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Participation of various kinases in staurosporine-
induced apoptosis of RAW 264.7 cells

Kouya Yamaki, Jangla Hong, Kenji Hiraizumi, Jong Woon Ahn,
OkPyo Zee and Kazuo Ohuchi

Abstract

Staurosporine induced apoptosis of RAW 2647 cells, a mouse macrophage-like cell line, as determined
by DNA fragmentation, the increase of annexin V-stained cells, and the cleavage of poly(ADP-
ribose)polymerase (PARP), a substrate of caspase. Analysis of the increase in the percentage of sub-G,
cells revealed that the DNA fragmentation occurred in a time- and concentration-dependent manner
at 0.021-2.1 um of staurosporine. Staurosporine induced phosphorylation of p38 mitogen-activated
protein kinase (MAPK) but suppressed spontaneous phosphorylation of p44/42 MAPK. The p38 MAPK
inhibitor SB203580, the MAPK/extracellular signal-regulated kinase kinase inhibitor PD98059 and the
phosphatidylinositol 3-kinase (P13K) inhibitor LY294002 potentiated the staurosporine-induced PARP
cleavage and DNA fragmentation. The protein kinase A (PKA) inhibitor H-89 potentiated the
staurosporine-induced DNA fragmentation without potentiating the PARP cleavage. in contrast, the
protein kinase C (PKC) inhibitor Ro-31-8425 suppressed the PARP cleavage and DNA fragmentation.
These findings suggested that staurosporine induces apoptosis via the caspase cascade in RAW 264.7
cells. The staurosporine-induced apoptosis is positively regulated by PKC, negatively regulated by p38
MAPK, p44/42 MAPK and PI3K via the caspase cascade, and negatively regulated by PKA without
regulation of caspase activation.

Introduction

Apoptosis is an essential event in several physiological and pathological processes such
as development, selection in immune systems, neurodegenerative diseases, host defence
against pathogens, and inflammation (Hardy 1999; Mattson et al 2001; Mountz et al
2001 : Rathmell & Thompson 2002). The term apoptosis describes a tightly regulated
process of cell death characterized by plasma membrane blebbing, chromatin
condensation and DNA fragmentation (Leist & Nicotera 1997). During the process of
apoptosis, ced-3 family proteins are cleaved and activated (Orth et al 1996).

Recently, several target proteins, including poly(ADP-ribose)polymerase (PARP),
lamin A, lamin B and actin, have been identified that are cleaved by caspases, ced-3
homologues, during the apoptotic process (Porter et al 1997). The activated caspases
also cleave the important signalling molecules such as protein kinase C (PKC) ¢
(Ghayur et al 1996) and mitogen-activated protein kinase kinase 1 (Cardone et al 1997).
In contrast, AKT/protein kinase B is inactivated through cleavage by the activated
caspases (Bachelder et al 1999). Itis generally thought that these cleaved molecules have
roles in the modulation of the apoptosis process. In addition, the apoptosis process is
also regulated by other intracellular signalling molecules such as p38 mitogen-activated
protein kinase (MAPK) (Galan et al 2000), p44/42 MAPK (Chin et al 1999), PKC (Jun
et al 1999) and phosphatidylinositol 3-kinase (PI3K) (Koh et al 1998).

Staurosporine, originally identified as a PKC inhibitor (Tamaoki et al 1986), induces
apoptosis of Jurkat cells (Na et al 1996) and human neuroblastoma SH-SYS5Y cells
(Bijur et al 2000). On the other hand, staurosporine induces production of macrophage
inflammatory protein-2 in rat peritoneal neutrophils (Xiao et al 1999) and interleukin-6
(Yamaki & Ohuchi 1999) and prostaglandin E, (Yamaki et al 2000) in rat peritoneal
macrophages at lower concentrations (2.1-63 nm) than those inducing apoptosis
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(100-1000 nm) (Na et al 1996; Bijur et al 2000). The
staurosporine-induced production of interleukin-6 (Yam-
aki & Ohuchi 1999) and prostaglandin E, (Yamaki et
al 2000) in rat peritoneal macrophages is mediated by
activation of PKC and PI3K, and the staurosporine-
induced production of macrophage inflammatory protein-
2 in rat peritoneal neutrophils is mediated by activation of
p38 MAPK and p44/42 MAPK (Xiaoet al 1999). However,
the modulation mechanism of these kinases by stauro-
sporine and the role of these kinases in staurosporine-
induced apoptosis remain to be elucidated. In this study,
we analysed pharmacologically the roles of p38 MAPK,
p44/42 MAPK, PI3K, PKC and PKA in staurosporine-
induced apoptosis of RAW 264.7 cells, a murine
macrophage-like cell line, from the view point of caspase
activation.

Materials and Methods

Drugs

The drugs used were PD98059 (2’-amino-3'-methoxy-
flavone) (New England Biolabs Inc., Beverly, MA),
LY294002 (2-(4-morpholinyl)-8-phenyl-4 H-1 -benzopyran-
4-one), SB203580 (4-(4-ﬁuorophenyl)-Z-(4-methylsu]ﬁny]-
phenyl)—S-(4-pyridyl)-IH-imidazole), Ro-31-8425 (2-[8-
(aminomethyl) 6,7,8,9-tetrahydropyrid0[1,2-a]indol-3-y1]-
3-(1-methyl-indol-3-yl)maleimide, hydrochloride), H-89
(N-[2-((p-bromocinnamyl)amino)ethyl]-5-isoquinoline-
sulfonamide) (Calbiochem Novabiochem Japan, Tokyo,
Japan), calphostin C (2-(12-[2-(benzyloxy)-propyl]-3,10-
dihydro-4,9-dihydroxy-2,6,7,1 1-tetramethoxy-3,10-dioxo-
1-perylenyl)-1-methylethylcarbonic acid 4-hydroxyphenyl
ester) (BIOMOL Res. Lab., Plymouth Meeting, PA)
and staurosporine (9,]3-epoxy-1H,9H—diindolo[],2,3-gh:
3201 - lm]pyrrolo[3,4-j][1,7]benzodiazonin-1-one,2,3,10,
11,12,1 3-hexahydro-10-methoxy-9-methyl-1 1-(methyl-
amino)-, (9S,10R,11R,13R)-(9CI)) (Kyowa Medex,
Tokyo, Japan).

These drugs were dissolved in dimethy! sulfoxide. The
final concentration of the vehicle was adjusted to 0.2%
(v/v) and the control medium contained the same amount
of the vehicle.

Cell culture

RAW 264.7 cells were obtained from the RIKEN Gene
Bank (Tsukuba, Japan) and cultured at 37°C under 5%
CO,-95% air in Eagle’s minimal essential medium
(EMEM) (Nissui Seiyaku, Tokyo, Japan) containing 10 %
(v/v) fetal bovine serum (Dainippon Pharmaceutical,
Osaka, Japan) and 1% (v/v) non-essential amino acid
solution (Sigma Chemical Co., St Louis, MO).

Detection of DNA fragmentation by
electrophoresis

RAW 264.7 cells (4.0x10° cells per 60-mm dish;
CORNING Coster Japan, Tokyo, Japan) were incubated
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at 37°C for 24 h in medium containing staurosporine
(2.1 uM). After incubation, cells were washed twice with
phosphate-buffered saline (PBS) and lysed by the addition
of 0.5mL of lysis buffer (Tris, 50 mM; EDTA, 10 mM;
proteinase K (Sigma), 100 ugmL™', Triton X-100, 1%
(v/v); pH 8.0) at 55°C for 16 h. DNA was extracted twice
with phenol-chloroform-isoamylalcohol (25:24:1, v/v),
and precipitated with a 0.1 volume of 3 M sodium acetate
and 2 volumes of ethanol at —20°C. Precipitated DNA
was dissolved in TE buffer (Tris, 1 mM; EDTA, 0.1 muM;
ribonuclease I (Sigma), 20 ug mL"; pH 7.5) and incubated
at 37°C for 30 min. Electrophoresis of DNA was performed
in 1.4% (w/v) agarose gel at 50 V for 3 h. After electro-
phoresis, DNA was visualized by ethidium bromide stain-
ing and photographed.

Measurement of DNA fragmentation by flow
cytometry

For measurement of DNA fragmentation, RAW 264.7
cells (1 x 10 cells per well of a 12-well plate; CORNING
Coster Japan) were incubated at 37°C for various periods
in medium in the presence or absence of drugs. After
incubation, the cells were washed three times with PBS and
detached from the dish by 0.02 % (w/v) EDTA in PBS. The
cells were then fixed with 70 % (v/v) ethanol at —20°C
for 3h, and incubated in PBS containing 50 ug mL"™"
propidium iodide (Wako Pure Chemical Inc. Osaka, Japan)
and 20 g mL ™' ribonuclease I (Sigma) at 37°C for 5 min.
Subsequently, the fluorescence intensity of propidium
iodide in 10000 cells was analysed by flow cytometry using
FACScan (Becton Dickinson), and the percentage of sub-
G, cells was calculated using LISYS II software.

Measurement of annexin V binding by flow
cytometry

For measurement of annexin V binding, RAW 264.7 cells
(1 x 10 cells per 1.5-mL tube; CORNING Coster Japan)
were incubated at 37°C for 3.25 hin medium in the presence
or absence of drugs. After incubation, the cells were washed
three times with PBS and stained by propidium iodide and
Annexin-V-FLUOS according to the manufacturer’s pro-
tocol using Annexin-V-FLUOS Staining Kit (Roche Diag-
nostics GmbH, Mannheim, Germany). Subsequently, the
fluorescence intensity of propidium iodide and Annexin-V-
FLUOS in 10000 cells was analysed by flow cytometry
using FACScan (Becton Dickinson), and the percentages
of cells in quadrants were calculated by CELLQuest
Software.

Western blot analysis

For Western blot analysis, RAW 264.7 cells (2 x 108 cells
per well of a 6-well plate; CORNING Coster Japan) were
incubated at 37°C for various periods in medium in the
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Figure 1 Effects of staurosporine on apoptosis and caspase activation. A. RAW 264.7 cells were incubated at 37°C for 24 h in the presence
of the indicated concentrations of staurosporine (SS). Values are the means from 4 samples. ***P < 0.001 vs control. B. RAW 264.7 cells were
incubated at 37°C for 3.25h in the presence or absence of SS (2.1 um). UL, upper left quadrant (not cells); UR, upper right quadrant
(late apoptotic and necrotic cells); LL, lower left quadrant (viable cells); and LR, lower right quadrant (early apoptotic cells). C. RAW 264.7
cells were incubated at 37°C for the period indicated in the presence (+) or absence (—) of SS (2.1 um). Higher-molecular-weight band above
poly(ADP-ribose)polymerase (PARP) (115kD) is a non-specific band.

presence or absence of drugs. After incubation, the cells p-nitrophenyl phosphate, 2.5mM; Na,VO, 1mm;
were washed three times with PBS and lysed in ice-cold leupeptin, 10 g mL™'; Triton X-100, 1% (v/v); glycerol,
lysis buffer (HEPES, 20 mm; EDTA, 1 mm; NaF, 50 mMm; 10% (v/v); pH 7.3), sonicated using a handy sonic
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Figure 2  Effects of staurosporine on phosphorylation of p38 MAPK and p44/42 MAPK. RAW 264.7 cells were incubated at 37°C for the
period indicated in the presence (-+) or absence (—) of staurosporine (SS, 2.1 zM). p38 MAPK and phosphorylated p38 MAPK (P-p38 MAPK)
(A), and p44/42 MAPK and phosphorylated p44/42 MAPK (P-p44/42 MAPK) (B) were detected by Western blotting. Each band of
P-p38 MAPK (A) and P-p44/42 MAPK (B) was quantified densitometrically.
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disrupter (Tomy Seiko Co., Tokyo, Japan) and centrifuged
at 12000 g for 20 min. Protein contents in the supernatant
were determined (Bradford 1976) and 50 ug protein was
loaded on a sodium dodecyl sulfate (SDS)-polyacrylamide
gel. After electrophoresis, the gel was transferred onto a
nitrocellulose membrane (Schleicher & Schuell GmbH,
Dassel, Germany). Immunoblotting was carried out by
using antibodies to PARP (Santa Cruz Biotechnology Inc.,
Santa Cruz, CA), phosphorylated-p44/42 MAPK (New
England Biolabs Inc.), rat MAP kinase R2 (erk1-CT)
(Upstate Biotechnology Inc., Lake Placid, NY), phospho-
p38 (New England Biolabs Inc.) and p38 (Santa Cruz).

Statistical analysis

The statistical significance of the results was analysed by
Dunnett’s test for multiple comparisons and Student’s
t-test for unpaired observations.

Results

induction of apoptosis by staurosporine

Incubation of RAW 264.7 cells for 4 h in the presence of
staurosporine (2.1 uM) induced DNA fragmentation as
revealed by a ladder-like pattern on electrophoresis (data
not shown). At 24 h, control cells showed no DNA frag-
mentation. Flow cytometry analysis for sub-G, cells also
demonstrated that staurosporine (2.1 M) induced DNA
fragmentation at 2 h and thereafter (data not shown). The
percentage of sub-G, cells at 24 h was increased by stauro-
sporine in a concentration-dependent manner from 0.021
to 2.1 um (Figure 1A). In addition, Annexin-V-FLUOS
and propidium iodide double staining analysis revealed
that staurosporine (2.1 xM) increased Annexin-V-FLUOS-
positive and propidium iodide-negative cells after 3.25h
incubation (Figure 1B).

induction of caspase activation by
staurosporine

Western blot analysis revealed that staurosporine (2.1 M)
induced the cleavage of 115 kDa PARP (p115 PARP) and
generated the 25 kDa protein (p25 PARP), a cleaved form
of p115 PARP, at 2 h and thereafter (Figure 1C).

Effects of staurosporine on phosphorylation of
p38 MAPK and p44/42 MAPK

Phosphorylation of p38 MAPK was not detected in control
cells, but was strongly induced by treatment with stauro-
sporine (2.1 uMm) (Figure 2A). The phosphorylation of p38
MAPK by staurosporine was detected at 15 min and there-
after, increasing time dependently until 8 h (Figure 2A).
On the other hand, phosphorylation of p44/42 MAPK was
observed in control cells, and maximum phosphorylation
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was detected 1h after incubation (Figure 2B). In the
presence of staurosporine (2.1 uM), the spontaneous
phosphorylation of p44/42 MAPK decreased from 15 min
to 8 h (Figure 2B).

Effects of the p38 MAPK inhibitor SB203580,
the MAPK/extracellular signal-regulated kinase
kinase inhibitor PD98059 and the PI3K inhibitor
LY294002 on staurosporine-induced apoptosis

The cleavage of PARP induced by staurosporine 2.1 um)
at 6 h was augmented by 10 M of SB203580 (Figure 3A),
50 uM of PD98059 (Figure 4A) and 50 uM of LY294002
(Figure SA). In the control cells, SB203580 (10 uMm),
PD98059 (50 M) and LY294002 (50 xm) did not induce
PARP cleavage (Figures 3A, 4A and 5A). The percentage
of sub-G, cells was increased time-dependently by treat-
ment with 2.1 um of staurosporine (Figures 3B, 4B and 5B).
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Figure 3 Effects of SB203580, a p38 MAPK inhibitor, on
staurosporine-induced DNA fragmentation and PARP cleavage.
RAW 264.7 cells were incubated at 37°C for 6 h (A) and for the period
indicated (B) in the presence ( + ) or absence (—) of staurosporine (SS,
2.1 uM) and SB203580 (10 uM). Values are the means+s.e.m. of 3
separate experiments (A) and the means of 4 samples (B). Density
ratio in SS control is set to 100% (A). A. *P < 0.05, ***P < 0.001 vs
SS (2.1 um) alone. B. ***P < 0.001 vs corresponding control or
SB203580 alone; ###P < 0.001 vs SS (2.1 M) alone.
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Figure 4 Effects of PD98059, an MEK inhibitor, on staurosporine-
induced DNA fragmentation and PARP cleavage. RAW 264.7 cells
were incubated at 37°C for 6 h (A) and for the period indicated (B) in
the presence (+) or absence (--) of staurosporine (SS, 2.1 pM) and
PD98059 (50 uM). Values are the means+sem. of 3 separate
experiments (A) and the means of 4 samples (B). Density ratio in SS
controlis set to 100 % (A). A. *P < 0.05, ***P < 0.001 vs SS (2.1 um)
alone. B. ***P < 0.001 vs corresponding control or PD98059 alone:
###P < 0.001 vs SS (2.1 um) alone.

SB203580 (10 M), PD98059 (50 um) and LY?294002
(50 um) further increased the percentage of sub-G, cells 16
and 24 h after treatment with staurosporine (Figures 3B,
4B and 5B). At 24 h, 3 uM SB203580, 15 x> PD98059 and
15 uM LY294002 also increased the percentage of sub-G,
cells significantly (P < 0.05) (data not shown). These
findings suggest that p44/42 MAPK, p38 MAPK and
PI3K participate in suppressing the staurosporine-i~duced
apoptosis.

Effects of Ro-31-8425, a PKC inhibitor, on
staurosporine-induced apoptosis

The staurosporine-induced cleavage of PARP at 6 h was
partially suppressed by 10 um Ro-31-8425 (Figure 6A).
The percentage of sub-G, cells was also decreased by 10 um
Ro-31-8425 at 16 and 24 h (Figure 6B). Ro-31-8425, at
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Figure 5 Effects of LY294002, a PI3K inhibitor, on staurosporine-
induced DNA fragmentation and PARP cleavage. RAW 264.7 cells
were incubated at 37°C for 6 h (A) and for the period indicated (B)in
the presence (+) or absence (—) of staurosporine (SS, 2.1 uM) and
LY294002 (50 yem). Values are the means+s.em. of 3 separate
experiments (A) and the means of 4 samples (B). Density ratio in SS
control is set to 100 % (A). A. P < 0.05, ***P < 0.001 vs SS 2.1 um)
alone. B. ***P < 0.001 vs corresponding control or LY294002 alone;
###P < 0.001 vs SS (2.1 um) alone.

3 yeM, decreased the percentage of sub-G, cells significantly
(P < 0.05)at 24 h(data not shown). The effect of calphostin
C, another specific PKC inhibitor, on staurosporine-
induced apoptosis was also examined. It was shown that
calphostin C, at 1 and 3 M, inhibited the staurosporine-
induced increase in the percentage of sub-G, cells in a
concentration-dependent manner. After 24 h incubation,
about 30% of staurosporine-induced increase in the per-
centage of sub-G, cells was significantly (P < 0.001)
suppressed by calphostin C (3 um) (data not shown). These
findings suggest that PKC participates in the promotion of
apoptosis induced by staurosporine.

Effects of H-89, a PKA inhibitor, on
staurosporine-induced apoptosis

Although the staurosporine-induced cleavage of PARP
was not affected by H-89 (15 uM) (Figure 7A), the per-
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Figure 6 Effects of Ro-31-8425,a PKC inhibitor, on staurosporine-
induced DNA fragmentation and PARP cleavage. RAW 264.7 cells
were incubated at 37°C for 6 h (A) and for the period indicated (B) in
the presence (+) or absence (—) of staurosporine (SS, 2.1 gm) and
Ro-31-8425 (10 um). Values are the means+s.e.m. of 3 separate
experiments (A) and the means of 4 samples (B). Density ratio in SS
control is set 1o 100% (A). A. *P < 0.05. ***P < 0.001 vs SS (2.1 ™)
alone. B. ***P < 0.001 vs corresponding control or Ro-31-8425 alone;
###P < 0.001 vs SS (2.1 ytM) alone.

centage of sub-G, cells was significantly increased at 16 and
24 h (Figure 7B). These findings suggest that PKA nega-
tively regulates staurosporine-induced apoptosis without
affecting caspase activity.
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Figure7 Effectsof H-89,a PKA inhibitor.on staurosporine induced
DNA fragmentation and PARP cleavage. RAW 264.7 cells were
incubated at 37°C for 6 h (A) and for the period indicated (B) in the
presence (+) or absence (—) of staurosporine (SS. 2.1 M) and H-89
(15 yem). Values are the means+s.e.m. of 3 separate experiments (A)
and the means of 4 samples (B). Density ratio in SS control is set to
100 % (A). A. ***P < 0.001 vs SS (2.1 M) alone. B. kP < 0.001 vs
corresponding control or H-89 alone: ##P < 0.01. ###P < 0.001 vs
SS (2.1 um) alone.

(Figure 1A) and activation of p38 MAPK (Figure 2A) were
induced by staurosporine. In BJAB human B lymphoma
cells, staurosporine induces an activation of p38 MAPK,
like Fas, via the cleavage of the Ste20-like protein kin-
ase Mstl by caspases (Graves et al 1998). Because
staurosporine-induced apoptosis was enhanced by the p38
MAPK inhibitor SB203580 (Figure 3), it was suggested
that the staurosporine-induced apoptosis is negatwely

; n ( omuuoulﬂ W
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Figure 6 Effects of Ro-31-8425,a PKC inhibitor, on staurosporine-
induced DNA fragmentation and PARP cleavage. RAW 264.7 cells
were incubated at 37°C for 6 h (A) and for the period indicated (B) in
the presence (+) or absence (—) of staurosporine (SS, 2.1 #M) and
Ro-31-8425 (10 uM). Values are the means+s.e.m. of 3 separate
experiments (A) and the means of 4 samples (B). Density ratio in SS
control is set to 100% (A). A. *P < 0.05, ***P < 0.001 vs SS (2.1 um)
alone. B. ***P < 0.001 vs corresponding control or Ro-31-8425 alone;
###P < 0.001 vs SS (2.1 ™) alone.

centage of sub-G, cells was significantly increased at 16 and
24 h (Figure 7B). These findings suggest that PKA nega-
tively regulates staurosporine-induced apoptosis without
affecting caspase activity.

Discussion

In staurosporine-induced apoptosis, development of mem-
brane asymmetry, caspase activation and DNA fragmen-
tation are reported in Chinese hamster ovary cells (Godard
et al 1999), oligodendrocytes (Scurlock & Dawson 1999)
and prostate cancer cells (Marcelli et al 2000). A similar
process has been reported for tumour necrosis factor a-
induced apoptosis of bovine glomerular endothelial cells
(Messmer et al 1999) and Fas-induced apoptosis in human
lymphocytes (Ogura & Handa 2000). In RAW 264.7 cells,
development of membrane asymmetry (Figure 1B), ac-
tivation of caspase (Figure 1C), fragmentation of DNA
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Figure7 Effects of H-89,a PKA inhibitor.on staurosporine induced
DNA fragmentation and PARP cleavage. RAW 264.7 cells were
incubated at 37°C for 6 h (A) and for the period indicated (B) in the
presence (+) or absence (—) of staurosporine (SS. 2.1 gm) and H-89
(15 pem). Values are the means +s.e.m. of 3 separate experiments (A)
and the means of 4 samples (B). Density ratio in SS control is set to
100% (A). A. ***P < 0.00] vs SS (2.1 iem) alone. B. ***P < 0.001 vs
corresponding control or H-89 alone: ##P < 0.01. ###P < 0.001 vs
SS (2.1 um) alone.

(Figure 1A) and activation of p38 MAPK (Figure 2A) were
induced by staurosporine. In BJAB human B lymphoma
cells, staurosporine induces an activation of p38 MAPK,
like Fas, via the cleavage of the Ste20-like protein kin-
ase Mstl by caspases (Graves et al 1998). Because
staurosporine-induced apoptosis was enhanced by the p38
MAPK inhibitor SB203580 (Figure 3), it was suggested
that the staurosporine-induced apoptosis is negatively
regulated by activation of p38 MAPK. However, in RAW
264.7 cells, Jun et al (1999) reported that the inhibition of
p38 MAPK by SB203580 partially inhibits apoptosis
induced by sodium nitroprusside, and Calisen & Brune
(1999) reported that the inhibition of p38 MAPK by
SB203580 has no effect on apoptosis induced by
S-nitrosoglutathione. Thus, the role of p38 MAPK in
apoptosis seems to vary with the type of apoptosis inducer.

In RAW 264.7 cells, apoptosis induced by serum depri-
vation is rescued by transforming growth factor g1 (TGF-
A1) through activation of p42 MAPK (Chin et al 1999).
Activation of p44/42 MAPK inhibits the release of cyto-
chrome ¢ from mitochondria and activation of caspase
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(Erhardt et al 1999). Activation of MEK, upstream of
p44/42 MAPK, inactivates the pro-apoptotic Bcl-2 family
protein Bad (Scheid & Duronio 1998). These reports
suggest that p44/42 MAPK activated by survival factors,
including serum and TGF-41, is anti-apoptotic. On the
other hand, p44/42 MAPK activated directly by apoptosis-
inducing agents such as nitric oxide (Mohr et al 1998),
tumour necrosis factor-a (Chin et al 1998) and hyperoxia
(Petrache et al 1999) is reported to have pro-apoptotic
activity in RAW 264.7 cells. In RAW 264.7 cells, the
phosphorylation of p44/42 MAPK in the absence of
staurosporine (Figure 2B) might be caused by serum stimu-
lation, as reported by Flamigni et al (2001) in human
ECV304 cells. This serum-induced phosphorylation of
p44/42 MAPK was moderately inhibited by staurosporine
treatment (Figure 2B), indicating that staurosporine does
not activate p44/42 MAPK in RAW 264.7 cells. Because
the staurosporine-induced apoptosis was enhanced on in-
hibition of p44/42 MAPK activation by the MEK inhibitor
PD98059 (Figure 4), the serum-induced activation of the
MEK-p44/42 MAPK pathway is suggested to negatively
regulate the staurosporine-induced apoptosis. Therefore,
our findings support the hypothesis that under conditions
of apoptosis where p44/42 MAPK is not activated, such as
in staurosporine-induced apoptosis in RAW 264.7 cells,
p44/42 MAPK has an anti-apoptotic function.

PI3K is activated by hvsophosphatidic acid in murine
macrophages (Koh et al 1998) and by growth factors in
human vascular endothelial cells (Zeng et al 2000). In this
study, we showed that the inhibition of PI3K by LY 294002
enhanced the staurosporine-induced apoptosis in RAW
264.7 cells (Figure 5). This finding suggests that PI3K
activated by staurosporine has an anti-apoptotic ac-
tivity in RAW 264.7 cells. Previously, we reported
that staurosporine-induced production of interleukin-6
(Yamaki & Ohuchi 1999) and prostaglandin E. (Yamaki et
al 2000) in rat peritoneal macrophages was also inhibited
by LY294002. suggesting that the activation of PI3K

by staurosporine is important for the production of

interleukin-6 and prostaglandin E,. However, Wan et al
(2002) reported that staurosporine reduced the phospho-
Akt level in Ishikawa cells: namely, staurosporine inhibits
PI3K and induces apoptosis. The discrepancy might be due
to the difference in cell type. It is also possible that the
LY294002-sensitive kinases. but not PI3K, such as DNA-
dependent protein kinase (Izzard et al 1999), play an
important role in staurosporine-induced changes of cellular
functions.

Inhibition of PKC by Ro-31-8425 suppressed the
staurosporine-induced apoptosis in RAW 264.7 cells (Fig-
ure 6). The inhibition also suppresses Actinobacillus
actinomycetemcomitans-induced  apoptosis of murine
macrophage cell line J774.1 (Nonaka et al 1998). Although
these findings suggest pro-apoptotic activity of PKC, the
mechanism by which PKC enhances apoptosis remains to
be elucidated. The PKC family consists of 11 isozymes that
seem to share contradictory roles in apoptosis. Moreover,
their activation depends on various factors, such as
requirements of calcium, diacylglycerols and phospho-
lipids, molecular locations (Newton 1995) and cleavage by
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caspases (Emoto et al 1995). Among the PKC isozymes,
PKCo (which is cleaved and activated by caspase) is es-
pecially important for apoptosis (Ghayur et al 1996). The
activation of PKC4 causes the activation of caspase (Basu
& Akkaraju 1999) that, in turn, induces apoptosis in RAW
264.7 cells (Jun et al 1999). As we have reported (Yamaki
& Ohuchi 1999 Yamaki et al 2000), staurosporine seems
to activate some kind of PKC isozyme in rat peritoneal
macrophages. It is possible that staurosporine activates
PKCé by caspase activation to induce apoptosis, because
the PKC inhibitors Ro-31-8425 (Figure 6) and calphostin
C (data not shown) inhibited staurosporine-induced
apoptosis. It is also possible that the inhibition of PKC by
R0-31-8425 or calphostin C increases the staurosporine-
induced activation of p38 MAPK, thus inhibiting
staurosporine-induced apoptosis. Actually, inhibition of
PKC{ activates p38 MAPK (Berra et al 1997) and the
overexpression of some kind of PKC isozyme suppresses
sodium nitroprusside-induced p38 MAPK activation (Jun
et al 1999). Therefore, it is possible that Ro-31-8425 and
calphostin C inhibit PKC{, which is hardly inhibited but
rather activated by staurosporine (Yamaki et al 2000), and
thus activate p38 MAPK and inhibit staurosporine-
induced apoptosis.

Because staurosporine potentiates cyclic AMP-depen-
dent promoter activity in PC12 cells (Sasaki et al 1995), we
examined the role of PKA in staurosporine-induced
apoptosis of RAW 264.7 cells. As shown in Figure 7B,
staurosporine-induced increase in the percentage of sub-G,
cells was potentiated by the PK A inhibitor H-89, suggesting
that PKA suppresses staurosporine-induced apoptosis of
RAW 264.7 cells. The suppressive role of PKA is also
reported in nitric oxide-induced apoptosis of RAW 264.7
cells (Messmer et al 1995). Although inhibition of PKA by
H-89 increased the percentage of sub-G, cells (Figure 7B).
caspase activation was not affected (Figure 7A). However,
downregulation of caspase activity by PKA is reported in
apoptosis of smooth muscle cells (Orlov et al 1999). The
mechanism of the caspase-independent potentiation of
apoptosis by H-89 remains to be clarified.

Although the eftects of kinase inhibitors examined in this
study were relatively small. it has been proved that
staurosporine-induced apoptosis is negatively regulated by
p38 MAPK, p44/42 MAPK and PI3K, and positively
regulated by PKC via regulation of caspase activity. PKA
also negatively regulates the apoptosis via a caspase-
independent pathway.

Conclusions

In RAW 264.7 cells, staurosporine induces apoptosis
through the activation of caspase and fragmentation of
DNA. Staurosporine-induced apoptosis is negatively
regulated by p38 MAPK, p44/42 MAPK and PI3K, and
positively regulated by PKC via regulation of caspase
activity. PKA also negatively regulates the apoptosis via a
caspase-independent pathway. The PKC isoform that
participates in staurosporine-induced apoptosis remains to
be identified.
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