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Ca21-mobilizing compounds such as the Ca21 ionophore A23187 or
the endoplasmic reticulum Ca21 ATPase inhibitor thapsigargin can
suppress or induce apoptosis in the same cells. The use of different
calcineurin inhibitors has shown that both suppression and induc-
tion of apoptosis by the Ca21-mobilizing compounds were medi-
ated by calcineurin activation. Ca21-mobilizing compounds acti-
vated p38 and p44y42 mitogen-activated protein kinases (MAPKs).
Induction of apoptosis by the Ca21-mobilizing compounds was
suppressed by an inhibitor of p38 MAPK but not by an inhibitor of
p44y42 MAPK. These MAPK inhibitors did not suppress apoptosis
induction by wild-type p53 or by withdrawal of IL-6 from IL-6-
dependent cells that are mediated by calcineurin-independent
pathways. These MAPK inhibitors also did not affect the ability of
Ca21-mobilizing compounds to suppress apoptosis. The results
indicate that (i) Ca21- mobilizing compounds activate different and
opposing pathways that diverge downstream from calcineurin
activation that can either suppress or induce apoptosis in the same
cells; (ii) p38 MAPK but not p44y42 MAPK is involved in induction
of apoptosis but not in its suppression by the Ca21-mobilizing
compounds; and (iii) neither p38 nor p44y42 MAPKs mediate
induction of apoptosis by some calcineurin-independent path-
ways.

Overexpression of wild-type p53 in M1 myeloid leukemic
cells induces apoptosis (1), and wild-type p53 is required for

induction of apoptosis by DNA damaging agents in normal
myeloid precursors (2) and thymocytes (2–4). Induction of
apotosis in M1 leukemic cells by wild-type p53 can be suppressed
by some cytokines (1, 5–11) and Ca21-mobilizing compounds
such as the Ca21 ionophore A23187 or the endoplasmic retic-
ulum Ca21 ATPase inhibitor thapsigargin (TG) (11). Suppres-
sion of wild-type p53-induced apoptosis by cytokines or Ca21-
mobilizing compounds was not the result of changes in the ability
of wild-type p53 to transcriptionally activate waf-1, mdm-2, or
FAS (6, 11). Cytokines and Ca21-mobilizing compounds also can
suppress apoptosis induced by cytotoxic compounds through
p53-independent pathways (11). However, unlike cytokines,
suppression of apoptosis by A23187 or TG required extracellular
Ca21 and was blocked by the calcineurin inhibitor cyclosporin A
(CsA) (11). Furthermore, A23187 and TG could not suppress all
pathways of apoptosis that were suppressed by cytokines (11).
Although A23187 and TG can promote cell viability by sup-
pressing apoptosis in some cell types (11–14), these compounds
also can induce apoptosis in other cell types (reviewed in ref. 15).
These different effects of Ca21-mobilizing compounds in differ-
ent cells raises the possibility that these compounds may activate
opposing apoptosis-regulating signals and that this may occur
even in the same cells.

The present experiments have shown that A23187 and TG
activate calcineurin-dependent opposing pathways that can ei-
ther induce or suppress apoptosis in the same cells. The results
also indicate the involvement of the p38 mitogen-activated
protein kinase (p38 MAPK) pathway in induction of apoptosis
but not in suppression of apoptosis by the Ca21-mobilizing
compounds.

Materials and Methods
Cells and Cell Culture. The cells used were a cell line, mouse M1
myeloid leukemic cells, which do not express p53, that were
transfected with plasmids containing the neomycin-resistance
gene (M1-neo) or both the neomycin-resistance gene and a
temperature-sensitive mutant p53 gene (M1-t-p53) (1). In M1-
t-p53 cells the temperature-sensitive p53 gene encodes a protein,
[Val-135]p53, that behaves like a tumor-suppressing wild-type
p53 at 32°C and like a mutant p53 at 37°C (16). The cells were
cultured in DMEM (GIBCOyBRL) with 10% heat-inactivated
(56°C, 30 min) horse serum (GIBCOyBRL) in a 10% CO2y90%
air atmosphere at 37°C or 32°C.

Compounds. The compounds used were: the Ca21 mobilizers
A23187 and TG, the calcineurin inhibitors CsA and ascomycin
(FK506 analog), the FK506 analog rapamycin, the MAPK kinase
inhibitor PD98059, the p38 MAPK inhibitor SB203580, the
phosphatidylinositol 3-kinase (PI3K) inhibitor wortmanin, the
cyclooxygenase inhibitor indomethacin, and prostaglandins E1

and E2. PD98059 and SB203580 were obtained from Calbio-
chem, CsA from Sandoz Pharmaceutical, and all other com-
pounds from Sigma. Recombinant human IL-6 was kindly
provided by Steve Clark (Genetics Institute, Cambridge, MA).
Except for IL-6, stock solutions of all other compounds were
made in absolute ethanol and stored at 220°C.

Assay for Apoptosis and Cell Viability. Apoptosis was induced in
M1-t-p53 cells seeded at 3 3 105 cells per ml and cultured at 32°C
to activate wild-type p53 (1, 5, 9–11). M1-t-p53 and M1-neo cells
cultured at 37°C, which do not express wild-type p53, were tested
for induction of apoptosis by addition of A23187 or TG. The
percent apoptotic cells was determined on May-Grünwald Gi-
emsa-stained cytospin preparations by counting 400 cells. Apo-
ptotic cells were scored by their smaller size, condensed chro-
matin, and fragmented nuclei compared with nonapoptotic cells
(1, 5, 9–11). The percent cell viability was determined from the
ratio of the number of viable cells (trypan blue excluding and
nonapoptotic) divided by the total number of cells (including
viable, trypan blue-stained, and apoptotic cells) as described (9).
As previously shown for wild-type p53-induced apoptosis that
results in loss of cell viability (11, 17), TG and A23187-induced
loss of cell viability was associated with appearance of typical
apoptotic cells and caspase activation resulting in cleavage of
poly (ADP ribose) polymerase and pro-caspase 2, determined as
described (11, 17).

Abbreviations: CsA, cyclosporin A; FKBP, FK506 binding protein; MAPK, mitogen-activated
protein kinase; PI3K, phosphatidylinositol 3-kinase; TG, thapsigargin.
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Determination of Phosphorylated Forms of p44y42 and p38 MAPK by
Western Blotting. Activated forms of p44y42 MAPK (ERK1y2)
and p38 MAPK were detected by Western blotting using anti-
body to the phosphorylated forms of these kinases. Cell extracts
from untreated cells and cells cultured with TG or A23187 were
made by sonication in ice-cold RIPA buffer (150 mM NaCly0.1
mM TriszHCl, pH 7.2y1% Triton X-100y1% sodium deoxy-
cholatey0.1% SDSy5 mM EDTA) containing a mixture of
protease inhibitors and the phosphatase inhibitors sodium or-
thovanadate (1 mM) and b glycerophosphate (50 mM). For
Western blotting, 100 mg cell extract proteins were electropho-
resed in a SDSy12% polyacrylamide gel and electroblotted to a
nitrocellulose filter. Blots were blocked for 1 hr at room tem-
perature in buffer containing 0.2% Tween 20 and 5% low fat
milk and then incubated overnight at 4°C with rabbit polyclonal
antibody to the unphosphorylated forms of p44y42 MAPK or
p38 MAPK, or the doubly phosphorylated (Thr-202yTyr-204)
p44y42 MAPK or (Thr-180yTyr-182) p38 MAPK (New England
Biolabs). Blots then were washed five times and incubated for 1
hr at room temperature with horseradish peroxidase-conjugated
goat anti-rabbit IgG (Santa Cruz Biotechnology), washed, and
then developed with the Enhanced Chemiluminescence detec-
tion kit (Amersham Pharmacia). Bands of p44y42 MAPK or p38
MAPK were visualized after exposing the blots to Fuji Super RX
film.

Results
Calcineurin-Mediated Suppression of Wild-Type p53 Induced Apopto-
sis by Calcium-Mobilizing Compounds. We previously have shown
that A23187 and TG suppressed wild-type p53-induced apopto-
sis in M1 myeloid leukemic cells and that this suppression was
blocked by CsA, an inhibitor of the serineythreonine protein
phosphatase 2B (calcineurin) (11). The antiapoptotic effect of
A23187 and TG was not blocked by okadaic acid, an inhibitor of
the serineythreonine protein phosphatases 1 and 2A (PP1 and
PP2A), or by several Ca21 channel blockers that like CsA can
inhibit p-glycoprotein multidrug resistance activity (11). These
results indicated that the antiapoptotic effect of A23187 and TG
was mediated by calcineurin. The mechanism of action of CsA
involves binding to cyclophilin A, and the complex then associ-
ates with calcineurin and inhibits its activity (reviewed in ref. 18).
To further establish the involvement of calcineurin in the
antiapoptotic effect of A23187 and TG, we now have used a
different calcineurin inhibitor, ascomycin, an analog of FK506
that binds to the FK506 binding protein 12 (FKBP12) (19), and
this complex then associates with calcineurin and inhibits its
activity (18). Like CsA, ascomycin completely blocked the ability
of A23187 and TG to suppress wild-type p53-induced apoptosis
(Fig. 1). Ascomycin was about 50-fold more effective than CsA
in its ability to block the antiapoptotic effect of A23187 or TG
(Fig. 1 Lower). These results provide further evidence that
suppression of wild-type p53-induced apoptosis by Ca21-
mobilizing compounds is mediated by calcineurin.

FKBP12 also can bind rapamycin, another FK506 analog, but
the FKBP12-rapamycin complex does not inhibit calcineurin
activity (18). Rapamycin, unlike CsA or ascomycin, did not block
the antiapoptotic effect of TG (Fig. 1 Upper) or A23187.
Furthermore, by competing for binding to FKBP12, rapamycin
can interfere with the ability of FK506 to inhibit calcineurin
activity (18). Addition of rapamycin antagonized the effect of
ascomycin on suppression of apoptosis by TG (Fig. 1 Upper) or
A23187, but did not antagonize CsA, which acts through cyclo-
philin A and not through FKBP12 (Fig. 1 Upper). The rapamycin-
FKBP12 complex can inhibit activation of ribosomal p70S6kinase

(20, 21). p70S6kinase can be activated in cells via the PI3K pathway,
and this can be blocked by wortmanin (reviewed in ref. 22).
Wortmanin did not block the antagonistic effect of ascomycin on
suppression of apoptosis by TG (Fig. 1 Upper). Wortmanin also

had no effect on induction of apoptosis by wild-type p53 or on
its suppression by TG or A23187. Suppression of wild-type
p53-induced apoptosis in M1 cells by TG or A23187 thus does
not appear to be mediated by activation of PI3K or p70S6kinase.

Calcineurin-Mediated Induction of Apoptosis by Calcium-Mobilizing
Compounds. Suppression of wild-type p53-induced apoptosis by
TG or A23187 was almost as effective as by the cytokine IL-6
when assayed 20 hr after culture of M1-t-p53 cells at 32°C (75 6
5% versus 90 6 6% cell viability, respectively) (11). However,
when assayed 30 hr after culture of M1-t-p53 cells at 32°C, TG
showed a much lower antiapoptotic effect than IL-6 (16 6 4%
versus 80 6 3% cell viability, respectively). Similar results were
obtained with A23187. These results indicate that the suppres-
sive effect of TG or A23187 against wild-type p53-induced
apoptosis is rapidly lost. Addition of TG together with IL-6 for
30 hr at 32°C also reduced the frequency of viable cells to 43 6
2% compared with 80 6 3% with IL-6 alone. These results raised
the possibility that in addition to their calcineurin-mediated
antiapoptotic effect, TG and A23187 may activate an opposing
pathway that induces apoptosis in the same cells. To examine this
possibility, we cultured M1-t-p53 cells with TG or A23187 at
37°C, a temperature at which the p53 protein behaves like a
mutant p53 and does not induce apoptosis (1). There was no
detectable loss of cell viability (92 6 3% cell viability) up to 20
hr after addition of the same concentration of TG (10 nM) used
to suppress induction of wild-type p53-mediated apoptosis at
32°C. However, there was a loss of cell viability at 30 hr after
addition of TG (60 6 5% cell viability) and this loss was even

Fig. 1. Calcineurin-dependent suppression of wild-type p53-mediated apo-
ptosis. (Upper) M1-t-p53 cells were cultured for 20 hr at 32°C with no additions
(Control) or with 10 nM TG in the absence (1None) or presence of: 100 nM
rapamycin (1Rapa); 50 nM CsA (1CsA); 2 nM ascomycin (1Asco); CsA and
rapamycin (1CsA1Rapa); ascomycin and rapamycin (1Asco1Rapa); or asco-
mycin and 1 mM wortmanin (1Asco1Wort). (Lower) Cells were cultured for 20
hr with 10 nM TG and different concentrations of CsA or ascomycin (Asco).
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stronger (22 6 2% cell viability) after 40 hr. Similar results were
obtained with M1-neo cells, which do not express wild-type p53,
cultured at 37°C for 40 hr with 10 nM TG or 0.5 mM A23187.

Induction of apoptosis in M1 cells at 37°C by TG was
suppressed by CsA and ascomycin (Fig. 2). Rapamycin showed
a small increase in viability of these TG-treated cells and
antagonized the ability of ascomycin, but not of CsA, to suppress
TG-induced apoptosis (Fig. 2). Similar results were obtained
with A23187-treated cells. The results thus indicate that in
addition to their ability to suppress apoptosis in M1 myeloid
leukemic cells, Ca21-mobilizing compounds can induce a cal-
cineurin-mediated pathway that leads to apoptosis in the same
cells. The opposing pathways for suppression or induction of
apoptosis diverge downstream from activation of calcineurin.

Involvement of p38 MAPK in Induction of Apoptosis but Not in
Suppression of Apoptosis by Ca21-Mobilizing Compounds. The diver-
gence of two opposing pathways for suppression or induction of
apoptosis downstream from calcineurin activation by Ca21-
mobilizing compounds presumably is caused by divergence of
different signaling cascades, which could include MAPKs that

form cascades of different serineythreonine kinases (reviewed in
ref. 23). Induction of apoptosis may be regulated by the balance
between different MAPKs (24), and p38 MAPK activation has
been implicated in apoptosis induction (24–29). We therefore
determined the involvement of p38 MAPK and p44y42 MAPK
in induction or suppression of apoptosis in M1 cells by the
Ca21-mobilizing compounds. Using antibody to the doubly
phosphorylated p38 MAPK we detected an increase in phos-
phorylation of p38 MAPK in M1 cells without wild-type p53,
which was strongest at 2–4 hr after addition of TG, and this
increase was partially blocked by the calcineurin inhibitor CsA
(Fig. 3). TG also caused an increase in the phosphorylation of
p44y42 MAPK, which was blocked by CsA (Fig. 3). Similar
results were obtained with A23187. Addition of 1–5 mM
SB203580, which inhibits the activity of p38 MAPK but not other
MAPKs (30, 31), partially suppressed induction of apoptosis by
TG in cells without wild-type p53 (Fig. 4). But up to 50 mM
PD98054, that inhibits MAPK kinase and thus prevents activa-
tion of downstream p44y42 MAPKs (ERK1y2) (32), did not
suppress TG-induced apoptosis in these cells (Fig. 4, Table 1).
Neither SB203580 nor PD98059 had any suppressive effect on
induction of apoptosis by wild-type p53 or by withdrawal of IL-6
from IL-6-dependent cells (Table 1) that are not mediated by
calcineurin. SB203580 and PD98059 also did not have any effect
on suppression of apoptosis by TG or A23187 that are cal-

Fig. 2. Induction of calcineurin-dependent apoptosis by TG. M1-t-p53 cells
were cultured for 40 hr at 37°C without (Control) or with 10 nM TG in the
abscence (1None) or presence of: 100 nM rapamycin (1Rapa); 50 nM CsA
(1CsA); 1 nM ascomycin (1Asco); CsA and rapamycin (1CsA1Rapa); or asco-
mycin and rapamycin (1Asco1Rapa).

Fig. 3. Calcineurin-dependent activation of p38 and p44y42 MAPKs. M1-t-p53 cells were cultured at 37°C with 10 nM TG for various times or without TG (0
min with TG) in the absence (2) or presence (1) of 100 nM CsA. Western blotting was carried out with antibody to p38 or p44y42 MAPKs or to the doubly
phosphorylated (Phospho-p38 and Phospho-p44y42) MAPKs.

Fig. 4. Suppression of TG-induced apoptosis by a p38 MAPK inhibitor.
M1-t-p53 cells were cultured for 40 hr at 37°C without (Control) or with 10 nM
TG in the absence (1None) or presence of: 5 mM SB203580 or PD98059; 10 mM
indomethacin (1Indometh); 10 mM prostaglandins E1 or E2 (1PGE1 or PGE2).
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cineurin mediated, or on suppression of apoptosis by IL-6 that
is not mediated by calcineurin (Table 1).

SB203580 and PD98054 block the activity of p38 MAPK and
activation of p44y42 MAPK by MAPK kinase, respectively
(30–32). But both compounds also were reported to inhibit the
activity of cyclooxygenases 1 and 2 that control prostaglandin
synthesis (33). The differential ability of SB203580 but not
PD98054 to suppress induction of apoptosis by TG or A23187 in
our experiments makes it unlikely that cyclooxygenase inhibition
by SB203580 is responsible for this suppression of apoptosis. In
addition, neither the cyclooxygenase inhibitor indomethacin nor
prostaglandins E1 or E2 had any effect on the ability of TG to
induce apoptosis (Fig. 4).

The results indicate that p38 MAPK, but not p44y42 MAPK,
is involved in the pathway that leads to induction of apoptosis in
M1 cells by Ca21-mobilizing compounds downstream from
calcineurin activation. However, neither p38 nor p44y42 MAPKs
mediate suppression of apoptosis by Ca21-mobilizing com-

pounds, and p38 MAPK does not mediate induction of apoptosis
by some calcineurin-independent pathways.

Discussion
Induction of apoptosis in different normal and cancer cell types
by DNA damaging agents can depend on expression of wild-type
p53, and there are also p53-independent pathways that can lead
to apoptosis (reviewed in refs. 5, 8, and 10). Using M1 myeloid
leukemic cells that express a temperature-sensitive p53 protein
we previously have shown that overexpression of p53 in its
wild-type form is sufficient to induce apoptosis (1, 5–11). We
also have shown that different cytokines (1, 2, 5–10) as well as
Ca21-mobilizing compounds such as A23187 and TG (11) can
effectively suppress this apoptosis. However, suppression of
wild-type p53 induced apoptosis by Ca21-mobilizing compounds
required extracellular Ca21 and was blocked by the calcineurin
inhibitor CsA, whereas apoptosis suppression by cytokines did
not show these properties (11). Cytokines also can suppress
pathways that lead to apoptosis, which were not suppressed by
Ca21-mobilizing compounds (11). These different properties
indicate that suppression of apoptosis by cytokines and Ca21-
mobilizing compounds is mediated by activating different via-
bility promoting signals.

The ability of CsA to block the antiapoptotic effect of Ca21-
mobilizing compounds indicated that these compounds mediate
their antiapoptotic effect through calcineurin activation (11). We
now have shown that ascomycin (19), an ethyl analog of the
calcineurin inhibitor FK506 that differs from CsA by binding to
FKBP12 rather than to cyclophilin A (18), was even more
effective than CsA in blocking the antiapoptotic effect of
Ca21-mobilizing compounds. In contrast, rapamycin, which also
binds to FKBP12 but does not block calcineurin activity (18), did
not block the antiapoptotic effect of Ca21-mobilizing com-
pounds. Rapamycin also antagonized the ability of ascomycin
but not of CsA to block the antiapoptotic effect of Ca21-
mobilizing compounds, as expected from the ability of rapamy-
cin to compete with FK506 for binding to FKBP12 (18). This
effect of rapamycin does not appear to be mediated by its ability
to inhibit p70S6kinase that is activated through the PI3K pathway,
because the PI3K inhibitor wortmanin did not mimic the ability
of rapamycin to antagonize ascomycin. The use of wortmanin
also has indicated that p70S6kinase and PI3K did not mediate the
suppression of apoptosis by the Ca21-mobilizing compounds.
The results provide further evidence that Ca21-mobilizing com-

Fig. 5. Model of calcineurin-dependent pathways for suppression or induction of apoptosis. Arrow indicates pathway; ', suppression of pathway; and X,
pathway not suppressed.

Table 1. Specificity of the suppressive effect of SB203580 on
apoptosis induction by TG

Induction of
apoptosis by*

Suppression of
apoptosis by†

% Cell viability‡

Addition of

None SB203580 PD98059

TG None 23.3 6 5.1 61.0 6 7.1§ 16.3 6 3.1§

Wild-type p53 None 22.5 6 3.1 19.0 6 2.5 10.3 6 3.6
TG 75.4 6 6.1 77.3 6 5.0 70.3 6 6.6
A23187 76.2 6 4.8 80.3 6 3.1 68.9 6 3.7
IL-6 90.6 6 3.7 91.3 6 5.3 86.1 6 6.6

IL-6 withdrawal None 35.5 6 5.2 33.5 6 4.1 30.5 6 4.0
IL-6 84.4 6 6.2 87.5 6 4.8 81.3 6 5.6

*M1-t-p53 cells were induced to undergo apoptosis by culture at 37°C with 10
nM TG for 40 hr, by culture at 32°C, to activate wild-type p53, for 20 hr, or by
pretreatment with 20 ngyml IL-6 at 32°C for 20 hr and then subculturing the
cells at 37°C for 24 hr without IL-6 as described (11).

†Apoptosis was suppressed by 10 nM TG, 0.5 mM A23187, or 20 ngyml IL-6.
‡% Cell viability was determined without (None) or with 5 mM SB203580 or
PD98059.

§Even 1 mM SB203580 suppressed induction of apoptosis by TG (43.6 6 5.3%
cell viability) whereas there was no suppression of TG-induced apoptosis even
at 50 mM PD98059 (11.6 6 3.2% cell viability).
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pounds signal suppression of wild-type p53-induced apoptosis by
activating calcineurin (Fig. 5).

Unlike IL-6, the ability of Ca21-mobilizing compounds to
suppress wild-type p53-induced apoptosis was rapidly lost, and
on more prolonged incubation these compounds even reduced
the antiapoptotic effect of IL-6. The same concentration of
Ca21-mobilizing compounds that showed an antiapoptotic effect
on apoptosis induced by wild-type p53 could induce apoptosis in
the absence of wild-type p53. As with the antiapoptotic effect,
the proapoptotic effect of the Ca21-mobilizing compounds was
blocked by CsA and ascomycin, and the blocking effect of
ascomycin was antagonized by rapamycin. Ca21-mobilizing com-
pounds therefore appear to induce two opposing pathways in the
same cells downstream from calcineurin activation, which can
either suppress or induce apoptosis (Fig. 5). However, cal-
cineurin activation does not appear to mediate apoptosis induc-
tion by wild-type p53 or by withdrawal of a viability factor such
as IL-6, or apoptosis suppression by cytokines. Calcineurin is a
serineythreonine phosphatase that can bind to different sub-
strates directly or through adaptor proteins such as FKBP12 or
AKAP79 and dephosphorylate these substrates (reviewed in ref.
34). Calcineurin may suppress or induce apoptosis by dephos-
phorylating and thus modulating the activity of different phos-

pho-proteins that are involved in the apoptotic process such as
Bcl-2 (35, 36) or Bad (37).

We now have shown that calcineurin activation can lead to
activation of p38 MAPK and that the p38 MAPK inhibitor
SB203580 blocked this pathway for the induction of apoptosis
(Fig. 5). The ability of SB203580 to only partially block the
proapoptotic effect of Ca21-mobilizing compounds suggests that
calcineurin also may activate p38 MAPK-independent pathways
that lead to induction of apoptosis. Although p44y42 MAPK was
activated by Ca21-mobilizing compounds, an inhibitor of this
pathway did not block induction of apoptosis. Neither p38 nor
p44y42 MAPKs appear to be involved in suppression of apo-
ptosis by the Ca21-mobilizing compounds, or in induction of
apoptosis that is not mediated by calcineurin. The results indi-
cate that calcineurin activation can activate opposing pathways
that either suppress or induce apoptosis in the same cells and that
induction of apoptosis can be mediated by the p38 MAPK
pathway.
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