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The formation of ceramide from sphingomyelin is associated

with cellular apoptosis*®
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The apoptotic response of the immature B-cell to the cross-linking of surface IgM re-
ceptors provides a good model for cell death and we show in WEHI-231 B-cells that the
time course of apoptosis corresponds to the increased formation of ceramide, as
measured either by mass (using the diacylglycerol kinase method) or radiolabelling
with [Slﬂllﬂhnitate. Inhibitors of sphingosine biosynthesis have no effect on cell death
induced by anti-IgM in WEHI-231 but inhibitors of ceramidase accelerate apoptosis,
suggesting that activation of sphingomyelinase is the key event in apoptosis. We have
demonstrated this by in vitro assay of neutral sphingomyelinase. Apoptosis is also im-
portant in normal brain development and neuronal survival is dependent upon phos-
phatidylinositol 3-kinase (PI3-kinase) activation by growth factors (insulin, nerve
growth factor ete.). Withdrawal of these growth factors or inhibition of PI3-kinase
with wortmannin or LY294002 activated the pro-apoptotic CPP32 (Yama/Apo-
pain/caspase 3, EC 3.4.22}, activated neutral sphingomyelinase and increased cera-
mide formation in an immortalized dorsal root ganglion cell line F-11. Protection
against apoptosis can be achieved by overexpression of the bel2 family of proteins or
addition of drugs which clevate cAMP levels. cAMP protects against apoptosis in-
duced by either wortmannin or staurosporine. The specificity for cAMP was con-
firmed by showing protection with the specific agonist (Sp)JcAMPS and increased kill-
ing with the antagonist (Rp)eAMPS. However, cAMP did not protect against ceramide
killing, suggesting that there are at least two major pathways of apoptosis in neuronal
cells,
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Ceramides (a family of 2-N-acyl sphingo-
sines) appear to be an intracellular signal for
the regulation of the cell cycle and a ecascade
that eventually leads to apoptosis (Kendler &
Dawson, 1990; Yanaga & Watson, 1992: Kole-
snick & Golde, 1994; Quintans et al., 1994;
Hannun, 1994; Chang et al., 1995; Gottschalk
et al., 1995; Yao et al., 1995; Verheij et al.,
1996; Wiesner & Dawson, 1996a, b, Wiesner
et al., 1997). A sphingomyelin cycle has been
identified in which the action of extracellular
signalling agents (for example cytokines such
as TNF-x) results in the activation of one or
more sphingomyelinases, cleavage of mem-
brane sphingomyelin, formation of ceramide
and the activation of multiple cellular and bio-
chemical targets (Kolesnick & Golde, 1994:
Quintans et al., 1994; Hannun, 1994). Inhibi-
tors of sphingosine biosynthesis have no ef-
fect on the programmed cell death but inhibi-
tors of ceramidase accelerate apoptosis (Kole-
snick & Golde, 1994; Quintans et al., 1994;
Hannun, 1994; Wiesner et al., 1997), suggest-
ing that activation of sphingomyelinase is an
early event in apoptosis. The addition of ex-
ogenous water-soluble ceramide analogs to
cells induces apoptosis and the phenomenon
is specific since dihydroceramides are ineffec-
tive (Kolesnick & Golde, 1994; Quintans et al.,
1994; Hannun, 1994; Wiesner et al., 1997).
The endogenous formation of ceramide in re-
sponse to pro-apoptotic agents is usually asso-
ciated with a concommitant reduction in
sphingomyelin levels and hydrolysis of sphin-
gomyelin to ceramide during apoptosis. This
has been demonstrated by in vitro assay of
neutral sphingomyelinase (Hannun, 1994;
Wiesner et al.,, 1997), although there have
been claims that activation of an acidic sphin-
gomyelinase may be also required for certain
types of apoptosis (Kronke ef al., 1995).

The role of this sphingolipid in apoptosis has
suggested that its metabolism is a logical tar-
gel for attempts to either accelerate apopto-
sis, and thereby kill cancer cells or protect
against apoptosis, and thereby protect neural
cells from degeneration. The apoptotic re-

sponse of the immature B-cell to the cross-
linking of surface IgM receptors provides a
good physiological model for cell death and we
have shown in WEHI-231 cells that the time
course of apoptosis corresponds to the in-
creased formation of ceramide (Quintans et
al., 1994; Gottschalk et al., 1995; Wiesner et
al., 1997). The bel2/belxLs family of proteins
are protective against apoptosis (Zhang et al.,
1996) and are typically elevated in tumor
cells, making them a good knock-out target for
efforts to increase apoptosis in tumors. How-
ever, there are cellular differences which
make them a problematic target, since in
WEHI-231 cells, belxl. overexpression pro-
tected against C2Z-ceramide and anti-IgM-
induced apoptosis whereas bel2 did not (Wies-
ner et al., 1997). For this reason, the cerami-
dase inhibitor oleoylethanolamine seems to be
a better prototype for drugs which might in-
crease apoptosis since it kills a broad spec-
trum of cells (Wiesner & Dawson, 1996a, b,
Wiesner et al., 1997; Mangoura & Dawson,
1987).

Protection against apoptosis is one of the
major goals of clinical efforts to slow or re-
verse degenerative diseases such as Alzheim-
ers, Parkinsons, ALS and multiple sclerosis.
Protein kinase C activation is generally pro-
tective against apoptosis and one of its rele-
vant actions is to phosphorylate the pro-
apoptotic protein BAD and prevent it from in-
activating the protective proteins of the bl
family (Tto et al, 1997). We now show that
anti-IgM-induced apoptosis in WEHI-231 B-
cells can be prevented by co-addition activa-
tors of the protein kinase C such as phorbol es-
ters. Conversely, staurosporine, initially de-
scribed as an inhibitor of protein kinase C
(PKC) (Jalava et al., 1993), is able to induce
apoptosis in a wide range of cell types. How-
ever the mechanism of action of staurospor-
ine is probably more complex than simple
PKC inhibition since other inhibitors of PKC
such as K252a and KT5720 (Bertrand et al.,
1994) do not induce apoptosis. One intriguing
action of staurosporine is its ability to activate
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a specific 60-kDa serine/threonine kinase
(Pavlovic-Surjancev et al., 1993; Mangoura &
Dawson, 1997) for up to 24 h. This novel ac-
tion may explain its ability to induce apopto-
sis in a range of cells from chondrocytes (Ber-
trand et al., 1994) to embryonic neurons (Wi-
esner & Dawson, 1996a) and neuroblastoma
cell lines (Wiesner & Dawson, 1996b: Dawson
et al, 1997), although there is no direct evi-
dence to support this.

A major signalling pathway involved in pro-
tection against apoptosis is the PI 3-kinase
pathway, which is activated mainly by growth
factors such as insulin and nerve growth fac-
tor. Withdrawal of these growth factors in-
duces apoptosis (Kennedy et al., 1997). Both
the fungal metabolite wortmannin and the
structurally unrelated LY294002 induce both
inhibition of PI3-kinase and apoptosis (Arcaro
& Wymann, 1993; Straub & Sharp, 1996). A
major kinase activated by the lipid product of
PI3kinase (PtdIns3,4P5) is protein kinase B
(Akt). Several studies have shown that Akt is
protective against apoptosis (Burgering &
Coffer, 1995; James et al., 1996; Kennedy et
al., 1997). Thus cells constitutively express-
ing a myristoylated (membrane-associated)
form of Akt (Myr-Akt) or the oncogenic v-Akt
are resistant to wortmannin (Kennedy et al.,
1897).

We now report that apoptosis induced by ei-
ther staurosporine or PI3-kinase inhibitors in-
volves increased formation of ceramide from
sphingomyelin, and discuss the ability of
other signalling molecules to regulate this
pathway.

MATERIALS AND METHODS

Materials

Staurosporine and wortmannin were pur-
chased from Sigma Chemical. Co. (St. Louis,
MO, U.S.A.). LY 294002 was from Biomolecu-
lar Research Labs Inc. (Plymouth Meeting,
PA, U.S.A.), DEVD-AFC was from Biomol. Inc

(P-409), and Rp- and Sp-cAMP were from RBI
(Natick, MA, U.5.A)).

Cell cultare

WEHI-231 cells were maintained in suspen-
sion culture as described previously (Quin-
tans et al., 1994; Gottschalk et al, 1995), F-11
cells were maintained in 10-cm plates in Dul-
becco’s modified Eagles medium (DMEM)
supplemented 10% fetal calf serum and 1%
gentamicin (Francel et al, 1987; Dawson et
al, 1997). Wortmannin, staurosporine and
LY294002 were added in DMSO, keeping final
concentration below 1%.

Cell viability assay

A. For WEHI 231 cells: Percent cell viability
was measured by propidium iodide staining
followed by fluorescence activated cell sorting
analysis (Gottschalk et al., 1995).

B. For F-11 cells: The modified MTT assay
(Hansen et al,, 1989) was done in 24-well cul-
ture dishes, each well containing 250 ul of me-
dia. After treatment, 25 ul of stock MTT (5
mg/ml in sterile PBS) was added and incu-
bated for 45 min at 37°C. Finally, a solution of
250 pl of 10% SDS in 0.01 M HCl was added.
After overnight incubation, the absorption
value at 570 nm was determined with a Hi-
tachi spectrophotometer. Viability was deter-
mined as % survival = [(exp(-)blank)/(con-
trol(-)blank)] where exp is the reading for the
treated cells, control is untreated cells, and
blank is MTT added just to the media. We
have previously demonstrated that MTT re-
sults correlate well with cell counts and DNA
fragmentation (Wiesner & Dawson, 19964, b;
Wiesner et al., 1997).

DNA fragmentation assay for apoptosis us-
ing Hoescht fluorescence

Cells (10%) were lysed in 0.1% Triton X-100, 5
mM Tris, 20 mM EDTA, pH 8.0. After thor-
ough mixing, the lysate was centrifuged at
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30000 X g at 4°C for 40 min. Aliquots (50 ul)
were added to 2 ml of TNE (100 mM Tris, 10
mM EDTA, 2 M NaCl, pH 7.4) and 0.1 ng/ml
Hoechst 33285 dye. DNA lost to the media
could be measured in the same way by first ad-
justing 1 ml of media to 25 mM EDTA and cen-
trifuging at 20000 X g at 4°C for 40 min. A
200 gl aliquot of the supernatant was added to
2 ml TNE and Hoescht 33285 for fluorescence
measurement. Fluorescence was measured in
a Varian Fluorometer at excitation wave
length of 365 nm and emission wavelength of
460 nm. DNA values were calculated by com-
parison with a standard curve of calf thymus
DNA described previously (Quintans et al,
1994; Wiesner & Dawson, 1996a, b).
Diacylglycerol kinase assay for identifi-
cation and quantitation of ceramide. A
modification of the method of Preiss et al
(1988) was used. Lipids were isolated in a
Folch partition as previously described (Quin-
tans et al, 1994; Wiesner & Dawson, 1996a, b)
dried and the ceramide was converted to cera-
mide 1-[32P]phuaphate by E. coli diacylglyce-
rol kinase. Labeled lipids (ceramide-1-
phosphate and phosphatidic acid) were sepa-
rated by high-performance thinlayer chroma-
tography. Following autoradiography, spots
corresponding to ceramide-1-phosphate were
scraped and counted in a scintillation counter.
Quantitation of ceramide was based on a stan-
dard curve of known amounts of ceramide.
Lipid synthesis and catabolism. Cells
(2 x 10° ) were cultured for 24 h in media con-
taining 10 uCi [EH}palmitate in the presence
or absence of the indicated reagents (Quin-
tans et al., 1994; Wiesner & Dawson, 1996a,
b). Under these conditions, sphingolipids are
labelled well and palmitate is broken down to
acetate and recycled such that de novo synthe-
sized cholesterol is also labelled. Lipids were
extracted as described previously (Quintans et
al., 1994; Wiesner & Dawson, 1996a, b). The
upper phase was discarded and the lower
phase evaporated to dryness under nitrogen.
Samples were run on HPTLC as described
previously (Quintans et al., 1994; Wiesner &

Dawson, 1996a, b), on a 10 em X 10 em LHP-
K TLC plate (Whatman) in chloroform/
methanol/glacial acetic acid (94:1:5, by vol.)
which resolves cholesterol (Chol) from the ce-
ramide doublet. The upper band (L) consisted
mostly of a mixture of C22:0, C24:0 and C24:1
fatty acids, while the lower band (S) consisted
primarily of C16:0, C16:1 and C18:0 fatty ac-
ids.

Sphingomyelin was resolved from phospho-
glycerides in chloroform/methanol/acetic
acid/water (65:25:8.8:4.5, by vol.). Plates
were sprayed with En3Hance (Dupont) and
developed overnight with Xomat-AR film (Ko-
dak) to identify the bands by comparison with
authentic standards. Bands were then scrap-
ed for liquid scintillation counting and results
expressed as either the change in ceramide
content (normalized to total cell protein) or as
the ratio to sphingomyelin as an index of
sphingomyelin hydrolysis.

Sphingomyelinase assay. Microsomal and
cytosolic cellular fractions were prepared as
described previously (Wiesner et al., 1997).
Neutral sphingomyelinase activity was as-
sayed with [M{}methyﬂaphingnmye]in (40000
c.p.m. in 1 nmol bovine brain sphingomyelin
(Sigma) in 0.2% Triton X-100, 80 mM MgCly
and 0.1 M Tris/HCl, pH 7.4, solubilized by
sonication and vortexing. After incubation
for 1 h at 37°C, the reaction was stopped by
the addition of 0.5 ml chloroform/methanol
(2:1, v/v). The samples were pulse-vortexed 3
times for 30 s then briefly centrifuged to sepa-
rate the two phases. The upper phase, contain-
ing labelled phosphorylcholine released from
sphingomyelin was transferred to scintilla-
tion vials and counted by liquid scintillation
counting. Negative controls containing no en-
zyme or boiled cell lysate were run concomi-
tantly.

Acid sphingomyelinase (lysosomal) activity
was measured as above except that 0.1 M so-
dium acetate, pH 5.5, containing 5 mM
EDTA replaced Tris/HCIL.
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Assay of phosphatidylinositol-3-kinase activ-
ity

This activity was measured with a kit from
Upstate Biotechnology Inc. using phosphati-
dylinositol as the substrate, [y->PJATP as the
phosphate donor and HPTLC to resolve the
polyphosphoinositide products.

Assay of CPP32 activity

Cells were treated with staurosporine (20
nM), or wortmannin (4 nM) for increasing pe-
riods of time, harvested, washed with pho-
sphate-buffered saline and the pellets resus-
pended in 25 mM Hepes buffer, pH 7.4, con-
taining 2 mM dithiothreitol, 5 mM EDTA and
10 mM digitonin (Xiang et al., 1996). Hydroly-
sis of the DEVD-AFC substrate was followed
for 15 min by fluorometry (excitation 400 nm,
emission 505 nm) and activity calculated from
the slope.

RESULTS

Ceramide formation corresponds to the
time-course of apoptosis in B-cells

To establish the role of ceramide as a cause
of apoptosis in cells undergoing physiological
cell death, the formation of ceramide in
WEHI-231 cells treated with antiIgM was
measured both by [EHIpalmitate labelling and
by absolute determination of mass by convert-
ing ceramide to mramidel-{ﬂEP]phoaphate
with bacterial diacylglycerol kinase (Fig. 1).
We have previously reported that apoptosis
could be reversible for up to 6 h by removing
anti-IgM and it can be seen that there is no in-
crease in ceramide over this initial 6 h period.
After 24 h we typically see 60-80% apoptosis
(Quintans et al., 1994) and this correlates with
the 4-fold increase in ceramide. There was
good agreement between the two methods and
it can be seen (inset to Fig. 1) that although
the ratio of the C22+C24 fatty acid forms to
the C16+/C18 forms varies between different

cell lines (Table 1), in WEHI-231 cells it is
about 2:1 and both forms increase during
apoptosis induced by 24 h exposure to anti-
IgM.

Both lipopolysaccharide (1 mg/ml) and phor-
bol esters (tetradecanoylphorbol ester, 1 uM)
protected against apoptosis induced by anti-
IgM (Fig. 2A) and this is reflected in their abil-
ity to block the formation of ceramide from
sphingomyelin (Fig. 2B). Fumonisin B1 inhib-
ited sphingolipid synthesis by 50% at 25 uM
for 24 h (as expected from previous work) but
did not affect either apoptosis in B-cells in-
duced by anti-IgM or the formation of cera-
mide from sphingomyelin (not shown; Wies-
ner et al., 1997) suggesting that ceramide is
not of biosynthetic origin. In contrast, the ce-
ramidase inhibitor, oleoylethanolamine (OE)
(25 uM), accelerated apoptosis induced by
anti-IgM (Fig. 2A) and increased the forma-
tion of ceramide from sphingomyelin (Fig.
2B). The addition of bacterial (Staphylococcus
aureus) sphingomyelinase to WEHI-231 re-
sulted in cell death (Fig. 2A) and an increase
in the ceramide:sphingomyelin ratio (Fig. 2B).
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Figure 1. Formation of ceramide in WEHI-231
cells exposed to anti-IgM for increasing time peri-
ods, measured as deseribed in the text.

Inset: Autoradiogram of SHoabelled lipids separated
by HPTLC as described in the text. Chal, cholesterol;
Cer L, mixture of C22:0, C24:0 and C24:1 ceramide
forms; Cer 8, mixture of C16:0 and C18:0 ceramide
forms.
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Staurosporine and PI3-kinase inhibitors in-
duce apoptosis and ceramide formation by
different mechanisms in the immortalized
dorsal root ganglion cell line F-11

Both staurosporine and the PI3-kinase in-
hibitors wortmannin and LY294002 induced
ceramide formation (Fig. 3A), decreased cell
viability in 24 h as judged by the MTT assay.
(Fig. 3B) and induced DNA fragmentation
(Fig. 3C). Thus the results were comparable
to the role of ceramide in apoptosis as ob-
served in the B-cell line WEHI-231.

The mechanism of action of staurosporine
and wortmannin is different since staurospor-
ine had no effect on PI3-kinase activity in F-11
cells whereas wortmannin was a potent inhibi-
tor of this activity (Fig. 4). Despite this differ-
ence, both wortmannin and staurosporine ac-
tivated CPP32 (Yama/Apopain/caspase-3)
the protease required to initiate the degrada-
tion phase of apoptosis (Kuida et al., 1996), in
a time-dependent manner (Fig. 5). This sug-
gests a convergence of the killing pathways
prior to CPP32. Surprisingly, exogenous C2-
ceramide at concentrations (25 uM), which in-
duced 50% apoptosis of F-11 cells, did not acti-
vate CPP32 under these conditions (not
shown).

After 24 h of treatment with wortmannin (4
M) we could show by in vitro assay that neu-
tral sphingomyelinase activity (pH 7+Mg>")
was increased 2-fold whereas acid sphingo-
myelinase activity (pH 5) was unaffected (Fig.
6). We observed a similar activation after
treatment with staurosporine {50 nM) (not
shown).

Cyclic AMP protects against staurosporine-
induced apoptosis but not against ceramide-
induced apoptosis

When F-11 cells were pretreated with
BtocAMP for up to 36 h prior to addition of ei-
ther 20 or 50 nM staurosporine for a further
24 h to induce apoptosis, we observed a pro-
tective effect. Thus an 18 h pretreatment
gave the maximum protection, reducing cell

M| | A
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algM+TPA _]
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—.l
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Eatio of [3H]palmitate label in cer-SM

death by 50 nM staurosporine from > 50% to <
80% over the 24 h treatment period. (Fig. 7).
The specificity for cAMP was confirmed by
showing protection with the specific agonist
(Sp)cAMPS (80 uM) and increased killing
with the antagonist (Rp)eAMPS (80 M) (not
shown). Similar protection was observed
when the apoptosis was induced by PI3-kinase
inhibitors wortmannin and LY294002. How-
ever, BtscAMP was not able to protect against
killing by exogenous C2-ceramide (25 uM) as
shown in Fig. 8.

DISCUSSION

The normal program of development in ver-
tebrates results in the controlled death (apop-
tosis) of many cells and there is increasing evi-
dence for a key role for sphingolipid metabo-
lites, especially ceramide in this process. The
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Table 1. Different ratios of fatty acylated forms
of ceramide in different cell lines.

Cultured cells were labelled with [*Hlpalmitate for 24
h, lipids extracted and ceramide isolated by HPTLC as
described in the text. The plate was exposed to film and
the ratio of ceramide bands quantitated by densitome-

try.

Cell-line Ceramide
Cap + Cy4/ C1 +Cyg
fatty acids ratio

B-Cells

WEHI-231 1.5

RAMOS 2.0
T-cells

JURKAT 0.25
PD388 Macrophage 4.0
Human skin fibroblasts 0.2
F-11 0.35

role of apoptosis in normal brain development
can be dramatically illustrated by deleting one
of the key caspases in the apoptotic process
(CPP32) by homologous recombination in a
mouse (Kuida et al., 1996). In these CPP32
knock-out mice, brain development is pro-
foundly affected because neurons do not die at
the appropriate time. Although the evidence
for a role for ceramide in cell death is quite
strong (Kendler & Dawson, 1990; Kolesnick
& Golde, 1994; Quintans et al., 1994; Hannun,
1994; Chang et al., 1995; Gottschalk et al.,
1995; Verheij et al., 1996; Wiesner & Dawson,
1996a, b; Wiesner et al., 1997), the subcellular
localization of ceramide must be extremely
important since all healthy cells contain some
ceramide. The working hypothesis is that
sphingomyelin on the outer surface of the
plasma membrane is hydrolysed by a neutral
sphingomyelinase and that the ceramide gen-
erated is translocated to the inner leaflet of
the bilayer where it acts to recruit proteins.
Thus ceramide action is envisioned as analo-
gous to the way in which diacylglycerols acti-
vate protein kinase C or PtdIns3,4P; activates
protein kinase B (Akt). What are these down-

10T
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Figure 3. Staurosporine and PI3-kinase inhibitor
(wortmannin and LY294002) induced ceramide
formation (panel A}, cell viability as measured hy
the MTT assay (panel B) and induced DNA frag-
mentation (panel C), following 24 h of treatment
of F-11 cells at the concentrations indicated.

Experimental details are given in the text, Results are
the mean of 3 experiments +S.E.

stream targets? One report (Smyth et al,
1996) suggests that ceramide can directly acti-
vate one member of the caspase family (pro-
ICE or caspase 1) but other kinase/phospha-
tase targets for ceramide have been claimed
(e.g., Westwick et al., 1995) and the mecha-
nism by which increased levels of ceramide in-
duce apoptosis remain to be resolved. Not all
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Figure 4. PI3-kinase activity following treatment
of F-11 cells with staurosporine (50 nM) or wort-
mannin {4 M) for 24 h as described in the text.

apoptosis may require ceramide and Susin et
al. (1997) have attempted to explain why the
anti-apoptotic protein bels prevents both cera-
mide- and prooxidant-induced apoptosis yet
fails to prevent Fasiriggered apoptosis in
most cell types. They proposed that Fas-
induced apoptosis could proceed via ICE, mi-
tochondrial permeability transition, and
CPP32 in a bcl-2-independent manner or via
ceramide-activated pathways which are regu-
lated by bel2 but do not necessarily require
CPP32. This may not hold true for all cell
types but suggests an explanation for the dif-
ferent results obtained from studies in differ-
ent laboratories with different cell types.
Although we know that growth factors and
the resultant phosphorylation of specific tyro-
sine residues protect cells against apoptosis
we know very little of the mechanism by which
other signalling molecules affect the process
of apoptosis. However, it seems clear from
previous work and the work presented here
that ceramide is involved in apoptosis and
that these agents must affect either upstream
regulators of sphingomyelinase or the down-
stream targets of ceramide. We therefore in-
vestigated the two major kinase signalling
pathways in the cell, protein kinase C and pro-
tein kinase A. The activation of PKC and the
resultant phosphorylation of specific serine

1998
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Figure 5. Time-course of induction of CPP32 pro-
tease activity in F-11 cells exposed to staurospor-
ine (2} (50 nM) or wortmannin (@) (4 4M) for in-
creasing periods of time.

residues has been shown to be anti-apoptotic
in some cells systems. However in others, ce-
ramide has been claimed to actually activate a
specific isoform of PKC (Muller ef al., 1995).
In WEHI-231 we found activators of PKC
(phorbol esters, tetradecanoylphorbol ace-
tate, TPA) to be protective against anti-IgM-
induced apoptosis whereas in F-11 cells we
found TPA to be ineffective against stauro-
sporine, ceramide or wortmannin-induced
apoptosis (not shown).
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Figure 6. In vitro assay for sphingomyelinase in F-
11 cells treated with wortmannin (4 4M) for in-
creasing periods of time. Experimental details are
given in the text.
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Figure 7. Increasing cell viahility (measured hy
MTT assay) of F-11 cells following pretreatment
with BtycAMP for increasing periods of time,
before exposure to 20 nM staurosporine (O) or
50 nM staurosporine (@) for 24 h.

Experimental details are given in the text.

In this report we present more evidence for a
protective role for protein kinase A. Thus the
addition of BtocAMP or a cAMP agonist such
as (Sp)cAMPS (Yusta et al., 1988) protected F-
11 cells against apoptosis. The ability of cAMP
to protect against apoptosis has been ob-
served in a number of other cells, for example
cardiac myocytes (Wu et al, 1997). A likely
mechanism involves protein kinase A since
there are reports (Kauffmann-Zeh et al., 1997;

Zhang et al., 1995) that PKA-mediated inhibi-

tion of Raf-1 kinase is protective against apop-
tosis. In support of this we show that apopto-
sis can be exacerbated by adding a cAMP an-
tagonist such as (Rp)cAMPS. However, such a
model is obviously too simple since it does not
take into account the possible role of § y-
subunits which are part of the receptor-G-
protein-adenylate cyclase complex but can
also activate PI3-kinase y (Stoyanova et al.,
1997) and help protect the cell against apopto-
sis. The freeing of 8 y-subunits following in-
creased cAMP could activate PI3-kinase and
help protect cells against apoptosis.

Our working hypothesis is that agonist-
mediated increases in ¢cAMP may act as a
regulator of the apoptotic process and that

Percont of viable cells

o w o ©  w  w
SpCAMP(S) (uM)

Figure 8. Effect of cAMP analog (Sp)cAMPs on
the ceramide (@) and staurosporine (O) induced
apoptosis of F-11 cells, killing was assayed by
MTT test.

Experimental details are given in the text.

these effects are upstream of ceramide since
BtocAMP did not protect against ceramide-
induced apoptosis. However, the precise un-
derstanding of the role of sphingolipid me-
tabolism in apoptosis must await the cloning
of the neutral sphingomyelinase (and the de-
fining of its regulatory elements) and the
clearer definition of the downstream targets
of ceramide.
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