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Abstract
We report that apoptosis induced by N-hexanoylsphingosine
(C6-Cer) inCHP-100humanneuroepitheliomacellsassociates
with accumulation of monohexosylsphingolipids produced
not only by short-chain ceramide glycosylation but also
through glycosylation of a ceramide pool endogenously
produced. By high-performance thin layer chromatography
on borate silica gel plates, newly formed monohexosyl-
sphingolipids were identified as glucosylceramides (GluCer);
however, accumulation of lactosylceramide or higher-order
glycosphingolipids was not observed. GluCer accumulation
was fully suppressed by D-threo-1-phenyl-2-decanoylamino-
3-morpholino-1-propanol; moreover, while this inhibitor had
no effect on cell viability when administered alone, it markedly
potentiated the apoptotic effect of C6-Cer. These results
provide evidence that activation of GluCer synthesis is an
important mechanism through which CHP-100 cells attempt to
escape ceramide-induced apoptosis.
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Introduction

Ceramide (N-acyl-erythro-sphingosine) is now recognized
as a key lipid mediator able to trigger the apoptotic
programme in various cell systems (Hannun, 1996; PenÄa
et al, 1997). Receptor-mediated ceramide generation by
sphingomyelinase C activation and apoptosis induction

have been reported after cell treatment with various
agents, including tumor necrosis factor a (Kim et al,
1991; Obeid et al, 1993; Jarvis et al, 1994), Fas ligand
(Trauth et al, 1989; Cifone et al, 1994) and NGF
(Rabizadeh et al, 1993; Dobrowsky et al, 1994; Casaccia-
Bonnefil et al, 1996); furthermore, it has been observed
that administration of soluble and cell-permeant ceramides
can reproduce the apoptotic effects elicited by the above
mentioned agents.

Ceramide homeostasis is maintained by mechanisms
that control its removal through several potential routes,
including deacylation, phosphorylation, glycosylation and
sphingomyelin resynthesis (Merril and Jones, 1990;
Hannun, 1996). Intriguingly, a body of evidence now
indicates that ceramide metabolism may not simply result
in lipid downregulation and quenching of its effects, but
may also lead to generation of derivatives that provide
themselves active mediators in apoptosis induction. Thus,
for instance, sphingosine has been demonstrated to
induce apoptosis in human leukaemic cells undergoing
differentiation by phorbol ester treatment (Otha et al,
1995); moreover, sphingosine and N,N,-dimeythylsphingo-
sine have been reported to induce apoptosis in a variety
of cancer cell lines more potently than short-chain
ceramides (Sweeney et al, 1996). The issue of
ceramide glycosylation, in the context of apoptosis
induction, has recently attracted considerable interest,
with evidence provided that activation of this metabolic
pathway can either negatively modulate or induce
apoptosis. Thus, in breast cancer cells, inhibition of
ceramide glycosylation has been shown to reverse a
form of resistance to adriamycin, associated with
elevated steady-state glucosylceramide (GluCer) levels
(Lavie et al, 1996; 1997). On the other hand, in human
lymphoma cells, GluCer synthase inhibition has been
shown to prevent GD3 ganglioside synthesis and
apoptosis, as observed after Fas ligation or short-chain
ceramide administration (DeMaria et al, 1997). We have
recently demonstrated that N-hexanoylsphingosine (C6-
Cer) induces apoptosis in CHP-100 human neuroepithe-
lioma cells (Spinedi et al, 1998); on the basis of this
finding, we were promoted to investigate whether
generation of any ceramide-derived metabolite was
involved in apoptosis modulation. We report that, in
CHP-100 cells, short-chain ceramide elicits endogenous
ceramide accumulation; moreover, we provide evidence
that both C6-Cer and endogenously produced ceramide
are partly glucosylated during apoptosis induction and
that block of this reaction markedly increases pro-
grammed cell death.
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Results

C6-Cer induces apoptosis and long-chain ceramide
accumulation in CHP-100 cells

We have recently reported that C6-Cer induces apoptosis in
CHP-100 neuroepithelioma cells (Spinedi et al, 1998); a time-
course of the phenomenon, after cell treatment with 30 mM
C6-Cer, is now shown in Figure 1A. In order to assess whether
apoptosis associated with accumulation of any ceramide-
derived metabolite, we studied, by high-performance thin-
layer chromatography (HPTLC), the changes occurring in cell
sphingolipid pattern after C6-Cer administration. To this aim,
samples were developed using two different solvent systems,
in order to achieve separation of sphingosine and ceramides
(Figure 1B) or neutral glycosphingolipids (Figure 1C). Figure
1B shows that C6-Cer was rapidly uptaken by CHP-100 cells;
moreover, accumulation of ceramide bearing long chain fatty
acids (Lc-Cer) was also observed. By fatty acid gas-
chromatographic analysis, Lc-Cer mass was estimated less
than 3.0 pmol/nmol of lipid phosphate in untreated cells and
around 10 pmol/nmol of lipid phosphate after cell treatment
for 18 h with 30 mM C6-Cer. As shown in Figure 2A, C6-Cer
was able to induce radioactivity accumulation in Lc-Cer in
cells in which endogenous sphingolipids had been prelabelled
with [14C]palmitate; the phenomenon followed a slow kinetics
and was associated with decreased sphingomyelin labelling.
In keeping with previous reports (Abe et al, 1992; GoÁmez-
MunÄoz et al, 1995), these results suggest that, in CHP-100
cells, short-chain ceramide is able to induce accumulation of
endogenous ceramide.

C6-Cer and long-chain ceramide undergo
metabolism through glycosylation

As shown in Figure 1B, CHP-100 cell exposure to C6-Cer
did not result in sphingosine accumulation, but was
consistent with the rapid appearance of a novel product
migrating as a single band (lipid Z) and with the marked
(albeit slower) accumulation of products migrating as a
doublet (lipids XY). Positive staining with a-naphthol
indicated that all the newly formed products were glyco-
sphingolipids (not shown); moreover, lipids XY comigrated
with cerebroside standards from bovine brain, whereas lipid
Z, although being slightly retarded with respect to naturally
occurring cerebrosides, migrated faster than lactosylcera-
mide (Figure 1C). Since short-chain ceramides and their
derivatives migrate on TLC more slowly than the long-chain
counterparts, lipid Z was likely to be a monohexosyl-
sphingolipid derived from direct C6-Cer glycosylation. In
support of this notion we observed the partial release of lipid
Z, but not lipids XY, into the culture medium (Figure 2B), a
phenomenon indicating defective sphingolipid anchorage to
the membrane, due to the presence of short-chain ceramide.
In addition, in cells prelabelled with [14C]palmitate and
treated with C6-Cer, radioactivity was found to accumulate in
lipids XY but not in lipid Z (Figure 2A), a result clearly
indicating that glycosphingolipids migrating as a doublet
originate from ceramide endogenously produced whereas
the glycosphingolipid migrating as a single band is derived
from exogenously administered ceramide.

Figure 1 Changes in the sphingolipid pattern in CHP-100 cells undergoing
apoptosis after C6-Cer administration. (A) CHP-100 cells were incubated for
the indicated times in growth medium containing vehicle (0.1% ethanol) or
30 mM C6-Cer and apoptosis determined by flow cytometric analysis. Results
are means+S.D. of four different experiments. Statistical significance:
*P50.01, as compared to samples treated with carrier only, as from
Student's t-test. (B) CHP-100 cells were incubated either with vehicle (lane
2) or with 30 mM C6-Cer for 6 h (lane 3) or 18 h (lane 4). Lipids were extracted
by the method of Bligh and Dyer (1959), subjected to mild alkaline hydrolysis
and resolved by solvent system I (see text). Lane 1 shows the migration of
standards for C6-Cer, ceramide from bovine brain (Lc-Cer) and sphingosine
(Sph). (C) CHP-100 cells were incubated either with vehicle (lane 2) or with
30 mM C6-Cer for 18 h (lane 3). Lipids were extracted by the method of Folch et
al (1957), subjected to mild alkaline hydrolysis and resolved by solvent system
II (see text). Lane 1 shows the migration of standards for C6-Cer, cerebrosides
from bovine brain (Mh-Cer), lactosylceramide (Lact-Cer), globotriaosylcer-
amide (GbOse3-Cer), globotetraosylceramide (GbOse4-Cer) and Forssmann
pentasaccharide (Forssmann p). The arrows at the right indicate the origin (O)
and the neosynthesized products migrating as a doublet (XY) or single band(Z)
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Neosynthesized glycosphingolipids are short- and
long-chain GluCer

The neosynthesized monohexosylsphingolipids were potently
labelled by [14C]galactose (Figure 3), but barely by
[14C]glucose (not shown); although this result could suggest
that neosynthesized lipids were galactosylceramides, we
observed that D-threo-1-phenyl-2-decanoylamino-3-morpho-
lino-1-propanol (PDMP), reported to inhibit GluCer but not
galactosylceramide synthesis (Hakomori, 1996), was able to
fully prevent C6-Cer-induced monohexosylceramide forma-
tion at a 30 mM concentration (Figure 3). Since it is well known
that, after isomerization, [14C]galactose can efficiently label
GluCer (Lavie et al, 1997), we further investigated the identity
of the sugar mojety in neosynthesized lipids by bi-dimensional
HPTLC analysis on borate-impregnated silica-gel plates
(Kean, 1966). As shown in Figure 4, lipids XY comigrated
with a naturally occurring GluCer standard in both dimen-
sions; on the other hand, all the newly formed products
migrated faster than galactosylceramide standards in the first
dimension. These results clearly indicate that accumulating
lipids are short- and long-chain GluCer. Remarkably, although
GluCer is the earliest intermediate along the pathway of
higher-order glycosphingolipids synthesis, we could not
detect enhancement of [14C]galactose incorporation into
higher-order total neutral glycosphingolipids or gangliosides
in C6-treated cells (not shown).

Inhibition of GluCer synthesis potentiates
ceramide-induced apoptosis

We studied whether inhibition of GluCer accumulation, due to
cell treatment with PDMP affected C6-Cer-induced apoptosis.

Figure 2 C6-Cer administration to [14C]palmitate-labelled cells induces
radioactivity accumulation in Lc-Cer and in the doublet, whereas the single
band is not labelled by [14C]palmitate and is released into the medium. (A) CHP-
100 cells were prelabelled with [14C]palmitate (1 mCi/ml) for 24 h. After washing
with RPMI-1640 containing 0.1% bovine serum albumin, cells were reincubated
for the indicated times in label-free medium containing 30 mM C6-Cer or vehicle.
Lipids were then extracted, subjected to mild alkaline hydrolysis and resolved
by HPTLC. Sphingolipids were visualized by iodine, scraped off into counting
vials and their radioactivity determined. Lipid Z and lipid XY indicate the
neosynthesized products shown in Figure 1B ± C; Lc-Cer and SM indicate long-
chain-ceramide and sphingomyelin, respectively. Data are means+S.D. of four
different determinations. Statistical significance: *P50.01, as compared to
samples incubated in the presence of carrier only, as from Student's t-test. (B)
Lipids were extracted from the culture media of CHP-100 cells maintained for
18 h either in the absence (lane 1) or presence of 30 mM C6-Cer for (lane 2).
Following mild alkaline hydrolysis lipids were resolved by solvent system II (see
text) and detected according to Macala et al (1983). The arrows at the right
indicate the migration of lipid Z, lipids XY and sphingom yelin (SM)

Figure 3 PDMP blocks [14C]galactose incorporation into neosynthesized
monohexosylsphingolipids. CPH-100 cells were incubated with growth
medium containing 1 mCi/ml [14C]galactose and 30 mM C6-Cer or vehicle,
either in the absence or presence of PDMP at the indicated concentrations.
After 18 h, the neosynthesized products migrating as a doublet (Lipids XY) or
as a single band (Lipid Z) (see Figure 1) were visualized by iodine, scraped off
into counting vials and their radioactivity determined. Data are means+S.D. of
four different determinations. Statistical significance: *P50.01, as compared
to samples labelled in the presence of carrier only, as from Student's t-test
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As shown in Figure 5, PDMP, administered for 18 h up to the
concentration of 30 mM, was not toxic to CHP-100 cells; this
compound, however, dose-dependently potentiated the
apoptotic effect induced by 30 mM C6-Cer (Figure 5A).
Moreover, when the inhibitor was administered at a 30 mM
concentration it was able to allow apoptosis induction already
at a 15 mM C6-Cer concentration (Figure 5B). Figure 6 shows
that 30 mM PDMP administered alone for 18 h to
[14C]palmitate-labelled cells elicited only an average 40%
increase of Lc-Cer labelling over basal. Remarkably, 30 mM
PDMP markedly potentiated accumulation of labelled Lc-Cer
after exposure of [14C]palmitate-labelled cells to C6-Cer. In the
absence of PDMP, 30 mM C6-Cer elicited a fivefold increase
of [14C] Lc-Cer accumulation over basal; the increase was
about eightfold in the presence of 30 mM PDMP.

Discussion

Herein we have investigated C6-Cer metabolism in CHP-100
neuroepithelioma cells, in order to assess whether any
derivative of the above mentioned lipid could be involved in
apoptosis modulation. A first observation, however, was that,
in the system presently studied, C6-Cer uptake associated
with elevation of Lc-Cer levels. Endogenous ceramide
generation has been previously observed after C2-Cer and
C6-Cer administration to rat fibroblasts (GoÁmez-MunÄ oz et al,
1995); in addition, it has been reported that C8-Cer elevates
endogenous ceramide levels in Madin-Darby canine kidney

cells, by inhibiting phosphocholinetransferase involved in
sphingomyelin synthesis (Abe et al, 1992). While the routes
through which Lc-Cer is produced in CHP-100 cells remain to

Figure 4 Identification of neosynthesized monohexosylsphingolipids as
glucosyl ceramides by two-dimensional HPTLC analysis on borate-
impregnated plates. CHP-100 cells were incubated with 30 mM C6-Cer for
18 h. Lipids were then extracted, subjected to mild alkaline hydrolysis and
resolved by two-dimensional HPTLC on borate-impregnated silica-gel G
plates. Lipid detection was carried out according to Macala et al (1983). The
arrows at the upper and left borders indicate the migration of standards of
glucosylceramide (GluCer), non-hydroxy fatty acid galactosylceramide (NFA-
GalCer) and hydroxy fatty acid galactosylceramide (HFA-GalCer) from bovine
brain

Figure 5 PDMP potentiates C6-Cer-induced apoptosis. CHP-100 cells were
incubated for 18 h with vehicle or 30 mM C6-Cer, in the presence of PDMP at
the indicated concentrations (A) or with vehicle or 30 mM PDMP and C6-Cer at
the indicated concentrations (B). Apoptosis was determined by flow cytometric
analysis. Results are means+S.D. of four different experiments. Statistical
significance: *P50.01, as compared to samples treated with carrier only, as
from Student's t-test
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be fully elucidated, the magnitude of the phenomenon is such
that it could relevantly contribute to apoptosis induction. We
have shown that short- and long-chain ceramides are not
appreciably metabolized to sphingosine, but are partially
converted to GluCer; notably, block of this reaction, achieved
by the GluCer synthase inhibitor PDMP, potentiated C6-Cer-
induced apoptosis, thus suggesting that GluCer synthesis
provides a mean through which cells attempt to escape
programmed cell death. Ceramide glucosylation could fulfil its
anti-apoptotic function at least partly by downregulating
intracellular ceramide levels; in line with this view we have
shown that C6-Cer-induced Lc-Cer elevation is potentiated by
PDMP. Nonetheless, the possibility that GluCer itself might
also function as an active lipid in counteracting apoptosis
cannot be presently ruled out. In line with our results, recent
studies have demonstrated that a subclone of MCF-7 breast
cancer cells which is resistant to adriamycin displays higher
levels of GluCer and synthesizes more rapidly this glyco-
sphingolipid than the wild-type counterpart; moreover,
inhibition of ceramide glucosylation restores cell sensitivity
to adriamycin (Lavie et al, 1996; 1997).

It must be recalled that ceramide glucosylation provides
the first step towards the synthesis of higher-order
lactosylceramide-based neutral glycosphingolipids and
gangliosides, some of which have been demonstrated to
play an active role in apoptosis induction. Evidence for a
relationship between globotriaosylceramide expression and
apoptosis in B lymphocytes (Mangeney et al, 1995) and

Burkitt lymphoma cells (Mangeney et al, 1993) has been
provided. More recently, it has been shown that apoptosis
induced in HuT78 human lymphoma cells by Fas ligation or
short-chain ceramide administration is mediated by GD3
ganglioside synthesis and can be prevented by GluCer
synthase inhibition (De Maria et al, 1997). Intriguingly, in
our system, we could not detect substantial metabolism of
newly synthesized GluCer to lactosylceramide or higher-
order glycosphingolipids. The basis of this phenomenon are
presently unknown. In the case of short-chain neutral
glycosphingolipids we entertained the possibility that these
products could be lost during lipid extraction, owing to
preferential partion into the water/methanol phase; on the
other hand, analysis of the Folch upper phase demon-
strated that this was not the case (not shown). Intriguingly,
short-chain Cer metabolism to GluCer but not to higher-
order glycosphingolipids has also been reported in
hyppocampal neurons (Harel and Futerman, 1993; Boldin
and Futerman, 1997); herein, in addition, we could not even
detect substantial accumulation of glycosphingolipids
derived from GluCer bearing long-chain fatty acids. Thus,
a possibility to be entertained is that, in the system
presently studied, GluCer synthesis that follows the abrupt
increase of ceramide levels is sequestered from the routes
that lead to lactosylceramide and higher-order glyco-
sphingolipid synthesis. Taken together, the present results
and those reported by other groups suggest that ceramide
glucosylation initiates a multifunctional pathway, such that
programmed cell death can be triggered or prevented,
depending on the cell system and/or on the final products
of ceramide metabolism.

Materials and Methods

Materials

CHP-100 human neuroepithelioma cells were obtained through the
courtesy of Prof. G Melino (University of L'Aquila, Italy). D-threo-1-
phenyl-2-decanoylamino-3-morpholino-1-propanol, bovine brain cer-
amide and galactocerebrosides as well as human glucocerebrosides
were from Sigma Chemical Co. (St. Louis, MO, USA); higher-order
neutral glycosphingolipids, sphingosine and C6-Cer were from
Calbiochem Novachem Co. (La Jolla, CA, USA). D-[U-14C]galactose
(295 mCi/mmol), [14C]palmitic acid (55.3 mCi/mmol) and the chemo-
luminiscence ECL detection system were from Amersham Corp.
(Bucks., UK). HPTLC silica gel 60 plates were from Merck, Darmstadt,
Germany.

Cell culture and apoptosis evaluation

CHP-100 cells were grown at 378C in RPMI-1640 medium,
supplemented with 10% (v/v) heat-inactivated foetal calf serum,
2 mM glutamine, 100 i.u./ml penicillin and 100 mg/ml streptomycin, in
a humidified atmosphere with 5% (v/v) CO2. C6-Cer and other
chemicals were administered to cells in complete growth medium.
Apoptosis was monitored by evaluation of the pre-G1 cell population,
after flow cytometric analysis. Cells were detached from the plates by
trypsin treatment and centrifuged at 300 6 g for 5 min; pellets were
washed with phosphate-buffered saline (pH 7.4), placed on ice and
overlaid with 0.5 ml of a solution containing 50 mg/ml propidium iodide,
0.1% Triton X-100 and 0.1% sodium citrate. After gentle resuspension

Figure 6 PDMP effects on endogenous ceramide levels in cells exposed or
not to C6-Cer. CHP-100 cells were prelabelled with [14C]palmitate (1 mCi/ml)
for 24 h. After washing with RPMI-1640 containing 0.1% bovine serum
albumin, cells were reincubated for 18 h in label-free medium containing 30 mM
C6-Cer or vehicle (`+' and `7', respectively), in the presence or absence of
30 mM PDMP (`+' and `7', respectively). Lipids were then extracted, subjected
to mild alkaline hydrolysis and resolved by HPTLC. Long-chain ceramide spots
were visualized by iodine, scraped off into counting vials and their radioactivity
determined. Data are means+S.D. of four different determinations. Statistical
significance: *P50.01, as compared to samples incubated in the presence of
carrier only, as from Student's t-test
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in this solution cells were left at 48C for 30 min at least, in the absence of
light, before analysis. Propidium iodide-stained cells were analyzed
using a FACScan Flow Cytometer (Becton-Dickinson, CA, USA);
fluorescence was measured between 565 and 605 nm. The data were
acquired and analyzed by the Lysis II program (Becton-Dickinson, CA,
USA).

Lipid extraction and separation

Lipids were extracted according to the methods of Bligh and Dyer
(1959) or Folch et al (1957); the latter method was preferred for
extraction of high order neutral glycosphingolipids and gangliosides.
Lipid extracts were subjected to mild alkaline hydrolysis with 0.1 M
methanolic KOH for 1 h at 378C and, after re-extraction, the
chloroformic phase was analyzed by HPTLC. Ceramide and
sphingosine separation was achieved by developing samples in n-
hexane/diethylether/acetic acid (25 : 75 : 1, vol/vol) for full plate height,
followed by development in same direction in chloroform/methanol/
0.7 N NH4OH (20 : 5 : 0.5, vol/vol), up to 3 cm from the top, and again
in the same direction in n-hexane/diethylether/acetic acid (25 : 75 : 1,
vol/vol) for full plate height (solvent system I). Monodimensional
resolution of neutral glycosphingolipids was achieved by developing
samples in chloroform/methanol/water (65 : 25 : 4, vol/vol) (solvent
system II). Two-dimensional lipid analysis was carried out on HPTLC
plates dipped in 2.5% boric acid in methanol and activated by heating
at 1108C for 30 min. Samples were developed in the first dimension in
chloroform/methanol/25% NH4OH/water (65 : 35 : 4 : 4, vol/vol) and in
the second dimension in chloroform/acetone/methanol/acetic acid/
water (50 : 20 : 10 : 10 : 5, vol/vol). Two-dimensional separation was
also employed for sphingomyelin resolution. Unless otherwise
mentioned, lipids were visualized by dipping the plates in a solution
of 3% cupric acetate in 8% phosphoric acid and heating in an oven for
15 min at 1808C, according to Macala et al (1983). For glyco-
sphingolipid detection, plates were sprayed with a solution made of
10.5 ml methanolic a-naphthol (5%, w/v), 6.5 ml concentrated
sulphuric acid, 40.5 ml ethanol and 4 ml water, followed by hearing
for 10 min at 908C, as reported (Ando and Saito, 1987). Fatty acids
were transmethylated and analyzed by a Perkin Elmer 8310 gas
chromatograph, equipped with a Supelcowax 10 fused silica capillary
column, as previously described (Spinedi et al, 1987). Total
gangliosides were isolated according to Williams and McCluer (1980).

[14C]palmitate and [14C]galactose incorporation
into sphingolipids

Cells grown to subconfluence in 35 mm plates were labelled with
[14C]palmitic acid (1 mCi/ml) for 24 h. After washing with RPMI plus
0.1% bovine serum albumin, 30 mM C6-Cer was added for the
indicated times. [14C]Galactose (1 mCi/ml) was administered to cells
concomitantly with C6-Cer and/or PDMP at the concentrations
reported in the text. After extraction and separation, lipids were
visualized under iodine and spots scraped off from the plates into
counting vials for radioactivity determination. Protein determination
was carried out according to Lowry et al (1951). Lipid phosphate was
measured according to Marinetti (1962).
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