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Gangliosides Link the Acidic Sphingomyelinase–
Mediated Induction of Ceramide to 12-Lipoxygenase–
Dependent Apoptosis of Neuroblastoma in Response
to Fenretinide

Penny E. Lovat, Federica Di Sano, Marco Corazzari, Barbara Fazi, Raffaele
Perrone Donnorso, Andy D. J. Pearson, Andrew G. Hall, Christopher P. F.
Redfern, Mauro Piacentini

Background: The lipid second messenger ceramide, which is
generated by acidic and neutral sphingomyelinases or cer-
amide synthases, is a common intermediate of many apopto-
tic pathways. Metabolism of ceramide involves several en-
zymes, including glucosylceramide synthase and GD3
synthase, and results in the formation of gangliosides (GM3,
GD3, and GT3), which in turn promote the generation of
reactive oxygen species (ROS) and apoptosis. Fenretinide, a
retinoic acid derivative, is thought to induce apoptosis via
increases in ceramide levels, but the link between ceramide
and subsequent apoptosis in neuroblastoma cells is unclear.
Methods: SH-SY5Y and HTLA230 neuroblastoma cells were
treated with fenretinide in the presence or absence of inhib-
itors of enzymes important in ceramide metabolism (fumo-
nisin B1, inhibitor of ceramide synthase; desipramine, inhib-
itor of acidic and neutral sphingomyelinases; and PDMP,
inhibitor of glucosylceramide). Small interfering RNAs were
used to specifically block acidic sphingomyelinase or GD3
synthase activities. Apoptosis, ROS, and GD3 expression
were measured by flow cytometry.Results: In neuroblas-
toma cells, ROS generation and apoptosis were associated
with fenretinide-induced increased levels of ceramide, glu-
cosylceramide synthase activity, GD3 synthase activity, and
GD3. Fenretinide also induced increased levels of GD2, a
ganglioside derived from GD3. Inhibition of acidic sphingo-
myelinase but not of neutral sphingomyelinase or ceramide
synthase, blocked fenretinide-induced increases in ceramide,
ROS, and apoptosis. Exogenous GD3 induced ROS and ap-
optosis in SH-SY5Y cells but not in SH-SY5Y cells treated
with baicalein, a specific 12-lipoxygenase inhibitor. Exoge-
nous GD2 did not induce apoptosis.Conclusions: A novel
pathway of fenretinide-induced apoptosis is mediated by
acidic sphingomyelinase, glucosylceramide synthase, and
GD3 synthase, which may represent targets for future drug
development. GD3 may be a key signaling intermediate lead-
ing to apoptosis via the activation of 12-lipoxygenase. [J Natl
Cancer Inst 2004;96:1288–99]

Neuroblastoma is the most common extracranial solid tumor
of childhood (1), and high-risk disease is usually treated with
chemotherapy and autologous bone marrow transplantation. The
biologic behavior of neuroblastoma is variable and the disease
can resolve spontaneously, suggesting that advances in treatment

may come from a greater understanding of neuroblastoma cell
biology and of methods to increase the targeting of conventional
therapy. The most substantial advance in treatment in recent
years has come from the inclusion of 13-cis retinoic acid as a
biologic therapy targeting minimal residual disease (2), but
further refinements of retinoic acid therapy are limited by the
fact that retinoic acid can induce differentiation of neuroblas-
toma cells, rendering them resistant to chemotherapy (3). How-
ever, some synthetic derivatives of retinoic acid, such as fen-
retinide (N-[4-hydroxyphenyl]retinamide), can induce apoptosis
rather than differentiation (4,5) and, unlike 13-cis retinoic acid,
show synergistic responses with chemotherapeutic drugs in vitro
(6,7). Because fenretinide is well tolerated, there is substantial
interest in using fenretinide for clinical trials in neuroblastoma
and other cancers [for examples, see (8,9)]. Fenretinide is also a
valuable tool for defining apoptotic signaling pathways and for
defining mechanisms of synergy with chemotherapeutic drugs.
Increasing the specificity of chemotherapy agents through tar-
geting cell-specific synergistic responses may provide more ef-
fective and less toxic treatment than is possible with conven-
tional chemotherapeutic drugs.

In neuroblastoma cells, fenretinide-induced apoptosis in-
volves mitochondria and is caspase-dependent (10). Retinoic
acid receptor (RAR) antagonists and antioxidants inhibit
fenretinide-induced apoptosis, suggesting that signaling path-
ways involving RARs and reactive oxygen species (ROS) are
both required for fenretinide-induced apoptosis (10). However,
the ability of fenretinide to induce ROS may be the key to its
apoptosis-inducing properties. Recent studies (11,12) have
shown that, in two neuroblastoma cell lines, oxidative stress
induced by fenretinide is mediated by 12-lipoxygenase activity.
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Sustained induction of the growth and DNA damage (GADD)-
inducible transcription factor GADD153 (11) is a consequence
of increased ROS (11), and subsequent induction of the pro-
apoptotic protein Bak (13) accompanies mitochondrial cyto-
chrome c release and caspase-3-dependent apoptosis (10).

In addition to its effects on ROS, fenretinide has been re-
ported to increase intracellular levels of the lipid secondary
messenger ceramide in tumor cells (5,14–16). At high concen-
tration, fenretinide appears to increase ceramide levels in some
human neuroblastomas, prostate cancers, leukemias, and endo-
thelial cells through a de novo synthesis pathway by activating
the rate-limiting enzyme serine palmitoyltransferase (14–17).
Paradoxically, fumonisin B1, an inhibitor of ceramide synthase,
does not inhibit fenretinide-induced apoptosis of neuroblastoma
cells (14). High concentrations of fenretinide can induce necro-
sis as well as apoptosis (5); therefore, it is possible that more
subtle apoptotic effects are mediated by mechanisms that in-
crease ceramide levels by means other than de novo synthesis.
One such mechanism is membrane sphingomyelin hydrolysis by
sphingomyelinases (18,19) (Fig. 1). Both neutral and acidic
sphingomyelinases, the two major classes of this enzyme, are
important in ceramide generation and apoptosis (20–24).

In addition to uncertainty about the mechanisms by which
ceramide is generated in neuroblastoma cells in response to
fenretinide treatment, the fate of increased ceramide and the role
of ceramide metabolites in apoptotic signaling in response to
fenretinide are not known. The aim of this study was to test the

hypothesis that sphingomyelinases are involved in fenretinide-
induced apoptosis of neuroblastoma cells and to use chemical
inhibitors and RNA interference to identify the downstream
elements of ceramide signaling.

METHODS

Cell Culture and Treatment With Fenretinide, Enzyme
Inhibitors, and Exogenous Gangliosides

The human neuroblastoma cell lines SH-SY5Y (MYCN not
amplified) (25) and HTLA230 (MYCN amplified) (12) were
grown in complete culture medium consisting of a 1:1 mixture
of Dulbecco’s Modified Eagle Medium and Ham’s F12 (Life
Technologies, Paisley, U.K.) supplemented with 10% fetal bo-
vine serum (Life Technologies) and grown in a humidified
atmosphere of 5% CO2 in air.

For all experiments, cells were seeded into tissue culture
flasks and allowed to attach for 24 hours (HTLA230 cells) or 48
hours (SH-SY5Y cells) before treatment. The seeding density
varied according to the type of experiment; for flow cytometry
and RNA interference experiments to measure apoptosis and
ROS generation, 1 � 106 cells were seeded into 25-cm2 flasks
(Costar, High Wycombe, U.K.) in 8 mL of culture medium. For
immunofluorescence experiments, 2 � 106 cells were seeded
into 25-cm2 flasks in 8 mL of culture medium.

Ethanol was the diluent for fenretinide (Janssen-Cilag,
Basserdorf, Switzerland) and for the disialogangliosides
Neu5Ac�8Neu5Ac�3Gal�4GlcCer (GD3) and GalNAc�4
(Neu5Ac�8Neu5Ac�3)Gal�4GlcCer (GD2) (both from Cal-
biochem, San Diego, CA). Control cells were treated with a
volume of ethanol (less than 0.1% of the final culture volume)
equivalent to that used for fenretinide, GD3, or GD2. Fumo-
nisin B1, a specific inhibitor of ceramide synthase (final
concentration � 20 �M; Sigma Chemical, Poole, U.K.), was
diluted in ethanol. Desipramine hydrochloride, a broad-
spectrum inhibitor of sphingomyelinase (final concentration
� 5 �M; Sigma), neutral sphingomyelinase spiroepoxide
inhibitor (final concentration � 1 �M; Alexis Biochemicals,
San Diego, CA), and 1-phenyl-2-decanoylamino-3-morpho-
lino-1-propanol (PDMP, an inhibitor of glucosylceramide
synthase; final concentration � 10 –30 �M; Sigma) were
diluted in dimethyl sulfoxide. For experiments involving in-
hibitors, cells were treated with the inhibitor or control di-
luent for 1 hour and then treated with fenretinide for 24 hours.
Unless stated otherwise, the concentration of fenretinide used
was 3 �M. For experiments involving baicalein (final con-
centration � 1 �M, a specific inhibitor of 12-lipoxygenase at
this concentration, diluted in ethanol), cells were treated for 2
hours and then treated with fenretinide, GD3, or GD2, as
previously described (11).

Flow Cytometry

Flow cytometry was used to evaluate apoptosis, ROS
generation, and endogenous GD3 and GD2 levels. Apoptosis
was evaluated by staining cells with propidium iodide (100
�g/mL final concentration), as previously described (10).
ROS generation was evaluated by staining cells with 10 �M
5- (and 6-)chloromethyl-2�,7�-dihydrodichlorofluorescein di-
acetate (CMH2DCFA) for 20 minutes at 37 °C in the dark, as
previously described (10,11). Endogenous GD3 and GD2

Fig. 1. Biochemical pathways of ceramide generation and metabolism. Main
enzymes are shown in italics, and inhibitors are underlined. Ceramide is derived
from two main pathways operating in different cellular compartments: hydroly-
sis of membrane-derived sphingomyelin and de novo synthesis from serine and
palmitoyl CoA. It is subsequently metabolized to gangliosides of the a-, b-, and
c-series, which include GD3 and GD2.
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were detected by immunofluorescence flow cytometry; cells
were detached with trypsin, washed with phosphate-buffered
saline (PBS), and fixed in 4% paraformaldehyde in PBS for
10 minutes at room temperature. The cells were permeabil-
ized in a buffer containing 0.5% Triton X-100 for 2 minutes
at room temperature and stained with 200 �L of a mouse
monoclonal anti-GD3 antibody (Calbiochem, diluted 1 : 100)
or with a mouse anti-GD2 antibody (mouse immunoglobulin
G2 [IgG2a], diluted to 1 �g/mL; a kind gift from Dr. Holger
N. Lode, Charite Universitatsmedizin, Berlin, Germany) for 1
hour at room temperature. Primary antibodies were diluted in
PBS containing 5% bovine serum albumin, and were detected
with 10 �g of a secondary goat anti-mouse IgG antibody
conjugated with fluorescein isothiocyanate (Molecular
Probes, Leiden, The Netherlands, for detection of GD3;
Sigma for detection of GD2) diluted in PBS containing 5%
bovine serum albumin in a final volume of 200 �L. For each
sample, 20 000 events were acquired for flow cytometry, as
previously described (11). Control samples stained with sec-
ondary antibody alone were included in each experiment.

RNA Interference of Acidic Sphingomyelinase and GD3
Synthase

The Ambion Silencer small interfering RNA (siRNA) con-
struction kit (product 1620, Ambion Europe, Huntingdon, U.K.)
was used to generate double-stranded small interfering RNAs
(ds-siRNAs) according to the manufacturer’s instructions. The
targets (Table 1) were designed using the Ambion online re-
source (www.ambion.com/techlib/misc/siRNA_finder.html), and
primer oligonucleotides were obtained from TAGN (Newcastle,
U.K.). Pre-validated glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH)-specific sense and antisense templates provided
with the Ambion Silencer kits were used to generate a control
ds-siRNA unrelated to the target mRNA to control for nonspe-
cific effects of the gene knockdown process. Each ds-siRNA
(final concentration � 5 nM) was transiently transfected into 1 �
106 SH-SY5Y cells by using Lipofectamine 2000 (Life Tech-
nologies) for 24 hours, according to the manufacturer’s instruc-
tions. Fetal calf serum was added to a final concentration of 10%
6 hours after the addition of Lipofectamine and ds-siRNA. After
24 hours, the medium was replaced with an equal volume of
complete culture medium containing 5 �M fenretinide or the
appropriate volume of ethanol (control vehicle) for 6–24 hours.
Cells were subsequently harvested with trypsin for analysis. For
experiments in which ceramide or sphingomyelin levels were
measured after RNA interference, the medium was replaced

after the 24-hour transfection period with fresh medium contain-
ing 0.1% fetal calf serum, 5 �M fenretinide, or ethanol control,
as appropriate, and 1 �Ci/mL [3H]-palmitic acid (Amersham
Biosciences, Chalfont St. Giles, U.K.) for 18 hours.

In preliminary experiments, two ds-siRNA targets for acidic
sphingomyelinase (acid lysosomal sphingomyelin phosphodies-
terase 1, EC 3.1.4.12) and three for GD3 synthase (�-N-
acetylneuraminate �-2,8-sialyltransferase, EC 2.4.99.8) (Table
1) were screened by comparing their ability to inhibit
fenretinide-induced apoptosis of SH-SY5Y cells. For the acidic
sphingomyelinase ds-siRNAs, target sequence 11 (Table 1) re-
duced apoptosis by approximately 20%, whereas target sequence
18 reduced apoptosis by approximately 50%. Acidic sphingo-
myelinase target sequence 18 was therefore used for all subse-
quent experiments. For the GD3 synthase ds-siRNAs, all three
target sequences were equally effective at reducing fenretinide-
induced apoptosis to control levels; only target sequence 43 was
used for subsequent experiments.

Although RNA interference produces robust silencing of
targeted mRNA, off-target (i.e., nonspecific) effects can occur
with sequences of 11–15 contiguous nucleotides (26). From
BLAST (27) searches of the GenBank nonredundant nucleotide
sequence database for the acidic sphingomyelinase target 18
sequence, 11 and 12 contiguous nucleotides matched cAMP-
specific phosphodiesterase 8B and cGMP phosphodiesterase,
respectively, but there were no matches of greater length to other
known phosphodiesterases. For the GD3 synthase target se-
quence 43, there were no contiguous sequence matches of more
than nine nucleotides to known sialyltransferases other than to
GD3 synthase. With respect to potential matches of the acidic
sphingomyelinase (target 18) and GD3 synthase (target 43)
sequences to other genes, there were no matches of more than 15
contiguous nucleotides to known transcripts. Therefore, al-
though off-target effects cannot be discounted, the ds-siRNA
probes used here were of high specificity to the selected targets.

Western Blotting

Total proteins (25 �g) were extracted from SH-SY5Y control
cells, SH-SY5Y cells transfected with ds-siRNA for acid sphin-
gomyelinase, or SH-SY5Y cells transfected with ds-siRNA for
acid sphingomyelinase, treated with fenretinide for 24 hours,
and separated by electrophoresis through 12.5% sodium dodecyl
sulfate–polyacrylamide gel electrophoresis gels and electroblot-
ted onto nitrocellulose membranes (11). Acid sphingomyelinase
was detected by incubating the membranes with a polyclonal
goat anti-acid sphingomyelinase antibody (a kind gift from Pro-

Table 1. Sense and antisense oligonucleotide templates for double-stranded small interfering RNA synthesis

mRNA target ID code Orientation Oligonucleotide template (5� to 3�)*

Acidic sphingomyelinase 18 Antisense AATACAGCAAGTGTGACCTGCCCTGTCTC
Sense AAGCAGGTCACACTTGCTGTACCTGTCTC

Acidic sphingomyelinase 11 Antisense AAGCTGTGCAATCTGCTGAAGCCTGTCTC
Sense AACTTCAGCAGATTGCACAGCCCTGTCTC

GD3 synthase† 7 Antisense AAATGGAAGACTGCTGCGACCCCTGTCTC
Sense AAGGTCGCAGCAGTCTTCCATCCTGTCTC

GD3 synthase 12 Antisense AAGAGCATGTGGTATGACGGGCCTGTCTC
Sense AACCCGTCATACCACATGCTCCCTGTCTC

GD3 synthase 43 Antisense AACCCCAACTTTCTGCGTAGCCCTGTCTC
Sense AAGCTACGCAGAAAGTTGGGGCCTGTCTC

*mRNA sequence in bold.
†GD3 synthase � �-N-acetylneuraminate �-2,8-sialyltransferase.
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fessor Sandhoff, Department of Chemistry and Biochemistry,
University of Bonn, Bonn, Germany) diluted 1:2500 in blocking
solution (5% nonfat dry milk in PBS containing 0.1% vol/vol
Tween 20) for 1 hour at room temperature. Antibody binding
was visualized with a peroxidase-conjugated affinity-purified
rabbit anti-goat IgG (Jackson Laboratories, West Grove, PA)
that was diluted 1:10 000 in blocking solution and incubated
with the membrane for 1 hour at room temperature; the second-
ary antibody was detected by enhanced chemiluminescence.
�-Tubulin was detected with a monoclonal mouse anti-�-tubulin
antibody (Sigma; diluted 1:1000) and a peroxidase-conjugated
affinity-purified goat anti-mouse IgG (Bio-Rad, Hemel Hemp-
stead, U.K.; diluted 1:5000) as a control for protein loading.

Measurement of Acidic Sphingomyelinase Activity

Acidic sphingomyelinase activity was assayed as described
by Wiegmann et al. (28). Briefly, cells were harvested by scrap-
ing, washed twice with PBS, and suspended in 200 �L of 20 mM
HEPES buffer (pH 7.4) containing 0.2% Triton X-100, 1 mM
phenylmethylsulfonyl fluoride, and a protease inhibitor cocktail.
After incubation for 15 minutes at 4 °C, cells were homogenized
by passing them through an 18-gauge needle, nuclei and debris
were removed by centrifugation at 800g, and 50 �g of protein
was subsequently incubated for 2 hours at 37 °C in a buffer
containing 250 mM sodium acetate, 1 mM EDTA (pH 5.0), and
2 �L of [N-methyl-14C]-sphingomyelin (specific activity, 55
mCi/mMol; Amersham Biosciences). Phosphorylcholine was
then extracted with 800 �L of chloroform:methanol [2:1 (vol/
vol)], and 250 �L of water. Radioactive phosphorylcholine
produced from [14C]-sphingomyelin was measured by liquid scin-
tillation counting. Acidic sphingomyelinase activity was calculated
as picomoles per milligram per hour, and results were expressed as
a percentage of the activity in control uninduced cells.

Measurement of Glucosylceramide Synthase Activity

Glucosylceramide synthase (ceramide glucosyltransferase,
EC 2.4.1.80) activity was measured as described previously
(29). Briefly, 1 � 106 cells in 5 mL were incubated with 5 �M
6-(N-(7-nitrobenzen-2-oxa-1,3-diazol-4-yl)-amino)hexanoyl-
sphingosine (NBD; Molecular Probes, Eugene, OR). Lipids
were extracted and separated by high-performance thin-layer
chromatography. Glucosylceramide–NBD was detected under
UV illumination and extracted from the silica gel; fluores-
cence was measured with a Perkin-Elmer LS-5 luminescence
spectrophotometer (Perkin-Elmer, Monza, Italy). Glucosyl-
ceramide synthase activity was then expressed relative to a
standard glucosylceramide–NBD fluorescence calibration
curve.

Cellular Ceramide and Sphingomyelin Content

To determine cellular ceramide and sphingomyelin content,
cells were treated with [3H]-palmitic acid (Amersham Bio-
sciences) for 18 hours, as described previously (30), detached
with trypsin and washed twice with PBS; total cellular lipids
were then extracted. The lipids were subjected to mild alkaline
hydrolysis with 0.1 M methanolic KOH for 1 hour at 37 °C and
re-extracted with chloroform. The chloroform phase was then
analyzed by thin-layer chromatography using different solvent
systems for ceramide and sphingomyelin (16). Lipids were vi-
sualized by incubating the plates in 3% cupric acetate in 8%

phosphoric acid and then heating them in an oven for 15 minutes
at 180 °C, according to Spinedi et al. (30). Tritium in the
thin-layer chromatography–resolved lipid band and total tritium
in equal aliquots of the extracted lipids were quantified by liquid
scintillation counting. The amount of ceramide and sphingomy-
elin was expressed as a percentage of the total lipid tritium in the
sample.

Statistical Analysis

Data were analyzed by one- and two-way analysis of variance
(ANOVA), and specific hypotheses were tested by the F statistic
using pooled variances. Time and dose effects were tested by
first-order polynomial contrasts. All statistical tests were two-sided.
Statistical procedures were done using Systat, version 10 (SPSS,
Chicago, IL). Data shown in the figures are means with 95%
confidence intervals. The majority of experiments were done in
triplicate, but some ds-siRNA experiments were done in duplicate
only; data for these are presented as means with ranges.

RESULTS

Effect of Inhibitors of Sphingomyelinase and Ceramide
Synthase on Fenretinide-Induced ROS Generation and
Apoptosis

Fumonisin B1, an inhibitor of ceramide synthase (31), re-
duces differentiation of SH-SY5Y cells (32) and inhibits apo-
ptosis of other neuronal cells (33). To assess whether ceramide
synthase mediates fenretinide-induced ROS generation and ap-
optosis in neuroblastoma cells, SH-SY5Y and HTLA230 cells
were incubated with fumonisin B1 for 1 hour before they were
incubated with fenretinide. In SH-SY5Y cells, 20 �M fumonisin
B1 did not block fenretinide-induced ROS generation (Fig. 2, A)
or apoptosis (Fig. 2, B). By contrast, fumonisin B1 increased
ROS and apoptosis in control cells (ANOVA, ROS, F3,8 �
171.7, P�.001; fumonisin B1 versus control, F1,8 � 10.1, P �
.013; apoptosis, F5,12 � 118.1, P�.001; fumonisin B1 versus
control, F1,12 � 10.6, P � .007). Fumonisin B1 also increased
ROS in combination with fenretinide (F1,8 � 16.6, P�.05) but
had no effect on apoptosis in combination with fenretinide,
regardless of fenretinide concentration (F1,8�3.05, P�.1). Sim-
ilar results were obtained with the HTLA230 cells (data not
shown).

We next tested the effects of other inhibitors of ceramide
metabolism on fenretinide-induced ROS generation and apopto-
sis. Desipramine, an inhibitor of acidic and neutral sphingomy-
elinases (16), effectively blocked fenretinide-induced ROS (Fig.
2, C; ANOVA, F3,8 � 126.4, P�.001; effect of desipramine on
fenretinide response, F1,8 � 225.5, P�.001) and fenretinide-
induced apoptosis (Fig. 2, D; fenretinide versus control, F3,8 �
51.3, P�.001; effect of desipramine on fenretinide response, F1,8

� 101.5, P�.001).
A study of hippocampal neurons has suggested that ceramide

generated by neutral sphingomyelinase may be important for
neuronal apoptosis (34). To distinguish between neutral and
acidic sphingomyelinase as mediators of fenretinide-induced
apoptosis, SH-SY5Y cells were incubated with a neutral sphin-
gomyelinase spirepoxide inhibitor for 1 hour before they were
incubated with fenretinide. Treatment with the neutral sphingo-
myelinase spirepoxide inhibitor, unlike treatment with desipra-
mine, did not block fenretinide-induced ROS (Fig. 2, E;
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ANOVA, F3,8 � 125.2, P�.001; effect of neutral sphingomy-
elinase spirepoxide inhibitor on fenretinide-induced ROS, F1,8 �
0.02, P�.8) or fenretinide-induced apoptosis (Fig. 2, F;
ANOVA, F3,8 � 94.5, P�.001; effect of neutral sphingomyeli-
nase spirepoxide inhibitor on fenretinide-induced apoptosis, F1,8

� 0.06, P�.8) of SH-SY5Y cells. Thus acidic sphingomyeli-
nase, but not neutral sphingomyelinase, is important in
fenretinide-induced apoptosis of SH-SY5Y cells.

Acidic Sphingomyelinase Activity in Relation to
Fenretinide-Induced Ceramide, Apoptosis, and ROS

To investigate further the role of acidic sphingomyelinase in
fenretinide-induced apoptosis, RNA interference was used to
reduce the expression of acidic sphingomyelinase. Compared

with activity in untransfected SH-SY5Y cells or SH-SY5Y cells
transfected with a control ds-siRNA, acidic sphingomyelinase
activity was reduced by at least 50% in cells transfected with the
acidic sphingomyelinase ds-siRNA (target sequence 18; Table 1
and Fig. 3, A). Western blotting of protein extracts from these
cells confirmed a reduction in acidic sphingomyelinase protein
in both control and fenretinide-treated SH-SY5Y cells trans-
fected with the acidic sphingomyelinase ds-siRNA (Fig. 3, B).
The western blot also revealed that acidic sphingomyelinase
protein levels increased in response to treatment with 5 �M
fenretinide for 24 hours in control cells and cells transfected
with the control ds-siRNA (Fig. 3, B). Thus, the western blot
data (Fig. 3, B) and the slight increase in acidic sphingomy-
elinase activity in response to a 4-hour treatment with 5 �M

Fig. 2. Effect of fumonisin B1,
desipramine, and neutral sphin-
gomyelinase spiroepoxide inhibi-
tor on fenretinide-induced reac-
tive oxygen species (ROS)
generation and apoptosis in neu-
roblastoma cells. SH-SY5Y cells
were treated with various inhibi-
tors or control diluents for 1 hour
and were then treated with fen-
retinide for 24 hours. ROS and
apoptosis were measured by flow
cytometry after 6 hours and 24
hours of treatment, respectively,
as described (10,11). Fenretinide-
induced (FenR) ROS (A, C, E;
ordinate CMH2DCFA fluores-
cence) or apoptosis (B, D, F; or-
dinate % Apoptosis) of SH-SY5Y
cells in the presence or absence of
20 �M fumonisin B1 (“F”; A and
B), 5 �M desipramine (“D”; C
and D), or 1 �M neutral sphingo-
myelinase spiroepoxide inhibitor
(“N”; E and F). Fumonisin B1

was added in ethanol, and desi-
pramine or neutral sphingomyeli-
nase spiroepoxide inhibitor was
added in dimethyl sulfoxide. Fen-
retinide was added in ethanol
with an equal volume of ethanol
added to control cells. Fenretin-
ide at 5 �M was used in A, C, D,
E, and F. For experiments to
measure apoptosis in the presence
or absence of fumonisin B1 (B),
fenretinide was added to final
concentrations of either 3 �M
(FenR 3) or 10 �M (FenR 10).
For ROS measurements, data are
presented as raw data in arbitrary
units; the ordinate scale varies in
magnitude according to amplifier
settings for different sessions on
the flow cytometer. Each bar in
A–F is the mean with 95% confi-
dence intervals for three replicates
from a single experiment.
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fenretinide (Fig. 3, A) suggest that fenretinide increased
acidic sphingomyelinase levels in SH-SY5Y cells and that the
acidic sphingomyelinase ds-siRNA effectively reduced the
expression of both constitutive and fenretinide-induced acidic
sphingomyelinase.

We then asked whether increased activity and expression of
acidic sphingomyelinase is important in fenretinide-induced ap-
optosis of SH-SY5Y cells by measuring sphingomyelin levels

and cellular ceramide levels after fenretinide treatment. We
reasoned that, if acidic sphingomyelinase was important, then
sphingomyelin levels would decrease and ceramide levels would
increase. Indeed, sphingomyelin levels, expressed as a percent-
age of total [3H]-labeled lipids, decreased in SH-SY5Y cells
after treatment with fenretinide (Fig. 3, C), and this decrease was
blocked in cells transfected with acidic sphingomyelinase ds-
siRNA (Fig. 3, C). Conversely, ceramide levels increased in

Fig. 3. Effect of inhibiting acidic sphingo-
myelinase activity by RNA interference in
SH-SY5Y neuroblastoma cells. A) Acidic
sphingomyelinase activity (expressed as a
percentage of the activity of control un-
treated and untransfected cells) in SH-
SY5Y cells treated with 5 �M fenretinide
(FenR) or the ethanol diluent (Ctrl) for 4
hours, and in SH-SY5Y cells transfected
with either a double-stranded small inter-
fering RNA (ds-siRNA) for acidic sphin-
gomyelinase (siASMase) or a control ds-
siRNA (siC) and treated with 5 �M
fenretinide or its diluent (ethanol) for 4
hours. Each bar is the mean and range of
duplicate samples from a single experi-
ment. B) Western blot analysis of whole-
cell lysates for SH-SY5Y cells (Ctrl)
treated with 5 �M fenretinide (FenR, 	) or
ethanol (–) for 24 hours, and for SH-SY5Y
cells transfected with ds-siRNA for
ASMase (siASMase) or control ds-siRNA
sequence (siC) and treated with 5 �M fen-
retinide (FenR, 	) or ethanol (–) for 24
hours. Immunoblots were probed sequen-
tially for ASMase and �-tubulin. Sphingo-
myelin levels (C) expressed as a percent-
age of total [3H]-labeled lipids, and
ceramide (D) shown as bands separated by
thin-layer chromatography (upper panel)
and as a percentage of total [3H]-labeled
lipids (lower panel), in SH-SY5Y cells
treated with 5 �M fenretinide (FenR) or
ethanol for 18 hours (Ctrl), and in SH-
SY5Y cells transfected with ds-siRNA for
ASMase (siASMase) or control ds-siRNA
sequence (siC) and treated with 5 �M fen-
retinide (FenR) or ethanol for 18 hours;
each bar is the mean 
 range of duplicate
samples. Reactive oxygen species (ROS;
E) and apoptosis (F) were measured by
flow cytometry, as described (10,11). ROS
induction (CMH2DCFDA Fluorescence,
ordinate) after 6 hours and apoptosis after
24 hours in SH-SY5Y cells treated with 5
�M fenretinide (FenR) or ethanol (“C”),
and in SH-SY5Y cells transfected with ds-
siRNA for ASMase (siASM) or control
ds-siRNA sequence (siC) and treated with
5 �M fenretinide (FenR) or ethanol. Each
bar is mean (
 95% confidence intervals)
of triplicate samples in (E) and of quadru-
plicate samples in (F). G) Representative
flow cytometry profiles of SH-SY5Y cells
transfected with a control ds-siRNA (siC)
or ds-siRNA for ASMase (siASMase) and
treated with 5 �M fenretinide (FenR) or
ethanol for 24 hours. The inset percentages
show the percentage of apoptotic cells.
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SH-SY5Y cells after treatment with fenretinide (Fig. 3, D), and
this increase was blocked in cells transfected with acidic sphin-
gomyelinase ds-siRNA but not with the control ds-siRNA (Fig.
3, D). Fenretinide-induced apoptosis and ROS were inhibited in
SH-SY5Y cells transfected with the acidic sphingomyelinase
ds-siRNA but not in cells transfected with the control ds-siRNA
(Fig. 3, E–G). ROS levels were higher in cells transfected with
the control ds-siRNA and treated with fenretinide than in control
cells treated with fenretinide alone (ANOVA, F5,12 � 68.3,
P�.001; fenretinide versus fenretinide plus control ds-siRNA,
F1,12 � 27.5, P�.001). By contrast, ROS levels were similar
among control cells, cells transfected with acidic sphingomyeli-
nase ds-siRNA, and cells transfected with acidic sphingomyeli-
nase ds-siRNA and treated with fenretinide, suggesting that the
acidic sphingomyelinase ds-siRNA completely blocked
fenretinide-induced ROS (fenretinide versus fenretinide plus
acidic sphingomyelinase-specific ds-siRNA, F1,12 � 65.2,
P�.001).

Levels of fenretinide-induced apoptosis in cells transfected
with the control ds-siRNA did not differ from levels in
fenretinide-treated control cells (ANOVA, F5,18 � 39.0,
P�.001; fenretinide versus fenretinide with control ds-siRNA,
F1,18 � 1.7, P � .215). However, levels of fenretinide-induced
apoptosis in cells transfected with acidic sphingomyelinase ds-
siRNA were similar to levels in untreated (i.e., no fenretinide)
control cells (F1,18 � 49.5, P�.001).

Glucosylceramide Synthase Activity and Gangliosides GD3
and GD2 After Fenretinide Treatment

Sphingomyelinase-generated ceramide is a substrate for glu-
cosylceramide synthase, the activity of which results in the
formation of glycosphingolipids and gangliosides, including the
disialogangliosides GD3 and GD2. To test whether GD3 and
GD2 may be downstream effectors of fenretinide-induced apo-
ptosis, we assessed whether glucosylceramide synthase activity
changed over time in response to fenretinide treatment and
measured the effects of a glucosylceramide synthase inhibitor,
PDMP, on fenretinide-induced apoptosis. Glucosylceramide
synthase activity increased in a time-dependent manner during
the first 6 hours after the addition of fenretinide (ANOVA, F3,8

� 126.7, P�.001; effect of time: first-order polynomial contrast,
F1,8 � 342.1, P�.001) (Fig. 4, A).

PDMP, a specific inhibitor of glucosylceramide synthase, at
concentrations of 10, 20, or 30 �M was added to SH-SY5Y cells
1 hour before treatment with fenretinide for 24 hours (two-way
ANOVA: PDMP, fenretinide, and PDMP–fenretinide interac-
tion, F3,16 � 60.8, F1,16 � 260.7, and F3,16 � 72.4, respectively,
P�.001). Compared with SH-SY5Y cells that did not receive
the inhibitor, fenretinide-induced apoptosis was reduced by ap-
proximately 5% in cells treated with the lowest PDMP concen-
tration (10 �M) (F1,16 � 5.4, P � .033). However, fenretinide-
induced apoptosis was completely blocked in cells treated with
20 and 30 �M PDMP (Fig. 4, B; F1,16�187.0, P�.001).

Evidence from other studies (21,35) has suggested that the
hydrolysis of sphingomyelin via sphingomyelinase increases
levels of GD3 and that GD3 is a critical signaling intermediate
in the apoptosis of lymphoid and neuronal cells. Therefore, it is
possible that GD3 may increase in SH-SY5Y neuroblastoma
cells as a result of a fenretinide-induced increase in glucosyl-
ceramide synthase activity, and that this GD3 rise is responsible

for subsequent events leading to apoptosis. To test this possibil-
ity, we used immunofluorescence flow cytometry to measure
levels of GD3 in SH-SY5Y cells after treatment with fenretinide.
As shown in Fig. 4, C, we found that GD3 levels increased
twofold in response to fenretinide treatment (F1,11 � 12.6, P �
.005). GD3 is the first member of the b-series gangliosides and
generates GD2 via the addition of N-acetylgalactosamine (36).
Therefore, immunofluorescence flow cytometry with an anti-

Fig. 4. Fenretinide-induced glucosylceramide synthase activity and ganglioside
GD3 accumulation. A) Time course of glucosylceramide synthase activity (pico-
mole of glucosylceramide–NBD per milligram of protein, ordinate) in SH-SY5Y
neuroblastoma cells treated with 5 �M fenretinide. Each point is the mean of
triplicate samples with 95% confidence intervals. B) Percentage of apoptosis
(ordinate) of SH-SY5Y cells treated with 3 �M fenretinide or its diluent
(ethanol) in the presence or absence of the glucosylceramide synthase inhibitor
1-phenyl-2-decanoylamino-3-morpholino-1-propanol (PDMP). PDMP was
added in dimethyl sulfoxide to concentrations of 10 �M, 20 �M, or 30 �M, with
an equal volume of dimethyl sulfoxide used to treat control cells, 1 hour before
treatment with 3 �M fenretinide or ethanol. Each bar is the mean of triplicate
samples with 95% confidence intervals. C) Representative flow cytometry im-
munofluorescence profiles for expression of the ganglioside GD3 in control
SH-SY5Y cells (solid black line) and in SH-SY5Y cells treated for 24 hour with
3 �M fenretinide (FenR; dotted line). As a control for nonspecific immunoflu-
orescence, cells were stained with the secondary antibody alone (shaded
profile).
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GD2 antibody was used to determine whether GD2 also in-
creases in response to fenretinide. Compared with GD2 levels in
untreated SH-SY5Y cells, levels of GD2 in SH-SY5Y cells
increased 2.5-fold in response to fenretinide under the same
conditions used for the GD3 experiments (Fig. 5).

Effect of Blocking the Induction of GD3 on Fenretinide-
Induced ROS and Apoptosis

GD3 is generated from the monosialoganglioside GM3 by the
enzyme �-N-acetylneuraminate �-2,8-sialyltransferase (GD3
synthase). To determine whether this enzyme is necessary for
fenretinide-induced apoptosis, ds-siRNAs were designed to re-
duce the expression of GD3 synthase in SH-SY5Y cells. All
three ds-siRNAs, targeting different sequences of GD3 synthase
mRNA (Table 1), were effective in blocking fenretinide-induced
apoptosis after transfection into SH-SY5Y cells (Fig. 6, A). One
of these (ds-siRNA43) was used for further experiments. The
fenretinide-induced increase in cellular GD3 levels was effec-
tively blocked in cells transfected with ds-siRNA43 (ANOVA,
F5,11 � 43.4, P�.001; GD3 synthase siRNA and fenretinide

treatment versus control SH-SY5Y cells and fenretinide, F1,11 �
70.0, P�.001; Fig. 6, B and C). This result is indirect evidence
that the ds-siRNA43 probe was effective in reducing GD3 syn-
thase activity. Compared with untransfected cells treated with
fenretinide, cells transfected with the control ds-siRNA had
increased GD3 levels in response to fenretinide (F1,11 � 14.9,
P � .003). Levels of fenretinide-induced apoptosis in cells
transfected with the GD3 synthase ds-siRNA43 were reduced to
the levels seen in untreated control cells (Fig. 6, D and F;
ANOVA, F5,12 � 33.2, P�.001; effect of control ds-siRNA on
fenretinide-induced apoptosis, F1,12 � 3.1, P�.1; effect of GD3
synthase-specific ds-siRNA on fenretinide-induced apoptosis,
F1,12 � 86.9, P�.001). Furthermore, the fenretinide-dependent
increase in ROS was blocked in cells transfected with ds-
siRNA43 but not in cells transfected with control ds-siRNA
(Fig. 6, E; ANOVA, F5,12 � 267.3, P�.001; fenretinide versus
fenretinide plus control ds-siRNA, F1,12 � 0.3, P�.5; fenretin-
ide versus fenretinide plus GD3 synthase-specific ds-siRNA,
F1,12 � 388.8, P�.001). These data suggest that GD3 synthase
mediates fenretinide-induced apoptosis and ROS generation via
the production of increased levels of GD3.

Apoptosis of SH-SY5Y Cells in Response to Exogenous
Gangliosides

The addition of exogenous GD3 at concentrations up to 10
�M to cultures of smooth muscle cells stimulates ROS and
apoptosis (37). Neuroblastoma cells have high levels of endog-
enous GD2 (38). We added exogenous GD3 or GD2 (at con-
centrations of 1, 5, and 10 �M) to SH-SY5Y cultures to deter-
mine whether these gangliosides would mimic the effects of
fenretinide with respect to the induction of ROS and apoptosis.
Apoptosis increased dose-dependently after treatment with GD3
(two-way ANOVA, control and GD3 treatments, effects of time
and treatment, F1,16 � 26.5, P�.001 and F3,16 � 261.1, P�.001,
respectively; first-order polynomial contrast on GD3 dose, F1,16

� 763.1, P�.001), with 10 �M GD3 inducing 40% apoptosis
and 5 �M fenretinide inducing 55% apoptosis at 24 hours (Fig.
7, A). Similar results were obtained with GD3-induced ROS
(first-order polynomial contrast, effect of GD3 dose, F1,16 �
136.4, P�.001; Fig. 7, B).

We showed previously that 12-lipoxygenase activity is
increased and necessary for fenretinide-induced apoptosis in
SH-SY5Y cells (11), and it has been reported that GD3 can
increase 12-lipoxygenase activity in human lymphocytes
(39). Therefore, if GD3 is an intermediate on the biochemical
pathway leading to ROS generation and apoptosis after fen-
retinide treatment, we would expect these effects of GD3 to
be blocked by lipoxygenase inhibitors. As shown in Fig. 7, C
and D, apoptosis and ROS levels were similar in SH-SY5Y
cells cultured with the specific 12-lipoxygenase inhibitor
baicalein (1 �M) and in untreated control cells. However,
both fenretinide-induced and GD3-induced apoptosis (mea-
sured after 24 hours) and fenretinide-induced and GD3-
induced ROS generation (measured after 6 hours) were
blocked in SH-SY5Y cells cultured with baicalein (1 �M)
added 2 hours before the addition of fenretinide (5 �M) or
exogenous GD3 (5 �M) (ANOVA, F5,12 � 73.3 and F5,12 �
812.3 for apoptosis and ROS, respectively, P�.001 for both;
effects of GD3 versus GD3 plus baicalein, F1,12�105.0 for
apoptosis and ROS, P�.001 for both).

Fig. 5. Expression of the ganglioside GD2 in SH-SY5Y neuroblastoma cells.
A) Flow cytometry immunofluorescence profiles for expression of GD2 in
control SH-SY5Y cells (shaded profile) and in SH-SY5Y cells treated for 24
hours with 3 �M fenretinide (FenR; solid line). As a control for nonspecific
immunofluorescence, cells were stained with the secondary antibody alone
(dotted line). B) GD2 levels were measured and quantified by fluorescein
isothiocyanate–fluorescence intensity (ordinate) from flow cytometry of SH-
SY5Y cells stained with an anti-GD2 antibody after treatment with 3 �M
fenretinide for 24 hours (FenR) or its diluent (ethanol; Ctrl). Results from
samples stained with the secondary antibody alone (20 Ab) are also shown. Each
bar is the mean with upper bound of range of duplicate samples.
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In contrast to the effects of GD3, GD2 did not induce apo-
ptosis of SH-SY5Y cells; indeed, there was an overall reduction
in the percentage of apoptosis with increased time of treatment
(Fig. 7, E; two-way ANOVA on GD2 and control treatments:
effect of time, F1,24 � 31.3, P�.001; effect of GD2, F5,24 � 1.4,
P�0.2; no time–GD2 interaction, F5,24 � 0.5, P�.7). Baicalein
had no effect on apoptosis in cells treated with GD2 (Fig. 7, E).
These results suggest that the apoptotic effects of GD3 were not
a result of subsequent metabolism to GD2.

DISCUSSION

The results of this study suggest that gangliosides derived
from ceramide metabolism are essential signaling intermediates
in fenretinide-induced apoptosis of SH-SY5Y cells, leading to
the induction of ROS via 12-lipoxygenase. The effects of sphin-
gomyelinase inhibitors indicate that acidic sphingomyelinase
activity is required for apoptosis in SH-SY5Y and HTLA230
neuroblastoma cells in response to fenretinide, and this finding

Fig. 6. Effect of RNA interference for
GD3 synthase. A) Apoptosis, measured by
flow cytometry (10,11), of SH-SY5Y cells
transfected with a control double-stranded
small interfering RNA (ds-siRNA, siC) or
three different ds-siRNAs for GD3 syn-
thase (numbered 7, 12, or 43), and treated
with 5 �M fenretinide or its diluent (etha-
nol) for 24 hours. Each bar is the mean of
triplicate samples with 95% confidence in-
tervals. B) Flow cytometry immunofluo-
rescence profiles for the expression of the
ganglioside GD3 in SH-SY5Y cells trans-
fected with control ds-siRNA (siC) or with
the GD3 synthase ds-siRNA43 and subse-
quently treated for 24 hours with 5 �M
fenretinide (FenR; solid thick line) or eth-
anol (Ctrl; solid thin line). As a control for
nonspecific immunofluorescence, cells
were stained with the secondary antibody
alone (shaded profile). GD3 levels (C),
apoptosis (D), and reactive oxygen species
(ROS; E) were measured by flow cytom-
etry in SH-SY5Y cells after treatment with
5 �M fenretinide (FenR) for 24 hours or
ethanol (ctrl), and in cells transfected with
ds-siRNA43 for GD3 synthase (siGD3) or
control ds-siRNA (siC) and treated with 5
�M fenretinide or ethanol for 24 hours.
ROS was measured after 6 hours. Each bar
is mean of triplicate samples with 95%
confidence intervals, with the exception of
the untransfected vehicle control cells,
which were in run in duplicate. C) Ordi-
nate � fluorescence (arbitrary units).
D) Ordinate � percent apoptosis. E) Ordi-
nate � fluorescence (arbitrary units).
F) Flow cytometry profiles showing the
percent of apoptotic cells (inset number)
among SH-SY5Y cells transfected with ds-
siRNA43 for GD3 synthase (siGD3) or
control ds-siRNA (siC) and treated with 5
�M fenretinide (FenR) or ethanol for 24
hours. Representative profiles are shown.
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was confirmed by using ds-siRNA probes to knock down acidic
sphingomyelinase activity. These data confirm results for other
cell lines that ceramide increases (5,40) during fenretinide-
induced apoptosis and suggest that, in SH-SY5Y and HTLA230
neuroblastoma cells, ceramide is derived from sphingomyelin
via sphingomyelinase activity. The involvement of sphingomy-
elinases may explain the observation that fumonisin B1, an
inhibitor of ceramide synthase, was relatively ineffective at
blocking fenretinide-induced apoptosis of CHLA-90 and SK-
N-RA neuroblastoma cells (14) but is at odds with the finding
that sphingomyelin levels increase in these neuroblastoma cells
after fenretinide treatment (14). Clearly, the results for SH-
SY5Y and HTLA230 neuroblastoma cells differ from those of
other studies indicating that fenretinide increases ceramide lev-
els via the de novo synthesis pathway in which serine palmi-
toyltransferase and ceramide synthase are key elements. Because

fenretinide has been used in other studies at concentrations that
induce necrosis and apoptosis (5), it is possible that both de novo
synthesis and sphingomyelinase pathways are activated in re-
sponse to fenretinide but that these relate to different cell death–
signaling pathways.

The mechanism of either acidic sphingomyelinase or serine–
palmitoyltransferase activation in response to fenretinide in any
cell type is currently unknown. In addition to inducing oxidative
stress, or ROS, fenretinide is an RAR�/� agonist. We have
argued that both ROS-dependent and RAR-dependent pathways
are necessary for fenretinide-induced apoptosis of SH-SY5Y
cells on the basis of evidence that RAR�/� antagonists block
fenretinide-induced apoptosis but do not block ROS induction
(10). In NB4 acute promyelocytic leukemia cells, retinoic acid
induces acidic sphingomyelinase via retinoic acid response ele-
ments within the acidic sphingomyelinase promoter (41). The

Fig. 7. Reactive oxygen species (ROS)
and apoptosis in SH-SY5Y cells treated
with exogenously provided gangliosides
GD3 and GD2. ROS and apoptosis were
measured by flow cytometry. A) Induc-
tion of apoptosis of SH-SY5Y cells after
treatment with 5 �M fenretinide (FenR 5
�M) or 1 �M (GD3 1�M), 5 �M (GD3 5
�M), or 10 �M (GD3 10 �M) exogenous
GD3 (GD3) or the diluent (ethanol; Ctrl)
for 6 or 24 hours. B) Induction of ROS in
SH-SY5Y cells after treatment with 5
�M fenretinide or 1, 5, or 10 �M exog-
enous GD3 (abscissa labels as in A) for 2
or 6 hours. C) Induction of apoptosis of
SH-SY5Y cells after treatment with 1
�M baicalein (“B”) or its diluent (etha-
nol; ctrl) for 2 hours followed by treat-
ment with 5 �M fenretinide, 5 �M GD3,
or ethanol for 24 hours. D) Induction of
ROS in SH-SY5Y cells after sequential
treatment with 1 �M baicalein (“B”) or
ethanol for 2 hours and 5 �M fenretinide,
5 �M GD3, or ethanol for 6 hours. E)
Induction of apoptosis in SH-SY5Y cells
after treatment for 6 or 24 hours with 5
�M fenretinide (FenR) or with 1 �M
(GD2 1 �M), 5 �M (GD2 5 �M), or 10
�M (GD2 10 �M) exogenously provided
GD2 or with ethanol (ctrl). In addition,
some cells were sequentially treated with
1 �M baicalein (“B”) for 2 hours and 5
�M fenretinide (FenR 5 �M) or 5 �M
GD2 (GD2 5 �M) for 4 or 22 hours. In
each panel, each bar represents the mean
of triplicate samples with 95% confi-
dence intervals.
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rate-limiting enzyme in the de novo synthesis pathway, serine–
palmitoyltransferase, can also be activated, albeit at a post-
translational level, by retinoic acid during neuronal differentia-
tion (33). Therefore, the induction of acidic sphingomyelinase
by fenretinide in SH-SY5Y cells may be mediated by RARs.
Alternatively, acidic sphingomyelinase activation could be de-
pendent on Fas-associated protein with death domain and result
from an increase in the rate of substrate hydrolysis, as in em-
bryonic fibroblasts (42).

Evidence suggests that ceramide can induce apoptosis in cells
through different mechanisms, either directly as a lipid-signaling
molecule interacting with enzyme systems that participate in
apoptosis regulation or by further metabolism to other lipid
mediators, such as gangliosides (43). The data for SH-SY5Y
cells imply that glucosylceramide synthase and GD3 synthase,
key elements in the synthesis of gangliosides from ceramide, are
essential steps in apoptosis and ROS generation in response to
fenretinide. Glucosylceramide synthase activity showed a linear,
time-dependent increase in response to fenretinide, and this
activity may result from the transcriptional induction of glu-
cosylceramide synthase, possibly mediated by nuclear factor-�B
(44), and/or by post-translational activation (45,46) in response
to increasing ceramide levels. In CHP-100 neuroepithelioma
cells, blocking glucosylceramide synthase expression with an
antisense construct decreases sensitivity to fenretinide-induced
apoptosis (29). This supports the role of glucosylceramide syn-
thase in mediating fenretinide-induced apoptosis of SH-SY5Y
cells and suggests that this ceramide signaling pathway also
mediates fenretinide-induced cell death in other cell types. By
contrast, the overexpression of glucosylceramide synthase has
been associated with resistance to chemotherapeutic drugs in
neuroblastoma and other tumors (47,48). Although inhibitors of
glucosylceramide synthase reportedly act synergistically with
fenretinide in CHLA-90 neuroblastoma cells (14), such chemo-
sensitizing effects may be independent of the activity of these
compounds as glucosylceramide synthase inhibitors (47).
Nevertheless, the complexity of these lipid signaling path-
ways is highlighted by the fact that inhibition of glucosylce-
ramide synthase can increase apoptosis in CHP-100 cells but
that blocking this enzyme with an antisense construct does not
affect the response to p53-dependent apoptotic drugs (49). Clearly,
altering the metabolic flux of sphingolipid metabolism can induce
apoptosis by a variety of mechanisms, including ceramide accumu-
lation, perhaps leading to necrosis (14) or ganglioside synthesis.

Glucosylceramide is metabolized via galactosyl transferase to
lactosylceramide, and the subsequent activity of different sialyl-
transferases generates the first intermediates of the a-, b- and
c-series gangliosides (Fig. 1) (36). The abrogation of fenretinide-
induced apoptosis and ROS generation by knockdown of GD3
synthase suggests that the b- and c-series gangliosides are sig-
naling intermediates of ceramide metabolism. Although the gan-
glioside GT3, the first member of the c-series gangliosides, has
growth-regulatory properties, it may be synthesized within a
different compartment of the Golgi than GD3, giving greater
weight to the idea that GD3, or a subsequent member of the
b-series gangliosides, such as GD2, is the primary messenger.
However, although GD2 levels were also increased by fenretin-
ide, this b-series ganglioside did not induce apoptosis. There-
fore, GD3 is probably the main ganglioside of the apoptotic
signaling pathway induced by fenretinide. Although the effects
of exogenous GD3 may be different from those of GD3 gener-

ated by intracellular metabolism (37), two recent studies illus-
trate the importance of GD3 in apoptotic signaling. Bhunia et al.
(37) demonstrated that the induction of high levels of GD3
induced ROS and triggered signaling events leading to apopto-
sis, and Copani et al. (35) suggested that GD3 contributes to the
apoptosis of neuronal cells.

Substantial evidence indicates that GD3 can interact directly
with mitochondria, stimulating apoptosis as a result of opening the
mitochondrial permeability transition pore (36). However, in SH-
SY5Y neuroblastoma cells, fenretinide-dependent apoptosis is not
mediated by the opening of the mitochondrial permeability transi-
tion pore, at least in the early stages of apoptosis (10). Because the
effects of exogenous GD3 on ROS generation and apoptosis were,
as with fenretinide (11), inhibited by the 12-lipoxygenase inhibitor
baicalein, GD3 may be a signaling intermediate upstream of lipoxy-
genase activation. Although a direct link between gangliosides and
lipoxygenase activation has not, to our knowledge, been estab-
lished, GD3 can modulate 12-lipoxygenase activity in human pe-
ripheral blood lymphocytes (39). Clearly, the relationships between
gangliosides, lipoxygenase activity, and apoptotic control pathways
deserve further investigation.

In summary, our results suggest that acidic sphingomyelinase
mediates fenretinide-induced apoptosis in neuroblastoma cells
and that the induction of the ganglioside GD3, resulting from
glucosylceramide synthase and GD3 synthase activities, may
link increased ceramide levels with 12-lipoxygenase activation
and subsequent apoptosis. These data raise new questions about
the role of gangliosides in fenretinide-induced apoptosis and in
regulating lipoxygenase activity, and they identify new targets
for the development of drugs to improve current therapy for
neuroblastoma. Furthermore, the observation that GD2 levels
increase in response to fenretinide suggests that the response of
neuroblastoma to therapy with anti-GD2 antibodies might be
increased by co-treatment with fenretinide.
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