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Abstract

Intracellular signaling pathways involved in the survival of proliferating L1210 leukemia cells were investigated by using specific
modulators. Among the various inhibitors tested, onty-[iL,2,4]Joxadiazole [4,&]quinoxalin-1-one (ODQ), a soluble guanylate cyclase
(sGC) inhibitor, was found to induce a marked increase in caspase activity, which was associated with a loss of cell viability and a reductic
in cGMP content. ODQ also provoked the processing of caspases-3 and -9, release of cytedmdies early events, reduction of Bcl-2
content and dephosphorylation of Bad at Ser 112. Furthermore, YC-1, an sGC activator, and 8-Br-cGMP, a cell-permeant analogue
cGMP, exerted some protection against various apoptotic stimuli, such as serum deprivation or spermine accumulation. Although PD980
(2’-amino-3-methoxyflavone), an inhibitor of the p44/42 mitogen-activated protein kinase (MAPK) pathway, did not increase basal caspas
activity, and ODQ did not affect p44/42 MAPK phosphorylation significantly, phorbol myristate acetate stimulated p44/42 MAPK and
reduced caspase activation induced by ODQ, serum deprivation, and spermine in a p44/42-dependent manner. SB203580 (4-(4-fluoroy
nyl)-2-(4-methylsulfonylphenyl)-5-(4-pyridyl¥-imidazole), a p38 MAPK inhibitor, also partially protected against ODQ-induced apo-
ptosis by increasing p44/42 MAPK phosphorylation. In conclusion, these results suggest that sGC may be relevant both for survival
L1210 cells under basal growing conditions and for protection against various apoptotic stimuli. p44/42 MAPK activation may also confe
some protection from apoptosis, but apparently through a pathway largely independent of cGMP. © 2001 Elsevier Science Inc. All right
reserved.
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1. Introduction eventually be possible to control this process for therapeutic

purposes. Indeed, the efficacy of chemotherapeutic drugs
Inappropriate regulation of apoptosis is associated with a may rely on their ability to provoke apoptosis preferentially

variety of diseases [1-3]. In particular, the failure of divid- in neoplastic cells.

ing cells to initiate apoptosis in response to DNA damage  The activation of a family of aspartate-specific proteases

has been implicated in the development and progression oftermed caspases [1] is recognized as a critical event in the

cancer and leukemia. On the other hand, since apoptosisexecution phase of apoptosis, although, quite recently, even

represents an active, gene-directed mechanism, it shouldcaspase-independent pathways have been described in some
models [4]. Initiator caspases, such as caspases-8 and -9,
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1224. events respectively, can induce the cleavage/activation of
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nitrosoN-acetylo,L-penicillamine. the activation status of caspases. The role played by differ-
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ent signal transduction molecules in the control of cell obtained from Alexis Biochemicals. L-NMMA, spermine, eto-
survival is the subject of intense discussion. In this regard, poside, and staurosporine were obtained from Sigma.

key proteins may be PI3K, its downstream effector Akt, and

p44/42 MAPK, which are activated by growth stimuli 2.2. Cell culture and treatments

and generally considered as prosurvival mediators [5-7].

In contrast, p38 MAPK, another member of the MAPK L1210 (lymphocytic leukemia) cells were routinely
family preferentially activated by cytokines and stress grown in RPMI-1640 medium supplemented with fetal bo-
stimuli, appears to favor apoptosis in many cell models vine serum as previously reported [15,16]. For experiments,
[7-9]. NOS is another important signaling enzyme that quiescent cells were stimulated to growth by dilution at
has been reported to have an impact on cell survival 2-3X 10°/mL in fresh medium containing serum. After 24
[3,9,10]. Although in many experimental systems NO hr, cells were treated with the indicated agents. Unless
may favor cell death and even apoptosiS, in others NO stated OtherWise, Compounds were added at the fOlIOWing
production may exert a protective effect, either through final concentrations: 100M ODQ, 20 uM LY294002, 50
sGC-dependent or -independent mechanisms [3,11]. Cy-P’*'VI PD98059, 10uM YC-1, 100 M L-NMMA, 100 pM

clic AMP-dependent pathways may also regulate cell SNAP, 10uM SB203580, 1 mM 8-Br-cGMP (treatment
death and survival [9,12]. However, these signaling pro- repea,teq after 10 hr of lnpubatlon), 100 ng/mL of PMA, 0.5
teins should not be viewed as located in completely mM 2',5'-dideoxyadenosine, 16M MDL-12,330A, 5uM

. .~ _chelerythrine, uM staurosporine, Lig/mL of anisomycin,
r hw nd they m lly inter in . . ;
separated pathways, "’? .d they may actually interact aZOMM etoposide, 2QuM ceramide, and 5 mM spermine. At
complex and cell-specific manner.

o . . he time indi fter treatmen lls were harv
Survival-inducing and death-promoting pathways may the time indicated after treatment, cells were harvested by

. . . centrifugation and washed with PBS. Cell viability was
be integrated at the level 9f Bcl-2 family protgms [13]. The determined by trypan blue exclusion by counting cells with
balance between prosurvival and proapoptotic members ofy omocytometer and was calculated as the ratio of un-
this family can regulate crltlcgl events_m apoptosis, §ugh aS stained living cells to the total amount of cells.
cytochromec release from mitochondria and the activation
of caspase-9 and downstream caspases.

The intracellular pathways that control apoptosis of leu-

kemia cells are only partially known. In the present study, The activity of caspase enzymes was measured by the
we used specific inhibitors of key signaling proteins 10 aayage of the fluorogenic peptide substrate Ac-Asp-Glu-Val-
define the pathways involved in the survival of proliferating Asp-7-amido-4-methylcoumarin (Ac-DEVD-AMC) during a
L1210 leukemia cells. We found that ODQ, an sGC inhib- 15 min incubation at 37°, as detailed elsewhere [17]. Since the
itor [14], can cause a marked increase in caspase activitypgyp sequence represents a substrate for caspase-3 and
and cytotoxicity, whereas pharmacological stimulation of gther members of the caspase family [18], this activity will
sGC or p44/42 MAPK can exert a protective effect versus pe referred to as caspase activity. Caspase activity is ex-
various apoptotic stimuli. pressed as units/mg protein, where 1 unit is defined as the
amount of enzyme activity cleaving 1.0 nmol of substrate
per minute.

2.3. Determination of caspase activity

2. Materials and methods
2.4. cGMP determination
2.1. Materials Cell pellets were deproteinized with 0.6 M HGJGro-
. » zen, and thawed twice, and then centrifuged at 15¢Df
Anti-phospho-specific and total Bad, p44/42 MAPK, and p38 1 min. The pellets were used for protein determination,
MAPK antibodies were purchased from New England Biolabs, hile the supernatants were neutralized with 5 MCIO,
Inc. Anti-caspase-9 p10 (H-83), caspase-3 (H-277), cytochtome  gnd then assayed for cGMP content by a radioimmunoassay

Bcl-2, Bax, e(endothelial), i(inducible), and n(neuronal)NOS an- kit (Amersham). cGMP content is expressed as pmol/mg
tibodies were obtained from Santa Cruz. Other antibodies wereprotein.

from Pharmingen. ODQ, 2-(4-morpholinyl)-8-pheny#4-
benzopyran-4-one (LY294002);2mino-3-methoxyflavone
(PD98059), 4-(4-fluorophenyl)-2- (4-methylsulfonylphenyl)-
5-(4-pyridyl)1H-imidazole (SB203580), 3-($1ydroxymethyl- Western blot of total and phosphorylated p44/42 MAPK
2'-furyl)-1-benzylindazole ~ (YC-1), 8-Br-cGMP, '5'- and p38 MAPK was carried out as described previously
dideoxyadenosinejs-N-(2-phenylcyclopentyl)azacyclotridec-  [15,19]. In the case of caspase-3, caspase-9, Bcl-2, eNOS,
1-en-2-amine (MDL-12,330A), SNAP, PMA, chelerythrine, iNOS, and nNOS, total cell extracts were obtained as de-
anisomycin, and\-hexanoyle-sphingosine (ceramide) were scribed for p44/42 MAPK [15], and aliquots corresponding

2.5. Western blot analyses
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to 50 ug protein were analyzed by SDS—-PAGE (12% gel)
according to the manufacturer’s instructions. Briefly, after
blotting, the nitrocellulose membrane was blocked with 5% 4+
non-fat milk for 1 hr, washed with Tris-buffered saline (1
mM Tris, pH 8, 15 mM NaCl), and probed overnight at 4°
(caspase-3 and caspase-9) or at room temperature for 90
min (Bcl-2 and NOS isoforms) with specific primary anti-
body. After a further wash, the membrane was incubated
with the secondary antibody for 30 min. For Western blot
analyses of phospho-Bad, aliquots corresponding toygp0
protein were incubated with anti-Bad antibody overnight at
4° and then with protein A-Sepharose for a further 1 hr at
room temperature. The immunoprecipitate was resuspended
with loading buffer (0.25 M Tris—HCI, pH 6.8, 2% SDS, 5%
glycerol, 0.002% bromphenol blue, 48smercaptoethanol)
and then boiled for 3 min. The samples were analyzed using
SDS-PAGE (15% gel). Separated proteins were transferred
onto a nitrocellulose membrane for 1 hr. The membrane was
saturated with 5% non-fat milk for 1 hr and then incubated
with phospho-specific Bad (Ser 136) and Bad (Ser 112)
antibodies overnight at 4°. Bands were revealed by the
Amersham ECL detection system. The release of cyto-
chromec from mitochondria was examined by Western blot
in cytosolic extracts obtained by subcellular fractionation
[16,20]. The content of Bax, Bim, Bid, and Bik was deter-
mined in cytosolic and mitochondrial fractions [16,20] by
Western blotting carried out as described above for Bcl-2.
Western blot experiments shown in the figures were re-
peated at least twice with similar results.
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3.1. Caspase activation and cytotoxicity by ODQ, an

sGC inhibitor

o

In order to identify some factors that govern the survival 159

of leukemia cells, a number of agents known to interfere
with specific signaling pathways were tested for their ability
to induce caspase activity in proliferating L1210 cells. A
24-hr treatment with PD98059 [21] or LY294002 [22],
which inhibit p44/42 MAPK kinase (MEK1/2) and PI3K,
respectively, did not increase caspase activity (Fig. 1A),
indicating that these pathways are not required for survival
of L1210 cells under normal growing conditions. The ade-
nylate cyclase inhibitors'%’-dideoxyadenosine and MDL-
12,330A were also ineffective (not shown). In contrast,
ODQ, an inhibitor of sGC, elicited a marked enhancement 0 24
of caspase activity at 100M (Fig. 1A). This increase was .
reduced by about 40% by co-treatment with Br-cGMP, a Time (h)
cell-permeant cGMP analogue. It should be noted that L- Fig. 1. ODQ induces caspase activation and reduces cGMP content in L1210
NMMA, a NOS inhibitor, was not effective, and we failed cells. (A) L1210 cells were treated with the indicated compounds. After 24 hr,
to detect NOS isoforms in L1210 extracts by Western blot. cells were harvested and assayed for caspase .activ_ity.. (B) L1210 cells were
Thus, it is unlikely that L1210 cells expred¢0S genes treated with 10 gr_loqlM ODQ, harvested at the tlme_lndlcated, and assayed

! ) . o for caspase activity. (C) L1210 cells were treated with 10 or ABODQ
under these experimental conditions. Moreover, addition of and, after 4 or 24 hr, harvested and assayed for cGMP content. Results
SNAP, an NO donor, increased caspase activity somewhat represent means SEM (N = 3), *P < 0.05 vs control.
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Fig. 2. Effect of ODQ on cell viability and growth. (A) L1210 were treated with 200 ODQ and, at the time indicated after treatment, cell viability was

assessed by trypan blue exclusion. (B) L1210 were treated withul®DQ and counted at the time indicated. Results represent me&8EM (N = 3),
*P < 0.05 vscontrol.

but YC-1, an sGC activator that acts independently of NO
[23], did not affect caspase activation.

The time-course and dose-dependence of caspase activa-
tion following ODQ is depicted in Fig. 1B. After 10QM
ODQ, a progressive increase in the enzyme activity was
observed, starting from 8 hr. ODQ at L/ elicited a delayed
and less marked induction of caspase activity. Interestingly, in
this concentration range, ODQ provoked a dose-dependent
reduction in the content of cGMP (Fig. 1C). In particular, the
cGMP level fell to 51% and 32% of control following a 24-hr
treatment with 10 and 10@M ODQ, respectively. The resid- p14—»
ual content of cGMP may be due to corpuscolate GC activity,
which has been shown to be insensitive to ODQ [14]. Alto-
gether, these results suggest that basal sGC activity, but not
NOS activity, may be required for survival of L1210 cells.

| Control
oDQ

<¢— Caspase-9
(fragments)

p32—p

p10—>

<¢— Caspase-3
(fragment)

' <¢— Cytochrome ¢

Indeed, the caspase activation evoked by ODQ was accompa- (cytosol)
nied by a significant reduction in cell viability (Fig. 2A) and

block of cell growth (Fig. 2B). This reduced cell viability could

reflect a high turnover and therefore an increased number of €«— Bcl-2

dead cells. This would also correspond with an unchanged
number of living cells.

<¢— phospho-Bad

3.2. Effect of ODQ on caspase processing and Bcl-2 (Ser 112)

family members

Activation of members of the caspase family involves
proteolytic cleavage of the proenzyme into smaller subunits
[1]. Fig. 3 shows that ODQ caused the processing of
caspases-9 and -3, an initiator and an effector caspase refig. 3. Effect of ODQ on caspase-9 and -3 processing, cytochrome
spectively, as evidenced by the appearance or increase c)felease, Bcl-2 content, and Bad phosphorylation. L1210 cells were incu-

. . bated with 100uM ODQ and harvested after 16 hr (in the case of
the proteolytic fragments. Moreover, ODQ induced the re-

” - caspase-9, caspase-3, and cytochrajnar 4 hr (in the case of Bcl-2 and
lease of cytochrome into cytosol, a critical event for the  gad). cell extracts were analyzed by Western blotting by using specific

activation of procaspase-9 [13]. Since Bcl-2 family proteins antibodies as described in Materials and Methods.

<¢— phospho-Bad
(Ser 136)
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A 3.0+ 1 Control 3.3. Reduction of ODQ-induced caspase activation by
22z SB 203580 stimulation of p44/42 MAPK
— PMA
PMA, a phorbol ester and activator of classical and novel
} protein kinase C isoforms, and SB203580, a p38 MAPK
' inhibitor, have been reported to modulate apoptosis in dif-
* . ferent models [7-9]. The possible involvement of p44/42
and p38 MAPKs in the ODQ-induced apoptosis of L1210
cells was evaluated by testing these pharmacological agents
. on caspase activation. Fig. 4A shows that both PMA and
0.0 ﬂ% n SB203580 significantly reduced the induction of caspase
+ PD 98059 activity by ODQ and that their effect was prevented by the
obQ simultaneous addition of the p44/42 MAPK kinase inhibitor
PD98059. Furthermore, Western blot analysis (Fig. 4B)
showed that PMA and, even if less effectively, SB203580,
+ + o+ caused p44/42 MAPK activation in the presence of ODQ, as
obQ . . .
. 4+ -+ - P evidenced by an increase in the amount of phosphorylated
- -  +  SB203580 forms. PMA and SB203580 increased p44/42 MAPK
PD 98059 activation even when given alone (not shown), whereas

Caspase activity (U/mg)
0y
*

< Phospho- ODQ alone was not effective (Fig. 4B). As expected,
p44/42 MAPK p44/42 MAPK activation following PMA or SB203580

was strongly inhibited by PD98059. Instead, the phos-

. ¢—— Phospho- phorylation of p38 MAPK was not markedly affected by

P38 MAPK these drugs. It should be noted that phosphorylation of

MAPKs was monitored after 4 hr of treatment, i.e. when
caspase activity was not significantly affected by ODQ
(Fig. 1B). Furthermore, the total amount of p44/42 and
p38 MAPK was not modified by these agents at this time
<— p38 MAPK (Fig. 4B).

W g p44/a2 MAPK

Fig. 4. PMA and SB203580 reduce ODQ-induced caspase activation and3'4' Effect of CGMP'elevating agents on caspase
stimulate p44/42 MAPK phosphorylation. (A) L1210 cells were incubated activation induced by various apoptotic stimuli
for 24 hr in the presence of PD98059, SB203580, PMA, and ODQ (100
uM) as indicated, and assayed for caspase e_lctivity. Results represent  |n order to assess whether sGC can modulate apoptosis
means= SEM (N = 3), *P < 0.05 vscorresponding control. (B) L1210 3nqy;cad by other stimuli, L1210 cells were serum-deprived
cells were incubated in the presence of the indicated compounds for 4 hr . . . .
and analyzed for the amount of phosphorylated or total p44/42 and p38 or treated with spermine in the presence of the sGC activa-
MAPKs by Western blotting. The small differences in band intensity tor YC-1 or the cell-permeant cGMP analogue Br-cGMP.
between phospho-p38 MAPK samples were not reproducible. Caspase activity was induced by serum deprivation of grow-
ing L1210 cells within 1 day (Fig. 5A). Fig. 5B shows that
both YC-1 and Br-cGMP reduced caspase activation. The
play a critical role in the decision of the cell to die or simultaneous treatment with PD98059 could not prevent the
survive by acting at multiple levels with a prompt impact YC-1 effect on caspase activity. PMA was able to reduce
on cytochromec release and caspase activation [13], the increase in caspase activity elicited by serum depriva-
we investigated the effect of ODQ on some members of tion, and this effect was partially inhibited by PD98059.
this protein family (Fig. 3). We observed a reduction in We have recently shown that exogenously added sperm-
Bcl-2 content, already evident after 4 hr of treatment. ine causes caspase activation of leukemia cells and re-
Bcl-2 appeared to be associated with the mitochondrial lease of cytochrome from mitochondria both in intact
fraction. The amount of phosphorylated Bad (at Ser 112) cells [16] and in a cell-free model of apoptosis [20]. The
was also reduced, whereas phosphorylation of Bad at Sertime-course of caspase activation following 5 mM sperm-
136 was not (Fig. 3). We could not observe any signifi- ine in L1210 cells is reported in Fig. 5C, and shows a
cant variation in the level and translocation to mitochon- high caspase activity after 16 hr. The addition of Br-
dria of Bax and Bid, which have been implicated in some cGMP, YC-1, or PMA even reduced caspase activation
models of apoptosis [13]. In addition, we failed to show induced by a 16-hr exposure of the cells to spermine (Fig.
detectable amounts of Bik and Bim, two other proapop- 5D), and again PD98059 inhibited the effect of PMA
totic family members, by Western blot analysis (not significantly, but not that of YC-1. In accordance with
shown). these results, Fig. 5E shows that YC-1, differently from
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Fig. 5. cGMP-elevating agents and PMA reduce caspase activation induced by serum deprivation or spermine treatment. (A) L1210 cells were shifted tc
serum-free medium and assayed for caspase activity at the time indicated. (B) L1210 cells were shifted to a serum-free medium and immediatkly incuba
in the presence of 8-Br-cGMP, YC-1, PD98059 (PD), and PMA as indicated. After 24 hr, cells were harvested and assayed for caspase activity. (C) L12.
cells were treated with 5 mM spermine (Spm) and assayed for caspase activity at the time indicated. (D) L1210 cells were incubated with 5 mM spermir
in the presence of the indicated compounds. After 16 hr, cells were harvested and assayed for caspase activity. Results represSEhédns 3),

*P < 0.05 vscontrol. (E) L1210 cells were incubated in a serum-free medium or with 5 mM spermine (Spm) in the presence of the indicated compounds
After 4 hr, cells were harvested and the amount of phosphorylated p44/42 MAPK was evaluated by Western blotting.

PMA, did not stimulate p44/42 MAPK phosphorylation etoposide, or ceramide, as judged by the reduction in
markedly either in serum-deprived or spermine-treated caspase activation, although to a various degree. In
cells after 4 hr of treatment. PD98059 abolished p44/42 L1210-DR cells, osmotic shock deregulated polyamine
MAPK phosphorylation following YC-1 or PMA (not  uptake allowing intracellular accumulation of spermine,
shown). Finally, as shown in Fig. 6, YC-1 was able to even when added at low concentrations; under these
afford some protection against other known apoptotic conditions, addition of micromolar spermine is enough to
stimuli, i.e. chelerythrine, staurosporine, anisomycin, trigger caspase activation [16]. Fig. 6 shows that YC-1
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anism(s) by which cGMP prevents apoptosis signaling. Fur-
thermore, in some cell models, such as endothelial cells
[28], adult cardiomyocytes [29] or primary osteoblasts [30],
cGMP may behave as a proapoptotic mediator of NO.

It has been reported that B-cell chronic lymphocytic
leukemia cells express a spontaneously inducible NOS iso-
form displaying antiapoptotic activity [31]. However, in our
model, the NOS inhibitor L-NMMA caused no effect, and
no NOS isoform was detectable. In fact, SNAP, an NO
donor, increased caspase activity significantly. These data
are consistent with the reported lack of NOS activity in
0.04 » /17| 7 / ’ L1210 cells [32], which stop growing when co-cultured

Chelerythrine Staurosp.  Anisomycin  Etoposide ~ Ceramide Oinsmgtelcr n?ihng(:k with NO-generating macrophages.

ODQ-induced caspase activity of L1210 cells was asso-
ciated with the release of cytochromdrom mitochondria
Fig. 6. YC-1 reduces caspase activation induced by various apoptotic gnd the proteolytic processing of caspases-9 and -3, in

stimuli. L1210 cells were treated with various apoptotic stimuli in the . . e
presence or absence of YC-1. After 4-hr incubation (in the case of agreement with the current view of apoptosis related events

chelerythrine and staurosporine) or 20-hr incubation (in the case of triggered by many stimuli [13]. Many death and survival

anisomycin, etoposide, and ceramide), cells were harvested and assaye&ignals converge on mitochondria and are mediated through

for caspase activity. L1210-DR cells were incubated under hypo-os- members of the Bcl-2 family, which in turn control the
motic ponditions fgr 24 hr and then further incubated with 1,001  release of cytochrome and caspase activation. In the
fperm'”e for 8 hr in the presence or absence of YC-1 before assaying  osent study, we identified the reduction in Bcl-2 content

or caspase activity. Results represent meanSEM (N = 3), *P < . .

0.05 vscontrol. and in the phosphorylation of Bad at Ser 112 as early events
potentially relevant in mediating the ODQ-induced apopto-
sis. Our results are in agreement with a report [24] showing

was even effective in reducing caspase activation elicited that prevention of apoptosis of splenic B-lymphocytes by

in these cells by combined osmotic shock and 100 NO and cGMP analogues is associated with sustained Bcl-2
spermine. content, both at the mRNA and protein levels.
It is known that phosphorylation of Bad at serines 112
and 136 results in sequestration of Bad in cytosol and

4. Discussion neutralization of its proapoptotic activity [13,33]. This event
may be critical for the action of survival signals through

The intracellular signaling pathways involved in survival activation of specific kinases. Phosphorylation of Bad at Ser
of leukemia cells remain poorly understood. According to 136 appears to be under the control of the PI3K/Akt path-
studies performed with a large variety of cell types, signal- way [33]. However, experiments with the specific PI3K
ing proteins that may convey death/survival signals include inhibitor LY294002 suggest that this pathway is not highly

MAPKSs, PI3K, NOS, sGC, and adenylate cyclase [3—11]. relevant for the survival of L1210 cells. Accordingly, &t

By treating proliferating L1210 leukemia cells with specific al. [34] have recently concluded that cGMP inhibits apo-

inhibitors of these enzymes, we identified ODQ, an sGC ptosis in hepatocytes via a PI3K/Akt-independent mecha-

inhibitor, as an agent able to induce a marked increase innism.

caspase activity and loss of cell viability. On the other hand, phosphorylation of Bad at Ser 112

The proapoptotic effect of ODQ, which correlated with a may be dependent on the p44/42 MAPK pathway [6] or on
decrease in the cGMP level, suggests that sGC is importantPKA [33]. We have shown here that PMA protected L1210
for the survival of leukemia L1210 cells, although other cells from ODQ and that this effect appeared largely medi-
mechanisms, not related to sGC inhibition, may not be ruled ated by p44/42 MAPK activation, being blocked by
out by the present study. However, the involvement of sGC PD98059. Indeed, it has been reported that in some cell
in the modulation of apoptosis of L1210 cells is also sup- systems, such as vascular endothelial growth factor-stimu-
ported by the experiments with YC-1 and Br-cGMP, which lated endothelial cells [35] or cytokine-activated mesangial
indicate that cGMP may confer some protection versus a cells [36], cGMP may mediate activation of p44/42 MAPK
wide range of apoptotic stimuli. Indeed, several authors by NO. However, it does not seem likely that cGMP pro-
have shown that the antiapoptotic function shown by NO in tective effects in L1210 cells are mediated by p44/42
some cell systems is mediated, at least partially, by an MAPK. In fact, ODQ did not significantly affect p44/42

NO-dependent generation of intracellular cGMP. Such cell MAPK phosphorylation, and the inhibitor of p44/42 MAPK

systems include B lymphocytes [24], embryonic motor neu- pathway PD98059 did not prevent the YC-1 protective

rons [25], hepatocytes [11], PC12 cells [26], and monocytic action or provoke apoptosis when given alone. Moreover,

U937 cells [27]. However, little is known about the mech- the PMA rescue effect was apparent with other apoptotic

5.0 3 Control

zz Y C-1

Caspase activity (U/mg)
N
o

L1210 L1210-DR
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Fig. 7. Proposed pathways involved in the control of caspase activation and survival of L1210 cells on the basis of the modulators used in this study. /
arrow does not necessarily denote a single step. In particular, the effect of PMA on the p44/42 MAPK pathway is probably mediated by protein kinase
and that of SB203580 may be mediated or not by p38 MAPK as discussed in the text.

stimuli, such as serum deprivation and spermine. In sum- tic action of ODQ in the present study. However, even the
mary, these results suggest that p44/42 MAPK is not re- SB203580 effect may be largely mediated by p44/42
quired for survival of L1210 cells under normal growth MAPK activation, inhibited as it is by PD98059. We and
conditions, although stimulation of p44/42 MAPK may pro- others have recently reported that p38 MAPK inhibitors can
tect against various apoptotic stimuli. stimulate p44/42 MAPK in ECV304 and HepG2 cells, re-
p38 MAPK has also been implicated in the mediation or spectively [19,37]. This may contribute to an understanding
modulation of apoptotic signals, mainly on the basis of the of the results of Birkenkamjet al. [8], who showed that
effects of p38 MAPK inhibitors such as SB203580. In SB203580 repressed the apoptotic process of erythroleuke-
particular, it has been reported that exposure of HL-60 cells mia TF-1 cells induced by growth factor deprivation and
to sodium nitroprusside, an NO donor, induces p38 MAPK that PD98059 counteracted this action. However, it remains
activation and apoptosis, which is inhibited by p38 MAPK to be established whether the p44/42 MAPK-activating ef-
inhibitors [9]. Analogously, SB203580 reduced the apopto- fect of SB203580 is consequent to p38 MAPK inhibition,
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which would imply the occurrence of a cross-talk between transcription-dependent and -independent mechanisms. Science
p38 and p44/42 MAPKs, as suggested by Simegtal. in , é999?256;358M‘62- e he activation of .
HepG2 cells [37]. Alternatively, a direct effect of SB203580 7] Bera E, Diaz-Meco MT, Moscat J. The activation of p38 and apo-

ptosis by the inhibition of Erk is antagonized by the phosphoinositide
on some component of the p44/42 MAPK cascade may be 3 jnase/akt pathway. J Biol Chem 1998;273:10792-7.
hypothesized. Indeed, Hall-Jacksetral. [38] have reported [8] Birkenkamp KU, Dokter WH, Esselink MT, Jonk LJ, Kruijer W,
how SB203580, while inhibiting c-Rah vitro, activates Vellenga E. A dual function for p38 MAP kinase in hemopoietic
c-Raf in intact Swiss 3T3 fibroblasts and human 293 cells in cells: involvement in apoptosis and cell activation. Leukemia 1999;
a p38 MAPK-independent way, thus suggesting the possi- _ 13:1037-45.

L [9] Jun CD, Pae HO, Kwak HJ, Yoo JC, Choi BM, Oh CD, Chun JS, Paik
blllty of a downstream effect on the p44/42 MAPK cascade SG, Park YH, Chung HT. Modulation of nitric oxide-induced apo-

in Some cell systems. o ptotic death of HL-60 cells by protein kinase C and protein kinase A
Quite recently, PKA activation was proposed as a mech- through mitogen-activated protein kinases and CPP32-like protease
anism involved in the cGMP-mediated protection of hepa- pathways. Cell Immunol 1999;194:36-46.

tocytes against apoptosis, sinceu! KT5720, a specific [10] Stefanelli C, Pignatti C, Tantini B, Stanic |, Bonavita F, Muscari C,
PKA inhibitor. blocked the cGMP-dependent suppression Guarnieri C, Clo C, Caldarera CM. Nitric oxide can function as either

a killer molecule or an antiapoptotic effector in cardiomyocytes.
of cell death [34]. However, a 24-hr treatment of L1210 Biochim Biophys Acta 1999:1450:406—13.

cells with KT5720 (5-10uM) could not mimic the ODQ [11] Kim YM, Talanian RV, Billiar TR. Nitric oxide inhibits apoptosis by

action in that it did not induce caspase activity (not shown), preventing increases in caspase-3-like activity via two distinct mech-
suggesting that PKA is not implicated in ODQ-induced anisms. J Biol Chem 1997;272:31138-48.
apoptosis. [12] Kim DH, Lerner A. Type 4 cyclic adenosine monophosphate phos-

. . phodiesterase as a therapeutic target in chronic lymphocytic leuke-
In conclusion, the present paper hints at a relevant role mia. Blood 1998:92:2484-94.

for sGC in the survival of L1210 leukemia cells under either [13] Desagher S, Martinou JC. Mitochondria as the central point of apo-

basal growing conditions or following apoptotic stimuli. In ptosis. Trends Cell Biol 2000;10:369—77.
addition, stimulation of p44/42 MAPK may counteract the [14] Garthwaite J, Southam E, Boulton CL, Nielsen EB, Schmidt K,
action of apoptotic stimuli, possibly through a pathway Mayer B. Potent and selective inhibition of nitric oxide-sensitive

Iargely independent of cGMP. In Fig. 7 is depicted a sim- guanylyl cyclase by H[1,2,4]oxadiazolo[4,3&]quinoxalin-1-one.
Mol Pharmacol 1995;48:184—8.

pllfled overview O_f some stimuli, d_ownstream pa’Fhways, [15] Flamigni F, Facchini A, Capanni C, Stefanelli C, Tantini B, Caldarera
and pharmacological modulators discussed in this study. CM. p44/42 mitogen-activated protein kinase is involved in the ex-
Pharmacological agents able to modify the activities of the pression of ornithine decarboxylase in leukaemia L1210 cells. Bio-
enzymes involved in these pathways may prove useful in chem J 1999;341:363-9.

controling the growth of leukemia cells for therapeutic pur- [16] Stefanelli C, Bonavita F, Stanic I, Mignani M, Facchini A, Pignatti C,
Flamigni F, Caldarera CM. Spermine causes caspase activation in

poses. leukemia cells. FEBS Lett 1998;437:233—-6.
[17] Stefanelli C, Bonavita F, Stanic |, Pignatti C, Farruggia G, Masotti L,
Guarnieri C, Caldarera CM. Inhibition of etoposide-induced apopto-
Acknowledgment sis with peptide aldehyde inhibitors of proteasome. Biochem J 1998;
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