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ABSTRACT. The role of the protein kinase C (PKC) activator phorbol 12-myristate 13-acetate (PMA) in 

apoptosis of HL-60 cells was investigated. PMA inhibited DNA fragmentation induced by thapsigargin (TG) 

and +bromo-calcium ionophore (Br-A23187). Th e inhibitory effect of PMA was concentration-related and was 

abolished by a specific PKC inhibitor, bisindolylmaleimide (GF109203X). In addition, TG-induced apoptosis 

was decreased in cells in which PKC activity was down-regulated by long-term pretreatment with PMA. These 

results indicate that PKC activation by PMA inhibits HL-60 cell apoptosis induced by TG and Br -A23187, and 

that this inhibition is not influenced by the down-regulation of PKC. However, PMA did not inhibit DNA 

fragmentation induced by 1-@D-arabinofuranosylcytosine (Ara-C) and cycloheximide. PMA suppressed TG- or 

Br-A231870induced DNA fragmentation probably by interfering in the modulation of calcium homeostasis 
by TG and Br-A23187. Our results indicate that PKC participates in the regulation of apoptosis only by 
some pathways. Down-regulation of PKC is not responsible for the diverse effects of PKC activators on apop- 
tosis. The effect of a PKC modulator on apoptosis is dependent upon interaction with individual apoptotic 
stimulus. BIOCHEM PHARMACOL 51;9:1229-1236, 1996. 
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Protein phosphorylation is widely recognized as an impor- 
tant event in transmembrane signal transduction in diverse 
cellular processes ranging from cell growth and differentia- 
tion to nerve cell communication, learning, and memory. 
PKCt is a serine/threonine kinase and plays a central role 
in the phosphorylation of different proteins, consequently 
influencing a variety of cell functions. Apoptosis is a uni- 
versal biological phenomenon with specific biochemical 
and morphologic characteristics such as cell shrinkage, 
chromatin condensation, apoptotic body formation, and 
DNA degradation [I]. The role of PKC in the regulation of 
apoptosis has been studied widely in various cell types. 
However, conflicting results have been reported. Activa- 
tion of PKC by phorbol esters has been reported to suppress 
apoptosis in murine thymocytes [2], in normal and leuke- 
mia hematopoietic cells [3, 41, in chronic lymphocytic leu- 
kemia following exposure to different chemotherapeutic 
agents [5, 61, and in in vitro cultured HL-60 cells [?I. Phor- 
bol esters also promote the induction of apoptosis in T cell 
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hybridoma [8], in thymocytes [9], and in the serum-de- 
prived neuronal cell line ND7 [lo]. In addition, PKC acti- 
vator bryostatin 1 has been reported to inhibit apoptosis in 
hematopoietic cells [l l] and to promote Ara-C-induced 
apoptosis in HL-60 cells [12, 131. Other conflicting reports 
about PKC inhibitors include the promotion of apoptosis in 
mature thymocytes [14], in HL-60 cells [15], and in hepa- 
tocytes [16], and the inhibition of apoptosis in immature 
[14, 171 or normal mouse thymocytes [ 181. 

Several reasons have been suggested as responsible for 
the different actions of PKC modulators in the regulation of 
apoptosis. First, differences exist between PKC isotypes 
with regard to substrate phosphorylation in vitro, tissue dis- 
tribution, subcellular localization, and cofactor dependence 
[19]. Second, down-regulation of PKC usually follows the 
activation of the enzyme by phorbol esters and other PKC 
activators [13, 20, 211. 

In the present study, the role of PMA in the regulation 
of apoptosis was examined further using HL-60 cells. We 
tried to determine whether PMA has a homologous effect 
on apoptosis in the same cell type and what influence PKC 
down-regulation has on apoptosis. We demonstrated that 
in HL-60 cells PMA affected apoptosis induced by various 
stimuli differently. Down-regulation of PKC did not reverse 
PMA-supported inhibition of apoptosis induced by TG. 
The possible mechanism of PKC action in apoptosis was 
discussed. 
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MATERIALS AND METHODS 
Materials 

Br-A23187, TG, PMA, Ara-C, EGTA, Fura-2/AM, diphe- 
nylamine, perchloric acid, glacial acetic acid, and RPM1 

1640 medium powder were purchased from Sigma (St. 
Louis, MO, U.S.A.). Fetal bovine serum (FBS) was from 
Gibco (Grand Island, NY, U.S.A.) and GF109203X from 

Calbiochem (San Diego, CA, U.S.A.). 

Cell Culture 

The HL-60 cell line was obtained from the American Type 

Culture Collection (Rockville, MD, U.S.A.). Cells were 
cultured in RPM1 1640 medium (containing 100 U/mL 
penicillin and 100 pg/mL streptomycin) supplemented with 
10% FI3S at 37” in humidified air containing 5% Cot. 

They were sub-cultured twice a week, and only those in the 
exponential growth period were used in these experiments. 

Evaluation of HL-60 Cell Apo@osis 

Apoptosis was confirmed by checking the morphology of 
treated cells (the formation of apoptotic bodies in apop- 
totic cells) and by analyzing the specific DNA fragmenta- 

tion. Cell viability was also examined after the scheduled 
treatments to verify the absence of necrosis. None of the 
treatments used in this study altered cell viability signifi- 

cantly. 

Qualitative and Quantitative 
Atiysis of lnte~uc~eos~ Fra~~ted DNA 

The intemucleosomal DNA fragmentation was assayed by a 

modified method of Bhalla et aE. [22]. HL-60 cells were 
treated with the test agents for 4 hr. Then the cells were 
washed with isotonic PBS (pH 7.4) and disrupted by a lysis 
buffer [5 mM/L Tris-HCl, 0.5% (v/v) Triton X-100, and 20 

mM/L EDTA]. The cellular lysates were centrifuged at 
13,000 g for 20 min to separate the low molecular weight 
DNA from the intact chromatin. Fragmented DNA in the 
supernatant was extracted with phenol: chloroform:isoamyl 

alcohol (25:24:1). The total purified DNA from each sam- 
ple of 5 x lo6 cells was dissolved in 15 FL of Tris/EDTA 

loading buffer (pH 8.0) and 3 p,L of tracking dye (50% 
glycerol, 1% xylene cyanol) and electrophoresed through a 
1% agarose gel (60 V, 90 min). DNA was visualized by UV 
illumination. 

For quantitative DNA analysis, IO7 cells were treated 
with test reagents for 4 hr. At the end of the incubations, 
cells were disrupted, and the supematant was collected as 
described above. The diphenyiamine method [22] was used 
to measure the DNA content in the supernatant. 

Pre~ara~~ and Assay of Protein I&use C 

Total cytosolic protein kinase C activity was measured by a 
modification of the method of Yasuda et al. [23] with the 
PKC assay kit provided by Gibco-BRP. Cells were collected 

and washed with PBS and then homogenized on ice in 
Tris-EGTA buffer (2 x lOa2 M Tris, 5 x 10m4 M EGTA, 
and 10m2 M P-mercaptoerhanol, pH 7.5)‘ containing 2.5 
g/mL protease inhibitors (aprotinin, leupeptin) and 0.5% 

Triton X-100. The homogenate was incubated on ice for 30 
min, centrifuged at 1200 g for 2 min, and then partially 
purified by passage through DEAE-cellulose with elution 
homogenization buffer containing 2 x lo-’ M NaCl, The 

enzyme fractions were normalized for total protein content 

and added directly to an assay reaction system containing 
mixed micelles of phosphatidylserine and PMA in suspen- 
sion. The reaction was initiated by the addition of 2.5 x 

low5 Ci/mL [y-32P]ATP, 2 x 1O-5 M non-isotopic ATP, and 
5 x 10T5 M synthetic peptide substrate (acetylated myelin 
basic protein N-terminal peptide AcMB4_14).After a 5-min 

incubation at 30”, aliquots of the reaction mixture were 
transferred to phosphocellulose filters, and the reaction was 

terminated by immersion of the discs in 1% phosphoric 
acid. Radioactivity was determined by liquid scintillation. 

A parallel reaction system was set up in the presence of a 
specific PKC inhibitor (2 x low5 M PKC pseudosubstrate 

inhibitor peptide PKC(19-36) and 4 x lo-’ M Tris) to 
confirm the specificity of PKC. 

Measurement of [Ca2’1, 

[Ca’*], was measured by a method described by Lambert 

and Nahorski (241, HL-60 cells at approximately 80% con- 
fluence were collected, washed, and resuspended to a cell 
density of 2 x 107/mL with RPM1 medium. Finally, they 

were loaded with 5 FM Fura- for 45 min at 37”. At the end 
of loading, the cetls were washed three times with calcium- 

free HEPES-buffered Hanks’ balanced salts (HBSS, pH 7.4, 
with 100 PM EGTA) and were resuspended to 106/mL with 

the same buffer. A 2-mL suspension was added to the quartz 
cuvette, and the fluorescence was measured at 37” using a 
Hitachi F-4000 fluorescence spectrometer with a thermally 

controlled cuvette holder and a magnetic stirrer. The ex- 
citation and emission wavelengths used were 340 and 500 

nm, respectively. Reagents were added after a stable fluo- 
rescence base was obtained. F,,, was obtained by adding 
0.1% Triton X.100, and Fmin by 10 mM EGTA after the 
addition of 1.25 mM calcium. [Caz’ji was calibrated with 

the following formula: 

[Ca2+], (nM) = (F - F,,)/(F,,, - F) x 224. 

F = the recorded fluorescence value. 

Statistical Analysis 

Smdent’s t-test was used to analyze the data, and values are 
expressed as means + SD. 

RESULTS 
Effects of PMA on HL-60 Cell 
~o~tosis Induced by Di~erent Stimuli 

Apoptosis was identified by the morphologic features of 
extensive membrane bleb formation and chromatin con- 
densation and was qualitatively and quantitatively evalu- 
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ated by the analysis of characteristic apoptotic DNA frag- 
mentation. In HL-60 cells, apoptosis spontaneously occurs 

even in normal culture conditions. This process can be 
promoted by various agents with different mechanisms of 
action. Thapsigargin, the calcium ionophore BreA23187, 
Ara-C, and cycloheximide all induced apoptosis in HL-60 
cells. Zinc ions inhibited spontaneous apoptosis of HL-60 

cells and abolished DNA fragmentation induced by all four 

agents (Fig. 1). 
PMA suppressed spontaneous apoptosis in HL-60 cells, 

and decreased DNA fragmentation induced by TG and Br- 
A23187 (P < 0.01) (Fig. 2); these effects were concentra- 
tion dependent. PMA at a concentration of 2 nM was 
effective in inhibiting apoptosis. The maximum response 

occurred at a concentration of 100 nM PMA (data not 
shown). GF109203X is a highly specific PKC inhibitor, 
which competitively combines with the ATP-binding site 

on PKC and inhibits the activity of the enzyme [25]. 

GF109203X slightly promoted HL-60 cell apoptosis. In the 
presence of GF109203X (1 PM), 100 nM PMA-induced 
suppression of apoptosis was abolished almost completely 

(Fig. 3). These results indicated that PKC activation by 
PMA inhibited HL-60 cell apoptosis induced by TG and 

Br-A23187. However, the role of PMA in apoptosis in- 
duced by Ara-C and cycloheximide differed from that ob- 
served in the cases of TG and Br-A23187. As shown in Fig. 
4, instead of inhibiting apoptosis, PMA slightly increased 

DNA fragmentation initiated by Ara-C (P > 0.05) and 
significantly enhanced the effect of cycloheximide (P < 
0.05). 

Efiects of PM&Induced PKC t 
Doevn-Regulation on HL-60 Cell Apoptosis 

As shown in Fig. 5, PMA increased total cellular PKC 
activity. However, the increased PKC activity persisted for 
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FIG. 1. Induction of apoptosis by different stimuIi and the 
inhibitory effect of zinc sulfate. HL-60 cells (5 x 106) were 
cultured in serum-free medium for 4 hr with 5 nM TG, 250 
nM Br-A23187, 10 pM Ara-C, or 5 pg/mL cycloheximide 
(CHX) in the absence or presence of 1 mM zinc sulfate. 
Then the cells were pelleted, and fragmented DNA was pu- 
rified and checked on agarose gel. Lane 1, 0X1 74 Hae III 
DNA marker; Lane 2, control; Lane 3, zinc; Lane 4, TG; 
Lane 5, zinc + TG; Lane 6, Br-A23187; Lane 7, zinc + 
Br-A23187; Lane 8, AraC; Lane 9, zinc + Ax-a&; Lane 10, 
CHX; and Lane 11, zinc + CHX. Four experiments yielded 
similar results. 
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FIG. 2. Modulation of TG- or Br-A23187-induced DNA 
fragmentation by PMA. Top panel: CeUs (5 X 106) were 
cultured in serum&ee medium for 4 hr with 2.5 nM TG or 
250 nM BreA23187 in the absence or presence of 100 nM 
PMA. Fragmented DNA of treated cells was checked as de- 
scribed in Fig. 1. Lane, @Xl74 Hae III DNA marker; Lane 
2, control; Lane 3, PMA; Lane 4, TG; Lane 5, PMA + TG; 
Lane 6, Br-A23187; and Lane 7, PMA + BreA23187. Four 
experiments yielded similar results. Bottom panel: HL-60 
cells (1 x 107) were cultured in serum-free medium for 4 hr 
in the presence of different agents as defined on the figure 
[control, no agent; PMA, 100 nM; TG, 5 nM; Br-A23187 
(Br-A), 500 nM]. The amount of fragmented DNA was then 
measured with the method described in Materials and Me& 
ods. In these untreated cells, the amount of DNA fragments 
was 2.29 -C 0.15 pg/107 cells. Values are means + SD, N = 
6. Key: (*) P < 0.01, compared with untreated cells; (*) P < 
0.01, compared with cells treated with TG alone; and (@) P 
< 0.01, compared with cells treated with Br-A23187 alone. 
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cloheximide had an effect on [Ca’+], of HL-60 cells. The 
results showing that PMA inhibited apoptosis induced by 
TG and Br-A23187 but not that by Ara-C and cyclohex- 
imide suggest the possibility that PMA influenced calcium 
modulation by TG and Br-A23 187 to inhibit apoptosis. We 
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FIG. 3. Effect of the specific PKC inhibitor GFl09203X on 
J?MA-induced inhibition of HL-60 ceil apoptosis. HLa6O 
cells were incubated in serum-free medium for 4 hr in the 
presence of different agents as defined on the figure [control 
(Ctrl), no agent; GFl09203X (GF), 1 @$ TG, 2.5 nM; 
PMA, 100 t&f]. The amount of fragmented DNA was then 
measured. In the untreated cells, the amount of DNA frag- 
ments was 1.75 + 0.08 pg/107 cells. Values are means + SD, 
N = 6. Key: (#) P < 0.05, compared with untreated cells; (*) 
P < 0.05, (**), P c 0.01, and (o) P > 0.05, compared with 
cells treated with TG alone. 

only a short time and returned to normal level in 30 min. 
Closely followed was the down-regulation of PKC. Four 
hours after the addition of 100 nM PMA, total cellular PKC 
activity decreased to 60% of control. 

To understand the roles of PMA-induced down-regula- 
tion of PKC in apoptosis, we measured changes in DNA 
fragmentation induced by TG and Ara-C in cells pretreated 
with 200 nM PMA for 12 hr; this treatment has been found 
to induce PKC down-regulation [13, 20, 211. After treat- 
ment with 200 nM PMA for 12 hr, total cellular PKC 
activity of HL-60 cells decreased to an undetectable level. 
In pretreated cells, TG-induced apoptosis was clearly atten- 
uated (P < O.Ol), whereas there was no significant (P > 
0.05) effect with Ara-C (Fig. 6). These results were similar 
to those found when PMA and TG or Ara-C were admin- 
istered simultaneously. The effect of PKC down-regulation 
on apoptosis differed from that of PKC inhibition by spe- 
cific PKC inhibitors. As reported by other authors [15], we 
also observed that PKC inhibitors (such as calphostin C 
and GF109203X) induced apoptosis in HL-60 cells and 
enhanced the apoptotic effects of TG and Br-A23187 (the 
effect of GF109203X is shown in Fig. 3). 

Effect of PMA on TG- and Br-A23187- 
Induced Moduhion of Calcium Hmeostasis 

It is well-known that PKC and calcium are closely related 
in regulating cell functions. Both TG and Br-A23187 are 
calcium modulators. We found that neither Ara-C nor cy- 
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FIG. 4. Effect of PMA on Am-C- or cycloheximide&duced 
DNA fragmentation of HC60 cells. Top panel: HL60 cells 
(5 x 106) were cultured in serum&e medium for 4 hr with 
10 pM Am-C or 5 pg/mL cycloheximide (CHX) in the ab- 
sence or presence of 100 nM PMA. Fragmented DNA of 
treated cells was checked as described in Fig. 1. Lane 1, 
0X174 Hae III DNA marker; Lane 2, control; Lane 3, 
PMA; Lane 4, AraC; Laue 5, PMA + Am-C; Lane 6, CHX; 
and Lane 7, PMA + CHX. Four experiments yielded similar 
results. Bottom panel: HL-60 celh (1 x 10’) were cuhured 
in serumefree medium for 4 hr in the presence of different 
agents as defined on the figure (control, no agent; PMA, 100 
nM; AraC, 10 a CHX, 10 pg/mL). The amount of frag- 
mented DNA was then measured. In the untreated cells, the 
amount of DNA fragments was 2.04 + 0.10 pg/lO’ cells. 
Values are means +. SD, N = 6. Key: (*+) P < 0.01, com- 
pared with untreated cells; (#) P > 0.05, compared with cells 
treated witb Ara-C alone; and (*) P < 0.05, compared with 
cells treated with CHX alone. 
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FIG. 5. Modulation of total celhtlar PKC activity by PMA. 
HL-60 cells were treated with 100 nM PMA for different 
periods of time in serum-free medium. Total celhdar PKC 
activity was measured with the assay hit provided by Gibco- 
BKP. In untreated cells (control), the measured total ceUu- 
lar PKC activity was 45.7 zk 2.93 pmolImin/106 cehs. Vahtes 
are means + SD, N = 4. Key: (*) P < 0.01, compared with 

the control. 

have demonstrated previously that mobilization of intracel- 
lular calcium (or depletion of intracellular calcium stores) is 
closely related to the induction of HL-60 cell apoptosis by 
TG and Br-A23187 [26]. Therefore, the effect of PMA on 
TG- and Br-A23 187-induced intracellular calcium mobili- 
zation was studied in detail. 

PMA itself did not influence the [Ca’+], of HL-60 cells. 
In calcium-free medium, both TG and Br-A23187 in- 
creased [Ca’+], by mobilizing calcium from intracellular 
stores. PMA decreased the magnitude of the increase in 
[Ca’+], induced by both TG and Br-A23187 (Fig. 7). The 
inhibitory effects of PMA on calcium mobilization were 
concentration dependent, the maximum response being 
achieved with 100 nM PMA. PMA, however, did not block 
completely calcium mobilization by TG and Br-A23187. 

DISCUSSION 

The role of PKC modulators in the regulation of apoptosis 
differs with cell types, a result due perhaps to the differen- 
tial modulation of PKC isotypes with their separate and 
unique functions in different cells [19]. However, whether a 
PKC modulator influences apoptosis induced by different 
stimuli in a certain cell type is not well defined. Forbes et al. 
[5] reported that in chronic lymphocytic leukemia cells 
phorbol esters inhibit cell death induced by colchicine, 
etoposide, and methylprednisolone and suggested that 
phorbol esters act on an event common to apoptosis caused 
by diverse stimuli. 
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We found that in the HL-60 cell line, PMA had different 

effects on apoptosis induced by different agents. PMA con- 
centration-dependently inhibited the apoptotic effect of 
TG and B,-A23187. PMA-induced suppression of apoptosis 
was directly related to activation of PKC as the PKC in- 
hibitor GF109203X abolished the effects of PMA. How- 
ever, the same treatment with PMA did not inhibit DNA 
fragmentation induced by Ara-C and cycloheximide. In 
contrast, zinc ions ubiquitously inhibited apoptosis induced 
by TG, Br-A23187, Ara-C, or cycloheximide. It is known 
that zinc ions inhibit apoptosis by blocking the activation 
of the endonuclease, the final common step associated with 
the induction of apoptosis [27]. These findings indicate that 
in HL-60 cells apoptosis can be initiated via different 
mechanisms. Unlike zinc ions, PKC does not act on a com- 
mon pathway to influence apoptosis. PKC is only involved 
in the regulation of apoptosis initiated through certain 
pathways. 

Down-regulation of PKC reportedly follows the activa- 
tion of the enzyme by some external PKC activators [13,20, 
21, 281. Jarvis et al. [13] compared the effects of bryostatin 

1 and other PKC activators on Ara-C-induced HL-60 cell 
apoptosis and suggested that the ability of bryostatin 1 to 
potentiate Ara-C-induced apoptosis was mediated by 
down-regulation of one or more isoforms of PKC. In HL-60 
cells, long-term treatment with PMA also down-regulated 
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FIG. 6. Effect of PMA-induced PKC down-regulation on 
DNA fragmentation induced by TG and Am-C. HL-60 cells 
were cultured in serum-free medium for 12 hr in the ab- 
sence (open bars) or presence (stippled bars) of 200 nM 
PMA. The cells were then washed three times and incu- 
bated in a serum-free medium for another 4 hr with 5 nM 
TG, 10 pM At-a-C, or no agent. The amount of fragmented 
DNA was then measured. The amount of fragmented DNA 
from cells that did not receive PMA pretreatment and treat- 
ment of other agents (1.95 * 0.20 pg/lO’ cells) was used as 
the control. Values are means * SD, N = 6. Key: (**) P < 
0.01, compared with result obtained from TG-treated cells, 
but without PMA pretreatment; and ( #) P > 0.05, compared 
with result obtained from AraXkreated cells, but without 
PMA pretreatment. 
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FIG. 7. Effect of PMA on TG. and Br-A23187-induced increase in [Caz+li. HL.60 cells were loaded with Fura-Z/AM and 
suspended in calciumhee HBSS buffer (with 100 nM EGTA). After pretreatment with different concentrations of PMA for 
5 min, the increase in [Ca2+li induced by 2.5 nM TG or 250 nM Br-A23187 was measured. (A). A typical recording of [Ca’+], 
measurement. (a) Control; (b) 10 nM PMA; (c) 50 nM PMA; and (d) 100 nM PMA. (B). Pooled results of four experiments. 
Key: (0)2.5 nM TG; and (0) 250 nM BrwA23187. I ncrease in [Caz+li induced by TG (163.2 * 9.5 nM) or BreA23187 (253.7 
* 14.1 nM) in the absence of PMA was used as controls. Values are means * SD, N = 4. Key: (*) P c 0.05, and (**) P < 0.01, 
compared with the corresponding control. 

PKC activity. In cells in which PKC was down-regulated by 
pretreatment with 200 nM PMA for 12 hr, however, the 

ability of TG to induce DNA fragmentation was decreased 
significantly. Although PMA induced the differentiation of 

HL-60 cells to monocytes and macrophages and it has been 
reported that monocyte/macrophage differentiation in- 

duced by the PKC activator 12-O-tetradecanoylphorbol- 
13-acetate (TPA) was associated with a decreased sensitiv- 
ity to various apoptosis-inducing stimuli [7, 291, it was un- 

likely to be responsible for the suppression of TG-induced 
apoptosis in cells pretreated with PMA for 12 hr because 
DNA fragmentation induced by Ara-C was not affected. 
These results indicate that down-regulation of PKC did not 
interfere with the apoptosis-inhibiting effects of PMA. Ac- 

tivation of PKC by PMA, although transient and followed 
by the down-regulation of the enzyme, conferred on cells 
the ability to resist apoptosis initiated by TG. Our results 

suggest that down-regulation of PKC may not be responsi- 
ble for the inability of some PKC activators to inhibit ap- 

optosis. 
The effect of PMA-induced PKC down-regulation on 

apoptosis differed from that of PKC inhibition by specific 
PKC inhibitors. PKC inhibitors such as calphostin C and 
GF109203X promoted apoptosis in HL-60 cells and en- 
hanced the apoptotic effects of TG and Br-A23187. The 
possible reason is that down-regulation of PKC is preceded 
by the activation of PKC and the activation of a series of 
intracellular events, whereas the inhibition of PKC by spe- 

cific inhibitors is the direct inhibition of the enzyme with- 
out the activation of concerned cellular events. Therefore, 

down-regulation of PKC does not equate to the inhibition 
of the enzyme. 

The mechanism by which PMA affects apoptosis induced 
by different stimuli is still not well-defined. However, an 
obvious difference exists among the agents in the present 

study. Both TG and Br-A23187 caused a profound change 
in intracellular calcium homeostasis. TG increased intra- 
cellular concentration by inhibiting the Ca*‘-ATPase on 
the endoplasmic reticulum membrane, thereby blocking 
the refilling of intracellular calcium stores with a conse- 

quent depletion of the TG-sensitive calcium store [30]. Br- 
A23187 acted as a calcium ionophore, which increased 

intracellular free calcium concentration by enhancing the 
influx of external calcium and mobilizing calcium from in- 
tracellular calcium stores [31]. On the other hand, Ara-C 
and cycloheximide had no effect on calcium homeostasis. 
In calcium-free medium, the increase in [Ca”], represents 
the mobilization of calcium from intracellular stores. PMA 
decreased [Ca”], elevation induced by both TG and Br- 
A23187, implying that activation of PKC inhibits the mo- 
bilization of intracellular calcium. It is well-known that 
increased [Ca”], is required for the activation of several 
types of PKC isoforms. Increased PKC activity may, in turn, 
provide negative feedback signals to prevent calcium mo- 
bilization. Disturbance of intracellular calcium homeostasis 
has been proposed to be responsible for the initiation of 
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apoptosis in some cells [32]. We have also demonstrated 
that mobilization of intracellular calcium is closely related 
to the induction of HL-60 cell apoptosis by TG and Br- 
A23187 [26]. Therefore, PMA may inhibit DNA fragmen- 
tation induced by TG and Br-A23187 by interfering with 
their induced modulation of intracellular calcium homeo- 
stasis. 

Based on these observations, we suggest that the role of 
PKC in the regulation of apoptosis is limited. Apoptosis can 
be induced by a variety of stimuli; PKC may only regulate 
apoptosis initiated via certain pathways. Down-regulation 
of PKC is unlikely to be responsible for the different effects 
of PKC activators on apoptosis. The role of PKC modula- 
tors in apoptosis is dependent on the interaction with in- 
dividual apoptotic stimulus. This is probably an important 
reason for the different effects of PKC modulators on ap- 
optosis. 
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Grant 3 72/94M. 

References 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

Wyllie AH, Glucocorticoid-induced thymocyte apoptosis is 
associated with endogenous endonuclease activation. Nature 
284: 555-556, 1980. 
McConkey DJ, Hartzell P, Jondal M and Orrenius S, Inhibi- 
tion of DNA fragmentation in thymocytes and isolated thy- 
mocyte nuclei by agents that stimulate protein kinase C. _I Biol 
Chem 264: 13399-13402, 1989. 
Lotem J, Cragoe EJ and Sachs L, Rescue from programmed 
cell death in leukemia and normal cells. Blood 78: 953-960, 
1991. 
Rajotte D, Haddad I’, Haman A, Cragoe EJ Jr and Hoang T, 
Role of protein kinase C and the Na’/H’ antiporter in sup- 
pression of apoptosis by granulocyte macrophage colony- 
stimulating factor and interleukin-3. J Biol Chem 267: 9980- 
9987, 1992. 
Forbes IJ, Zalewski I’D, Giannakis C and Cowled PA, Induc- 
tion of apoptosis in chronic lymphocytic leukemia cells and 
its prevention by phorbol ester. Exp Cell Res 198: 367-372, 
1992. 
Robertson LE, Chubb S, Meyn RE, Story M, Ford R, Hittel- 
man WN and Plunkett W, Induction of apoptotic cell death 
in chronic lymphocytic leukemia by 2-chloro-2’-degoxyaden- 
osine and 9-P-D-arabinosyl-2-fluoroadenine. Blood 81: 143- 
150, 1993. 
Solary E, Bertrand R and Pommier Y, Differential induction 
of apoptosis in undifferentiated and differentiated HL-60 cells 
by topoisomerase 1 and II inhibitors. Blood 81: 1359-1368, 
1993. 
Mercep M, Noguchi I’D and Ashwell JD, The cell cycle block 
and lysis of an activated T cell hybridoma are distinct pro- 
cesses with different Ca” requirements and sensitivity to cy- 
closporine A. J Immunol 142: 40854092, 1992. 
Kizaki H, Tadekuma T, Odaka C, Muramatsu J and Ishimura 
Y, Activation of a suicide process in thymocytes through 
DNA fragmentation by calcium ionophores and phorbol di- 
esters. ] Immunol 143: 1790-1794, 1989. 
Mailhos C, Howard MK and Latchman DS, A common path- 
way mediates retinoic acid and PMA-dependent programmed 

11. 

12. 

cell death (apoptosis) of neuronal cells. Brain Res 644: 7-12, 
1994. 
May WS, Tyler PC, Ito T, Armstrong DK, Qatsha KA and 
Davidson NE, Interleukin-3 and bryostatin-1 mediate hyper- 
phosphorylation of BCL2a in association with suppression of 
apoptosis. J Biol Chem 269: 26865-26870, 1994. 
Grant S, Boise L, Westin E, Howe C, Pettit CR, Turner A 
and McCrady C, In vitro effects of bryostatin 1 on the me- 
tabolism and cytotoxicity of 1-@-D-arabinofuranosylcytosine 
in human leukemia cells. Biochem Pharmacol 42: 853-867, 
1991. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

Jarvis WD, Povirk LF, Turner AJ, Traylor RS, Gewirtz DA, 
Pettit GR and Grant S, Effects of bryostatin 1 and other 
pharmacological activators of protein kinase C on l-[P-D-arab- 
inofuranosyllcytosine-induced apoptosis in HL-60 human 
promyelocytic leukemia cells. Biochem Pharmacol 47: 839- 
852, 1994. 
Migliorati G, Nicoletti I, D’Adamino F, Spreca A, Pagliacci C 
and Riccardi C, Dexamethasone induces apoptosis in mouse 
natural killer cells and cytotoxic T lymphocytes. Immunology 
81: 21-26, 1994. 
Jarvis WD, Turner AJ, Povirk LF, Traylor RS and Grant S, 
Induction of apoptotic DNA fragmentation and cell death in 
HL-60 human promyelocytic leukemia cells by pharmacolog- 
ical inhibitors of protein kinase C. Cancer Res 54: 1707- 
1714, 1994. 
Ni R, Tomita Y, Matsuda K, Ichihara A, Ishimura K, Oga- 
sawara J and Nagata S, Fas-mediated apoptosis in primary 
cultured mouse hepatocytes. Exp Cell Res 215: 332-337, 
1994. 
Iwata M, Iseki R, Sato K, Tozawa Y and Ohoka Y, Involve- 
ment of protein kinase C-epsilon in glucocorticoid-induced 
apoptosis in thymocytes. Int Immunol 6: 431-438, 1994. 
Ye X, Georgoff I, Fleisher S, Coffman FD, Cohen S and Fresa 
KL, The mechanism of epipodophyllotoxin-induced thymo- 
cyte apoptosis: Possible role of a novel Ca*+-independent pro- 
tein kinase. Cell Immunol 151: 320-335, 1993. 
Dekker LV and Parker PJ, Protein kinase C, a question of 
specificity. Trends Biochem Sci 19: 73-77, 1994. 
Blackshear PJ, Approaches to the study of protein kinase C 
involvement in signal transduction. Am .J Med Sci 296: 231- 
240, 1988. 
Garcia-Sainz JA, Lopez-Gomez FJ and Robles-Flores M, Stau- 
rosporine and calphostin C inhibit the phorbol ester-induced 
decrease of protein kinase C activity in rat hepatocytes. Bio- 
them Int 28: 761-766, 1992. 
Bhalla K, Tang C, Ibrado AM, Grant S, Tourkina E, Holladay 
C, Hughes M, Mahoney ME and Huang Y, Granulocyte- 
macrophage colony-stimulating factoriinterleukin-3 fusion 
protein (pIXY 321) enhances high-dose Ara-C-induced pro- 
grammed cell death or apoptosis in human myeloid leukemia 
cells. Blood 80: 2883-2890, 1992. 
Yasuda I, Kishimoto A, Tanaga S, Tominaga M, Sakurai A 
and Nishizuka Y, Assay of protein kinase C in vitro using 
synthetic peptide substrates. Biochem Biophys Res Commun 
166: 1220-1224, 1990. 
Lambert DG and Nahorski SR, Muscarinic-receptor-mediated 
changes in intracellular Ca2+ and inositol 1,4,5-trisphosphate 
mass in a human neuroblastoma cell line, SH-SY5Y. Biochem 
.I 265: 555-562, 1990. 
Toullec D, Pianetti P, Coste H, Bellevergue P, Grand-Perret 
T, Ajakane M, Baudet V, Boissin P, Boursier E, Loriolle F, 
Duhamel L, Charon D and Kirilovsky J, The bisindolylmale- 
imide GF 109203X is a potent and selective inhibitor of pro- 
tein kinase C. .I Biol Chem 266: 15771-15781, 1991. 
Zhu WH and Loh TT, Roles of calcium in the regulation of 
apoptosis in HL-60 cell promylocytic leukemia cells. Life Sci 
57: 2091-2099, 1995. 

27. Neito MA and Lopez-Rivas A, IL-2 protects T lymphocytes 



1236 W-H. Zhu and T-T. Loh 

from glucocorticoid-induced DNA fragmentation and cell 
death. J lmmunol 143: 41664170, 1989. 

28. Rodriguez-Pena A and Prozengurt E, Disappearance of Ca2+ 
sensitive phospholipid-dependent protein kinase activity in 
phorbol diester-treated 3T3 cells. Biochem Biophys Res Com- 
mun 120: 621-623, 1983. 

29. Solary E, Bertrand R and Pommier Y, Apoptosis of human 
leukemic HL-60 cells induced to differentiate by phorbol ester 
treatment. Leukemia 8: 792-797, 1994. 

30. Bian J, Ghosh TK, Wang J-C and Gill DL, Identification of 

intracellular calcium pools. Selective modification by thapsi- 
gargin. J Biol Chem 266: 8801-8806, 1991. 

31. Albert PR and Tashjian AH Jr, Ionomycin acts as an iono- 
phore to release TRH-regulated Ca2+ stores from GH,C, 
cells. Am _I Physiol 251: C887C891, 1986. 

32. Kluck RM, McDougall CA, Harmon BV and Halliday JW, 
Calcium chelators induce apoptosis-Evidence that raised in- 
tracellular ionised calcium is not essential for apoptosis. Bio- 
chim Biophys Acm 1223: 247-254, 1994. 


