082 Â±2,499
(cpm, mean Â±SE) in untreated cells to 32,082 Â±4,295 in TPA
treated cells (P < 0.025, paired Student's t test). This increase

was always considerably less than the decline of specific protein
kinase C activity. The increase was exclusively localized to the
paniculate fraction (Fig. 1).

The effect of OAG on the activity and distribution of protein
kinase C was examined. Exposure of OAG to the intact cell for
60 min decreased cytosolic protein kinase C activity (Fig. 4).
Unlike TPA treatment, OAG increased solubilized paniculate
protein kinase C activity over the same concentrations in which
it decreased cytosolic activity (Fig. 4). The effects of OAG were
rapid and occurred simultaneously in both fractions (Fig. 5). In
all experiments, the decline in cytosolic protein kinase C activity
exceeded the increase in the solubilized paniculate protein
kinase C activity, resulting in a slight net loss of total cellular
protein kinase C activity after treatment with OAG to 73.8 Â±
19.2% (mean Â±SE) of untreated cells (P < 0.025, Student's t
test, jV = 6). In contrast to TPA, OAG exposure to intact cells
at concentrations of 100 Â¿Â¿I/mldid not increase the nonphos-
phatidyl serine and diolein dependent, solubilized paniculate
histone phosphotransferase activity [control: 20,245 Â±3,910

40
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Fig. 2. Effect of the duration of TPA treatment on protein kinase C activity.
Cells, 50 x 10', in 10 ml of medium, were incubated with 100 niu TPA for varying

periods of time. At the end of the incubation period, the cells were centrifuged,
cellular fractions were prepared, and protein kinase C dependent histone phos
photransferase activity was determined as described in "Methods and Materials."

Cytosolic and solubilized particulate protein kinase C activity are represented by
A and O, respectively. Points, mean of triplicate determinations within a single
experiment. These data are representative of three separate experiments.
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Fig. 3. DEAE-cellulose chromatography of cellular extracts derived from cells
treated with vehicle or TPA. Cells, 150 x 10", were exposed to vehicle or 100 nM

TPA for 60 min. Cellular extracts were prepared and equal amounts of the
extracts, 7.1 mg of protein, were applied to and eluted from the column as
described in "Materials and Methods." Protein kinase C activity in the cells

treated with vehicle, A, or TPA, O, was determined. Dashed line, NaCl concen
tration of the fractions. Similar decreases in protein kinase C dependent histone
phosphotransferase activity in the column eluate from TPA treated cells were
observed in a separate experiment.

(cpm, mean Â±SE) versus OAG treated: 19,690 Â±3,900; W =
5].

Effect of OAG and TPA on the Phosphorylation of Endoge
nous U937 Substrates. To further analyze the differences be
tween TPA and OAG on intact cells, endogenous substrate
phosphorylation was examined in cellular fractions obtained
from cells after treatment with TPA or vehicle (Fig. 6). Protein
kinase C dependent phosphorylation of a M, 48,000 substrate
was observed in the solubilized paniculate fraction prepared
from control cells (Fig. 6). Similar to the diminution in protein
kinase C dependent histone phosphorylation, TPA treatment
decreased protein kinase C dependent phosphorylation of the
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Fig. 4. Effect of OAG exposure to intact U937 cells on protein kinase C
dependent histone phosphotransferase activity. Cells, 50 x 10*. in 10 ml of

medium, were incubated with varying concentrations of OAG. The OAG was
prepared as described in "Methods and Materials." The final Me2SO concentra

tion in all OAG treated cells was 0.1%. The control cells received the same
concentration of Mo;SO as did the OAG treated cells. After a 60 min incubation
with OAG or Me2SO, the cells were centrifuged, cellular fractions were prepared,
and protein kinase C dependent histone phosphotransferase activity was measured
as described in "Methods and Materials." The results, shown on the ordinant,

are expressed as percentage of control values. These values were obtained by
dividing the protein kinase C dependent cpm incorporated into histone in the
Me2SO treated cells into the cpm incorporated into histone in the OAG treated
cells. The protein kinase C dependent histone phosphotransferase activity in the
Me2SO treated cellular fractions was defined as 100%. The protein kinase C
activity in the cytosolic and solubilized paniculate fractions is depicted as A and
O, respectively. Points, mean of triplicate determinations within a single experi
ment. This experiment was repeated with similar results.
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Fig. 5. Effect of the duration of OAG treatment on protein kinase C activity.
Cells, SOx 10*. in 10 ml of medium were incubated with 100 fig/ml of OAG for

varying periods of time. At the end of the incubation period, cellular fractions
were prepared and protein kinase C dependent histone phosphotransferase activity
was performed as described in "Methods and Materials." The protein kinase C

activity, shown on the ordinant, is expressed as has previously been described in
Fig. 3. Cytosolic and solubilized paniculate protein kinase C activity are repre
sented by A and O, respectively. Points, mean of triplicate determinations within
a single experiment. The time dependent, OAlr stimulated increase in paniculate
associated activity and decrease in cytosolic associated activity was observed in a
separate experiment.

M, 48,000 substrate (Fig. 6). In contrast to the loss of protein
kinase C dependent substrate phosphorylation, TPA treatment,
prior to cellular fractionation, enhanced phosphorylation in a
nonphosphatidyl serine and diolein dependent manner of M,
80,000 and 120,000 substrates (Fig. 6). Exposure of cells to
100 HM4a-phorbol did not enhance the phosphorylation of the
M, 120,000 or 80,000 substrates in the solubilized paniculate
fraction (data not shown). M, 120,000 and 80,000 substrate
phosphor viations were observed in extracts of cells treated with
as little as 1 HMTPA for 60 min prior to subcellular fraction
ation (data not shown). Phosphoamino acid analysis of M,
80,000 and 120,000 substrates phosphorylated in extracts of

â€”p48

Fig. 6. Endogenous protein kinase C dependent and independent substrate
phosphorylation in the solubilized paniculate fraction derived from intact cells
exposed to TPA. Cells, 50 x 10', suspended in 10 ml of medium, were treated
with vehicle or 100 IIMTPA. After a 60-min incubation, the cells were centrifuged
and a solubilized paniculate fraction was prepared as described in "Methods and
Materials." Protein kinase C dependent and independent endogenous substrate

phosphor> lations were examined in the presence and absence, respectively, of the
protein kinase C activators phosphatidyl serine and diolein. The phosphorylated
substrates were separated and identified by polyacrylamide gel electrophoresis
followed by autoradiography (see "Methods and Materials"). The substrate phos

phorylated in a protein kinase C dependent manner (p48), and the substrates
whose phosphorylation was enhanced in a nonphosphatidyl serine and diolein
dependent manner by TPA pretreatment (pnil and pKIl)are indicated to the side
of the autoradiogram. The TPA-induced alterations in pl20, pSO, and p48
phosphorylation, seen in this autoradiogram, were observed in over 10 separate
experiments.

TPA treated cells revealed phosphorylation on serine and thre-
onine but not tyrosine residues.

Using conditions in which OAG altered protein kinase C
activity (Fig. 4 and see below), OAG pretreatment did not
enhance phosphorylation of the M, 120,000 and 80,000 sub
strates (Fig. 7). Densiometric analysis of autoradiograms from
five separate experiments demonstrated that exposure to 100
nM TPA for 60 min increased the phosphorylation of M,
120,000 (164 Â±18% of vehicle treated cells, mean Â±SE, P <
0.001, Student's / test) and M, 80,000 (196 Â±6%, P < 0.001,
Student's t test). In the same experiments exposure to 100 Â¿Â¿g/

ml of OAG for 60 min did not significantly alter the phospho
rylation of M, 120,000 (100 Â±13% of vehicle treated cells,
mean Â±SE, P > 0.2, Student's t test) or M, 80,000 (125 Â±
10%, P > 2, Student's t test). The phosphatidyl serine and

diolein independent phosphorylation of M, 120,000 and 80,000
substrates was not enhanced even when OAG concentrations
of 200 fig/ml were exposed to the cells for 60 min (data not
shown).

In intact U937 cells prelabeled with 32PÂ¡for 4 h, both TPA
and OAG stimulated phosphorylation of three substrates (Fig.
8). TPA dependent phosphorylation was evident at a TPA
concentration as low as 1 nM while OAG stimulated phospho
rylation was observed at 25 ^g/ml (data not shown).
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Fig. 7. Comparison between the effects of TPA and OAG on M, 120,000 and
80,000 substrate phosphorylation. Cells, SOx in*, contained in 10 ml of medium,

were incubated with 0.1% (v/v) Me2SO (left), 50 Mg/ml of OAG (right), or 100
MMTPA (middle). After a 60-tnin incubation, the cells were centrifuged, and
solubilized paniculate fractions were prepared. Endogenous substrate phospho
rylation in the absence of the protein kinase C activators, phosphatidyl serine,
and diolein, was performed as described in "Methods and Materials." Polyacryl-

amide gel electrophoresis followed by autoradiography allowed separation and
visualization of the phosphorylated substrates. The location of the M, \ 20,000
and 80,000 substrates is indicated to the side of the autoradiogram.

Comparison of OAG and TPA in Stimulating U937 Differen
tiation. After a single application, TPA stimulated differentia
tion as demonstrated by a decrease in cell number and an
increase in adherence to plastic when compared to untreated
cells (Fig. 9). The threshold concentration of TPA inducing
differentiation was <0.1 n\i.

Due to a previous report describing the rapid metabolism of
OAG by leukemic cells, the ability of OAG to stimulate differ
entiation was assessed in the following manner (18). Cells were
treated with 100 nM TPA or 25 /ug/ml of OAG for 2 h. After
this incubation, the cells were centrifuged, the medium re
moved, and the cells were resuspended in fresh medium con
taining the same concentrations of TPA or OAG. This proce
dure was repeated for six cycles. Following the last exposure,
the cells were resuspended in fresh non-OAG or TPA-contain-
ing medium. Differentiation was assessed 56 h after the last
resuspension. Under these conditions, adherence to plastic was
similar in the control, and Me2SO treated cells (Table 1). The
effects of higher OAG concentrations could not be assessed due
to a substantial decrease in cellular viability at the end of the
OAG treatment period. The ineffectiveness of OAG, at a con
centration of 25 i<n/ml. to stimulate differentiation cannot be
ascribed to an inability to activate protein kinase C. At this
OAG concentration, intact cell protein kinase C activity was
stimulated as demonstrated by OAG mediated phosphorylation
in the 32P-labeled cell (Fig. 8).

Fig. 8. Effect of TPA and OAG on endogenous substrate phosphorylation in
32P-labeled, intact U937 cells. Cells were labeled with "P,, as described in
"Methods and Materials." The 32P-labeIed cells, 3 x 106/ml, were incubated with

100 nM TPA (middle), 50 ^g/ml of OAG (right) or 0.1% Me2SO (left). After a
60-min exposure, the reaction was terminated and one-dimensional polyacryl-
amide gel electrophoresis was performed. Prior to autoradiography, the gels were
treated with alkali, as described in "Methods and Materials." The molecular

weights of the substrates phosphorylated in response to treatment with TPA or
OAG are indicated to the sides of the autoradiogram. This experiment is repre
sentative of three separate experiments.

30 I

4

,od
a

TPA ( nM)

Fig. 9. Effect of TPA on stimulating differentiation of the U937 cell. Cells,
10* ml. were incubated with varying concentrations of TPA in 24-well plates
under conditions as described in "Methods and Materials." At the end of a 72-h

incubation, the adherent and nonadherent cells were counted. Differentiation,
reflected by a decreased total cell number and an increase in adherence to plastic,
is expressed on the ordinant. Points, mean of six separate determinations; bars,
mean Â±SE.

DISCUSSION

In addition to stimulating protein kinase C, TPA possesses
actions not mimicked by the diacylglycerol derivative, OAG.
The following are examples of such stimulated events: the rapid
abolition of protein kinase C activity; the stimulation of a
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Table 1 Comparison between the effects ofOAG and TPA on stimulating
differentiation of the U937 cell

Cells, lO'/ml, were treated with medium alone, Me2SO, OAG, or TPA. The
conditions of treatment are described in the text. At the end of the treatment
period, the cells were centrifuged, resuspended in 1 ml of fresh medium, and
plated into 1ml wells of a 24-well plate. Differentiation was evaluated 56 h later.
The adherent and total cell number (adherent plus nonadherent cells) are ex
pressed as IO4cells/ml. Each number is the mean Â±SE of six wells. Only in the

TPA treated group was there a statistically significant decrease in total cell
number and an increase in the number of adherent cells (P < 0.01 versus control
by analysis of variance and by Fischer least significant differences test). This
experiment was repeated on two subsequent occasions with identical results.

ConditionsControl

Me2SO, 0.25% (v/v)
OAG. 25 Mg/ml
TPA, lOOnMAdherent

cells0.6

Â±0.08
0.5 Â±0.04
0.5 Â±0.06
5.1 Â±0.2Total

cell
number53.3

Â±0.08
55.6 Â±0.09
47.2 Â±1.0
18.6 Â±0.2Adherent/

total cellsI

1
127

nonphosphatidyl serine and diolein dependent, histone phos-
photransferase activity; and the phosphorylation of the M,
120,000 and 80,000 endogenous substrates. The inability of
OAG to mimic these TPA effects was not due to lack of protein
kinase C activation. While OAG concentrations of 150 pg/m\
were ineffective in mimicking these TPA effects, protein kinase
C dependent phosphorylation was stimulated in intact, 32P-

labeled cells treated with as little as 25 ng/m\ of OAG. The
differing effects of OAG and TPA could be explained by the
inability of OAG to interact with the same cellular pool of
protein kinase C activated by TPA. Previous studies have
demonstrated that diacylglycerol derivatives vary in their ability
to compete with phorbol-12,13-dibutyrate for phorbol ester
binding sites (37). Thus, by activating pools of protein kinase
C not accessible to OAG, TPA could exert effects on cellular
function that would not be mimicked by OAG.

It is unknown whether the TPA-stimulated biochemical
events not mimicked by OAG are important in mediating TPA-
induced differentiation. Two of these events, down regulation
of protein kinase C activity and the increase in a nonphospha
tidyl serine and diolein dependent histone phosphotransferase
activity, require 100- to 1000-fold higher concentrations of TPA
than is required to stimulate differentiation. The discrepancy
in these concentration requirements suggests these events may
be unrelated to the mechanism by which TPA stimulates differ
entiation. The processes mediating M, 120,000 and 80,000
endogenous substrate phosphorylations can be stimulated by
TPA concentrations of 1 nM. This TPA concentration is near
the threshold concentration required to induce differentiation.
Alternatively, other factors, such as differing rates of clearance
of OAG and TPA, may, in part, explain differences in the
ability of these agents to stimulate differentiation. Induction of
differentiation may require continuous exposure to an agonist,
such as TPA, for a certain period of time. By decreasing the
effective duration of exposure, the more rapid metabolism of
OAG could impair the ability of this agent to stimulate differ
entiation. However, differing rates of clearance do not ade
quately explain the inability of OAG to mimic the acute effects
of TPA which occur within a 60-min exposure.

Treatment with OAG stimulated the translocation of protein
kinase C activity from a cytosolic to a paniculate fraction.
However, translocation was not observed after TPA treatment.
These results differ from those published by another group (38).
In this previous study using the U937 cell line, TPA stimulated
translocation of kinase activity from a cytosolic to a particulate
fraction (38). In contrast to our data, TPA treatment decreased
total cellular protein kinase C activity by only 25 to 50% (38).
Perhaps in our study, TPA-induced translocation occurred but
was obscured by the rapid and total abolition of protein kinase
C activity.

Activation of protein kinase C and down regulation of protein
kinase C activity appear to be distinct processes. In the intact
U937 cell, the TPA concentrations down regulating protein
kinase C activity, 10-100 HM, were one to two orders of
magnitude greater than the concentration stimulating protein
kinase C dependent phosphorylation, 1 nivi. This discrepancy
in concentration requirements suggests that protein kinase C
activation is not sufficient to down regulate protein kinase C
activity. Supporting the existence of mechanisms, in addition
to protein kinase C activation controlling TPA stimulated down
regulation, was the inability of OAG to mimic this TPA effect.

Diminution of phorbol ester mediated cellular responses has
been observed in many cell types following-a prior exposure to
phorbol esters (39-41). Phorbol ester stimulated down regula
tion of protein kinase C activity has been described in cell lines
which manifest phorbol ester-induced desensitization and may
serve as a mechanism for this event (42, 43). A loss of immu-
nological recognition of protein kinase C occurs concomitantly
with TPA induced abolition of protein kinase C activity (44).
These data suggest that a drastic physical alteration of protein
kinase C accompanies phorbol ester-induced down regulation.

The mechanism responsible for the TPA-induced loss of
protein kinase C activity is unknown, but this phenomena may
correlate with the generation of the nonphosphatidyl serine and
diolein dependent kinase activity. The TPA-induced generation
of this new kinase activity and the down regulation of protein
kinase C activity could be explained most parsimoniously if the
new kinase activity was physically derived from protein kinase
C. One possible explanation is that TPA binds tightly to protein
kinase C, creating a fully activated enzyme which is therefore
unresponsive to phosphatidyl serine and diolein. The slight
increase in the solubili/ed particulate, nonphosphatidyl serine,
and diolein dependent histone phosphotransferase activity
would support such an interpretation. TPA exposure to intact
platelets generates a particulate associated, constitutively acti
vated TPA-protein kinase C complex (45). The alteration of
endogenous substrate phosphorylation tends to mitigate against
this explanation. First, the normal protein kinase C substrates
are phosphorylated at a reduced rate either with or without
phosphatidyl serine and diolein. Second, new substrates are
phosphorylated at an enhanced rate. If TPA-protein kinase C
complexes are formed and explain the acute loss of reversibly
stimulated protein kinase C activity, the resultant kinase activity
has greatly altered substrate recognition properties.

Proteolytic alteration of protein kinase C could also account
for the generation of a new kinase activity and the down
regulation of protein kinase C activity. M kinase is a M, 51,000,
nonphosphatidyl serine and diolein dependent, constitutively
activated kinase (46). This kinase is generated by Ca2+ depend
ent protease (I or II)-directed hydrolysis of protein kinase C
(47). In cell free extracts, the hydrolysis of protein kinase C by
the Ca2+ dependent proteases is facilitated by the prior activa
tion of protein kinase C (47). Upon exposure to intact neutro-
phils, phorbol esters stimulate down regulation of protein ki
nase C activity and simultaneously generate a phosphatidyl
serine and diacylglycerol independent kinase activity (48). Thiol
protease inhibitors inhibit these TPA stimulated events sug
gesting the involvement of Ca2* dependent proteases in me

diating these events (48).
Our results indicate that protein kinase C activation is not

sufficient to down regulate U937 protein kinase C activity since
OAG was unable to mimic this TPA effect. Therefore, if a
proteolytic process is responsible for this TPA effect, it must
be stimulated by mechanisms in addition to protein kinase C
activation. In the standard 1wo stage mouse tumor promotion
model, phorbol ester exposure stimulates a trypsin-like proteo-
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lytic activity (49, 50). Suggesting a role for this proteolytic
activity in mediating tumor promotion is the finding that coap-
plication of the protease inhibitors yV-a-tosyllysylchloromethyl
ketone, ./V-a-tosylphenylalanylchloromethyl ketone or leupeptin
inhibited phorbol ester stimulated tumor production (49, 50).
Interestingly, limited trypsin treatment of cell free extracts can
generate M kinase while concomitantly diminishing phospha-
tidyl serine and diolein stimulated enzyme activity (48). Thus,
in addition to indirectly stimulating proteolytic activity by a
substrate dependent event (i.e., Ca2+ dependent protease hy

drolysis), TPA may directly activate a proteolytic activity which
could potentially generate a nonphosphatidyl serine and diolein
dependent kinase activity or down regulate protein kinase C
activity.
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