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Potentiation of okadaic acid-induced ceramide elevation but not
apoptosis by inhibition of glucosylceramide synthase in human
neuroepithelioma cells
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Abstract

Caspase-dependent apoptosis induced by okadaic acid (OA) in CHP-100 neuroepithelioma cells has previously been shown to assoc
with a rapid and sustained elevation in intracellular ceramide concentration. We now report that treatment of CHP-100 cells with OA als
evoked a rapid elevation in glucosylceramide levels that was maintained at steady state as cells underwent apoptosis; moreover, as obse
for ceramide, OA-induced glucosylceramide accumulation was not blocked by fumonidReBarkably, when cell death was prevented
by caspase inhibition, glucosylceramide accumulation was potentiated and ceramide elevation reduced, thus suggesting that, dur
apoptosis completion, accumulation of ceramide was partly driven by impairment of its glucosylation through a caspase-depende
mechanism. We studied whether ceramide glucosylation provided a mechanism for negative modulation of OA-induced apoptosis. W
observed that the blocking of glucosylceramide synthesis markedly potentiated OA-induced ceramide elevation, but neither accelerat
apoptosis onset nor potentiated the apoptotic response. These results indicate that modulation of ceramide glucosylation does not affect
apoptotic response to okadaic acid and suggest that caution must be exercised concerning the possibility that ceramide plays a key rol
apoptosis induction. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction associates with intracellular Cer elevation and can be repro-
duced by administration of exogenous and cell-permeant
There is general agreement that ceramidéagyl- short-chain Cer [6].

erythro-sphingosine, Cer) is a key mediator in apoptosis We have reported that OA, a potent inhibitor of serine—
induced by a variety of stimuli, including receptor ligation, threonine PP produced by the marine spohigéichondria
irradiation, and drug treatment, on a wide range of cell okadai[7], induces apoptosis in CHP-100 human neuroepi-
systems [1,2]. In this respect, unequivocal evidence hasthelioma cells in a manner that largely involves caspase
been obtained by studies showing that stimuli evoking both activation [8]; in addition, caspase-dependent apoptosis as-
programmed cell death and ceramide elevation lose theirsociates with an elevation in intracellular Cer levels [8].
apoptotic potential after blocking of the metabolic pathway These results, together with the finding that administration
that leads to Cer generation [3-5]. In other studies, the role of short-chain Cer induces caspase-dependent apoptosis in
of Cer as a mediator of apoptosis has been largely inferred CHP-100 cells [9], suggested that Cer might be the mediator
on the basis of the evidence that programmed cell deathlinking sustained PP inhibition to apoptosis. CHP-100 cells
actively glucosylate both endogenous and exogenously ad-
ministered Cer [10]. In line with the notion that glucosyla-
* Corresponding author. Tel.:#39-6-725-94-370; fax:+39-6-202- tion provides a major pathway by which the apoptogenic
3500. pools of Cer are down-regulated [11-14], we have reported
E-mail addressspinedi@uniroma2.it (A. Spined). that, in CHP-100 cells, the apoptotic effect of short-chain
_Abbrewatlons:OA, okadalc_amd; PP, prpteln phqsphatase; Cer, cer- Cer is potentiated by inhibition of GlcCer synthase [10]. We
amide; GlcCer, glucosylceramide; SM, sphingomyelin; PDMRthreo- . . . . ;
1-phenyl-2-decanoylamino-3-morpholino-1-propanol; and Z-VAD.fmk, Investigated here the kinetics of GlcCer accumulation, as
benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone. observed in CHP-100 cells in relationship to OA-induced
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apoptosis. Moreover, we studied whether the apoptotic re- K
sponse triggered by OA is propagated by inhibition of Cer A B C
glucosylation.

2. Materials and methods
2.1. Materials

Material for cell culture was from GIBCO BRL. PDMP
was from Calbiochem-Novachem. Fumonisipds well as
Cer, GlcCer, and SM standards were from Sigma Chemical
Co. The caspase inhibitor Z-VAD.fmk was from Alexis Co.
[**C]Palmitic acid (55.3 mCi/mmol) was from Amersham
Corp. High-performance TLC silica gel 60 plates were from

Merck. Fluorescence

Number of events

. . Fig. 1. Time-course of OA-induced apoptosis and the rescuing effect of
2.2. Cell culture and apoptosis evaluation Z-VAD.fmk. CHP-100 cells were either left untreated (A), incubated with
50 nM OA for 5 (B) or 24 hr (C), or incubated for 24 hr with 50 nM OA
CHP-100 cells were grown at 37° in RPMI-1640 me- in the presence of 108M Z-VAD.fmk (D). After staining with propidium

dium, supplemented with 10% (v/v) heat-inactivated fetal iodide, cells were analyzed by flow cytometry. Percentages of the hypo-
bovine serum, 2 mM glutamine, 100 IU/mL of penicillin, ~diPloid (apoptotic, “Ap) cell populations are given.

and 100 ug/mL of streptomycin, in a humidified atmo-
sphere with 5% (v/v) CQ Cell treatments were performed
in complete growth medium. Apoptosis was monitored by
evaluation of the hypodiploid cell population by flow cyto-
metric analysis. Cells were detached from the plates by
trypsin treatment and centrifuged at 300 g for 5 min;
pellets were washed with PBS (pH 7.4), placed on ice, an
overlaid with 0.5 mL of a solution containing 503/mL of
propidium iodide, 0.1% Triton X-100, and 0.1% sodium
citrate. After gentle resuspension in this solution, cells were 3. Results

left at 4° for at least 30 min, in the absence of light, before

analysis. Propidium iodide-stained cells were analyzed us- Fig. 1 shows the flow cytometric analysis of CHP-100
ing a FACScan Flow Cytometer (Becton Dickinson); fluo- cells exposed for different times to 50 nM OA. In keeping
rescence was measured between 565 and 605 nm. The dataith previous observations [8], apoptosis was not detected
were acquired and analyzed by the Lysis Il program (Becton within 5 hr after addition of the PP inhibitor (panels A and

roform/acetone/methanol/acetic acid/water (50:20:10:10:5,
v/v) (second dimension). Lipid spots were visualized under
iodine and scraped off from the plates into counting vials for
radioactivity determination. Protein determination was car-
d ried out according to Lownet al. [16].

Dickinson). B), but became extensive by 24 hr of treatment (panel C);
moreover, cell death was largely blocked by the caspase

2.3. Cell labeling with }*C]palmitate, lipid extraction, inhibitor Z-VAD.fmk, 100 uM (panel D). We studied the

and separation temporal profile of the changes occurring in Cer and GlcCer

levels upon exposure of CHP-100 cells to 50 nM OA, under

Cells grown in 35-mm plates were labeled with conditionsin which apoptosis was either allowed to occur or
[**C]palmitic acid (1u.Ci/mL) for 24 hr. After washing with was inhibited by 10QuM Z-VAD.fmk. Fig. 2 shows that
RPMI plus 0.1% BSA, cells were reincubated for 24 hr in within 5 hr after OA addition, i.e. before apoptosis onset,
label-free growth medium prior to any treatment. Lipids not only Cer, but also GlcCer levels were already increased
were extracted according to the method of Bligh and Dyer (panels A and B, respectively); moreover, at this time,
[15] and subjected to mild alkaline hydrolysis with 0.1 M changes in the levels of the two sphingolipids were not
methanolic KOH for 1 hr at 37°. After re-extraction, the affected by the presence of the caspase inhibitor. On the
chloroformic phase was analyzed by high-performance other hand, as exposure to OA was prolonged beyond 5 hr,
TLC. Monodimensional Cer and GlcCer separation was the accumulation profiles of Cer and GlcCer were markedly
achieved by developing samples in chloroform/acetic acid affected by the presence of Z-VAD.fmk: the inhibitor, in
(9:1, v/v) and chloroform/methanol/water (65:25:4, v/v), fact, blocked any further elevation in Cer levels and elicited
respectively. Two-dimensional SM resolution was achieved a more pronounced accumulation of GlcCer (Fig. 2, panels
by developing samples in chloroform/methanol/25% A and B).
NH,OH/water (65:35:4:4, v/v) (first dimension) and in chlo We have reported that OA-induced Cer accumulation is
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Fig. 2. Z-VAD.fmk effects on Cer, GlcCer, and SM levels in OA-treated
cells. [**C]Palmitate-labeled cells were incubated for the indicated times in

the absence (circles) or presence (squares) of 50 nM OA, either in the

absence (black symbols) or presence (white symbols) of ABDZ-
VAD.fmk. Lipids were then extracted, resolved by high-performance TLC,
and radioactivity in Cer (A), GlcCer (B), and SM (C) determined. Basal
radioactivity (dpm/mg protein= SD) was: 1400+ 100 for Cer, 1050+

180 for GlcCer, and 28,51& 2,650 for SM. Results are means of four
different experiments. Standard deviations (not shown) were within 15% of
mean values. Statistical significance? *< 0.01, asfrom paired data
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Fig. 3. Fumonisin B does not suppress OA-evoked GlcCer accumulation.
[**C]Palmitate-labeled cells were incubated for 24 hr in medium containing
50 nM OA or vehicle, either in the presence or absence ofu®b
fumonisin B, (FumB1). Lipids were extracted, GlcCer isolated, and its
radioactivity content measured. The presence or absence of OA or fumo-
nisin B, is indicated by “+” and “—,” respectively. Results are means

SD of four different experiments. Differences between values referring to
samples treated with OA alone or OA plus fumonisipnviere not statis
tically significant, as from paired data analysis.

not suppressed by the Cer synthase inhibitor fumonisin B
[8]. We now show in Fig. 3 that fumonisin,Rlid not even
suppress OA-induced GlcCer accumulation, thus ruling out
the possibility that glucosylation targets a separate neosyn-
thesized Cer pool. In line with the possibility that both Cer
and GlcCer elevation might follow SM hydrolysis, Fig. 2C
shows that SM levels were decreased after cell exposure to
OA; moreover, Z-VAD.fmk did not reverse the decrease in
SM levels in OA-treated cells, thus clearly indicating that
the phenomenon is upstream of caspase activation.

The above-reported results indicated that, during apopto-
sis completion, Cer accumulation was partly sustained by
impairment of its conversion to GlcCer through a caspase-
dependent mechanism. Since Cer may be upstream of
caspase activation [9], we entertained the possibility that the
initial rapid Cer glucosylation could partly account for the
delay observed in apoptosis induction and that later reduc-
tion of GlcCer synthesis might provide a positive loop for
amplification of the apoptotic response. On this basis, we
guestioned whether artificial impairment of Cer glucosyla-
tion could accelerate apoptosis onset and/or potentiate the
apoptotic response to OA.

To address this issue, we monitored the effects of the
GlcCer synthase inhibitor PDMP [17] on OA-induced Cer
elevation and apoptosis. PDMP was used au.8Q at this
concentration, the compound was reported to be non-toxic
for CHP-100 cells when administered alone, but to enhance
short-chain Cer-induced apoptosis by potently inhibiting its

analysis, as follows. Panels A and B: samples treated with OA alone versusgllmosyIation [10]- UneXpeCtedly’ we found that PDMP did

samples treated with OA plus Z-VAD.fmk. Panel C: samples treated with
OA versus untreated with OA.

not affect the kinetics or the magnitude of the apoptotic
response induced by 50 nM OA (Fig. 4A). This result
prompted us to investigate whether, upon blocking of glu-
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B Fig. 5. PDMP enhances OA-induced Cer accummulation. ¥Ag]Palmi
o 0 tate-labeled cells were either left untreated or treated for 5 or 24 hr with 50

nM OA, 30 uM PDMP, or 50 nM OA plus 3quM PDMP. Cer and GlcCer
were then isolated and their radioactivity measured. (B¢]Palmitate-
OA - + = + labeled cells were either left untreated or treated for 24 hr with 20 nM OA,
30 uM PDMP, or 20 nM OA plus 3QuM PDMP. Cer and GlcCer were
PDMP = - + + then isolated and their radioactivity measured. The presence or absence of

) ) ) OA or PDMP is indicated by +” and “—", respectively. In each panel,
Fig. 4. PDMP does not propagate OA-induced apoptosis. (A) Cells were data are means SD of four different experiments. Statistical significance:

incubated for the indicated times in the absence (circles) or presencesp - 9 01 agrom paired data analysis of samples treated with OA plus
(squares) of 50 nM OA, either in the absence (black symbols) or presence PDMP ver:;us samples treated with OA alone

(white symbols) of 3QuM PDMP. (B) Cells were either left untreated or
treated for 24 hr with 20 nM OA, 32M PDMP, or 20 nM OA plus 3M

PDMP. Cells were harvested and processed for apoptosis determination bytimes potentiated Cer accumulation approximately three-
flow cytometry. In each panel, results are mean$D of four different '

experiments. Where not shown, SDs fall inside the symbol. The presencefOId in comparison with sample_s treated with QA alone.
of PDMP did not significantly affect basal or OA-induced apoptosis, as The effects of PDMP on OA-induced ceramide accumu-
from paired data analysis. lation and apoptosis were also studied using the PP inhibitor
at a 20-nM concentration, i.e. the lowest one at which OA
was found to induce caspase-dependent apoptosis [8]. Most
remarkably, the GlcCer to Cer ratio was found to peak at
cosylation, Cer was down-regulated through alternative this concentration when monitored after 24-hr cell incuba-
metabolic pathways. To this aim, we monitored the effects tion with increasing OA doses (not shown, but compare data
of PDMP on OA-induced Cer elevation at 5 or 24 hr, i.e. from Fig. 5A and 5B). On this basis, one could expect that
before apoptosis onset or when the phenomenon hadthe moderate apoptotic response produced by 20 nM OA
reached its maximal extent. As shown in Fig. 5A, PDMP not could be accounted for by a reduced Cer accumulation, due
only blocked GlcCer synthesis, but, as observed at bothto sustained lipid removal through glucosylation. As shown
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in Fig. 4B, apoptosis induced by a 24-hr treatment of CHP- question as to whether the rapid and sustained Cer elevation
100 cells with 20 nM OA was not affected by the presence evoked by OA is indeed involved in apoptosis induction or
of 30 uM PDMP; conversely, the GlcCer synthase inhibitor is rather a metabolic response to the stress caused by PP
potentiated OA-induced Cer elevation by more than 300% inhibition. With respect to this point, it is worth mentioning
(Fig. 5B). that OA, administered to intact cells at the concentrations
presently employed, is expected to predominantly inhibit PP
type 2A [18], and that Cer is a potent PP type 2A activator
4. Discussion [19]. Thus, the dysregulated phosphorylation state of one or
more critical protein(s) could provide a sufficient condition
GlcCer synthesis is not only the first step in the synthesis for activation of the apoptotic program, without any inter-
of complex glycosphingolipids, but has also been impli- vening role of Cer.
cated in intracellular Cer homeostasis. Indeed, a substantial The role of Cer in apoptosis has recently become a matter
body of evidence now points to an inverse relationship of debate [20—23]. In those cases in which apoptosis asso-
between tumor cell ability to sustain pronounced GlcCer ciates with accumulation of neosynthesized Cer, the use of
synthesis and sensitivity to those agents that induce apoptothe Cer synthase inhibitor fumonisin, Bas proved crucial
sis through the Cer pathway [11-14]. Moreover, it has beento confirm or dismiss the apoptogenic role of the lipid
demonstrated that inhibition of GlcCer synthase potentiates[3,24]. On the other hand, when Cer is generated through
short-chain Cer-induced apoptosis [10]. In this study, we SM hydrolysis, blocking of the reaction is difficult to
have shown that Cer produced in response to CHP-100 cellachieve, due to poor availability of specific and non-toxic
exposure to OA was rapidly converted to GlcCer in the sphingomyelinase inhibitors. In these cases, the apoptotic
period during which cell viability was fully maintained, but, role of Cer is inferredpona fide on the ability of exog-
as apoptosis started to occur, Cer glucosylation markedly enously administered Cer to reproduce the apoptotic out-
declined through a caspase-dependent mechanism. This obeome. However, the question has been posed as to whether
servation led us to investigate whether the initial rapid short-chain and endogenous Cer share the same biological
removal of Cer by glucosylation was related to apoptosis properties [21,25]. Indeed, the data provided herein and
delay and whether the negative modulation of GlcCer syn- results previously reported by our group [10] indicate that
thesis by caspase activation provided a mechanism for ap-blocking of glucosylation of short-chain Cer and of endog-
optosis amplification. We have found that potentiation of enous Cer generated in response to OA induce different
OA-induced Cer accumulation, caused by the blocking of apoptotic outcomes in CHP-100 cells. This implies that
lipid removal through the GlcCer synthase inhibitor PDMP, caution must be exercised concerning the possibility that
did not affect the apoptotic response in CHP-100 cells. Cer produced after cell treatment with OA plays a key role
Thus, modulation of Cer glucosylation seems to be disso- in apoptosis induction.
ciated from the apoptotic response. One possible explana-
tion for our results is that Cer produced after OA treatment
requires compartmentalization to be effective and, differ- Acknowledgments
ently from other systems, loses its apoptogenic properties . )
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