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The sphingomyelin cycle and ceramide generation have
been recognized as potential growth suppression signals
in mammalian cells. Ceramide has been shown to
induce differentiation, cell growth arrest, senescence,
and apoptosis. Although the intracelluar target for the
action of ceramide remains unknown, recent studies
have demonstrated the role of cytosolic ceramide-
activated protein phosphatase(CAPP). In this study, the
cytotoxic effect of C2-ceramide, a synthetic cell-
permeable ceramide analog, on HEp-2 cells and the
mechanism by which ceramide induces cell death were
investigated. The addition of exogenous C2-ceramide
resulted in a concentration dependent cell death.
Okadaic acid, a potent inhibitor of CAPP, enhanced
ceramide-mediated cell death, which suggests that
CAPP is not involved in this process. To understand the
mechanism of action of ceramide, we studied the
relationship between ceramide and c-Myc and pRb
which are defined components of cell growth
regulation. Western blot analyses revealed that C2-
ceramide (10 #M) induced c-Myc down-regulation, but
there were no significant changes in pRb. However,
treatment of okadaic acid (10 nM) enhanced c-Myc and
pRb down-regulation. Reduction of the amount of
¢-Myc and pRb occurred during HEp-2 cell death.
These results suggest that the cytotoxic effect of
ceramide in HEp-2 cells may not be mediated through
the action of CAPP and that the downstream target for
ceramide is c-Myc and pRb.
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Introduction

Although the molecular and biochemical understanding of
mitogenic pathways have been established in the last
twenty years, growth suppressor and cell death pathways
are only now being developed. Recently, the
sphingomyelin cycle has emerged as an important pathway
of antiproliferation and apoptosis. The sphingomyelin
cycle was initially described by Okazaki et al. (1990) in
human HL-60 cells. Various extracellular agents, including
transforming growth factor a, yinterferon, dexamethasone,
complement, vit.D3, interleukin-1, nerve growth factor,
and brefeldin A, stimulate membrane sphingomyelinase
(see a review by Obeid and Hannum, 1995).
Sphingomyelinase hydrolyzes membrane sphingomyelin,
generating phosphorylcholine and ceramide. Ceramide
serves as a second messenger which mediates the effects of
extracellular agents on cell growth, differentiation, and
apoptosis (Okazaki et al., 1990; Obeid et al., 1993; Jarvis
etal., 1994; Kim et al., 1994). Ceramide also regulates cell
senescence (Venable et al., 1995). Endogenous levels of
ceramide increased as the cell entered the senescent phase,
and the addition of exogenous ceramide to WI-38 human
diploid fibroblast inhibited DNA synthesis and induced a
senescent phenotype. Recently, multiple intracellular
targets for the action of ceramide have been identified.
These include the membrane ceramide-activated protein
kinase (CAPK) (Mathias ez al., 1991), cytosolic ceramide-
activated protein phosphatase (CAPP) (Dobrowsky and
Hannum, 1992), and the zeta isoform of protein kinase C
(PKC) (Lozano et al., 1994). Thus, it is being elucidated
that ceramide may induce apoptosis and growth arrest by
stimulating a distinct set of phosphatases and kinases .
which transduce signals to downstream effectors.
Downstream effects of ceramide include c-myc down-
regulation (Kim et al., 1991) and dephosphorylation of
pRb (Chao et al., 1992), activation of nuclear localization
of NF-xB (Yang er al., 1993), increase of cyclooxygenase,
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and decrease of phospholipase D (Ballou et al., 1992;
Gomez-Munoz et al., 1994). Among these downstream
targets, c-Myc and pRb have been known to be important
regulators of cell growth control and oncogenesis.

pRb is a nuclear phosphoprotein that has been proposed
to play a role in regulation of the cell cycle (Goodrich
et al., 1991). The hypophosphorylated form of pRb is an
active form in growth inhibition (Weinberg, 1991). Growth
arrest and senescence were accompanied by
dephosphorylation of pRb (Dbaibo et al.,, 1995; Venable
et al., 1995). The addition of exogenous ceramide to
leukemia cell lines such as Molt-4 resulted in cell cycle
arrest which was accompanied by dephosphorylation of
pRb (Dbaibo et al., 1995). However, this pathway was
independent of ceramide-induced apoptosis. Moreover, the
addition of exogenous diacylglycerol and phorbol 12-
myristate 13-acetate (PMA) prevented ceramide-induced
apoptosis but not ceramide-induced cell cycle arrest (Jarvis
et al., 1994; Obeid and Hannum, 1995), which suggests
that PKC blocks the ceramide-induced apoptosis but not
the cell cycle arrest. Recent evidence showed that pRb
suppresses ceramide-induced apoptosis in human bladder
tumor cells (McConkey et al., 1996). These studies imply
that ceramide regulates the cell cycle arrest and apoptosis
by distinct intracellular pathways.

In various cell types, ceramide down-regulates c-myc
(Kim et al., 1991; Wolff et al., 1994; Obeid and Hannum,
1995). Even though the direct molecular target for c-myc
down-regulation has not been identified, studies have
begun to implicate CAPP as a potential mediator of
ceramide. In cells, ceramide caused c-myc down-regulation
which was inhibited by okadaic acid (Wolff et al., 1994)
which is the specific inhibitor of CAPP (Dobrowsky and
Hannum, 1992). However, the addition of okadaic acid to
cells treated with PMA appeared to enhance c-myc down-
regulation. These results show that activation of CAPP is a
distinct signaling pathway for ceramide (Wolff et al.,
1994).

To elucidate the mechanism of action of ceramide, it is
important to define the relationship between ceramide and
other transduction molecules which are involved in
specific cellular processes such as apoptosis, proliferation,
and differentiation. In this study, we attempted to
investigate the effect of ceramide on HEp-2 cells and to
identify the relationship between ceramide and c-Myc
protein and pRb by using a cell permeable analog of
ceramide. Our results show that ceramide induced HEp-2
cell death, which was accompanied by the decrease of
c-Myc protein and pRb, and this process was enhanced by
okadaic acid.

Materials and Methods

Cell culture The human epidermoid carcinoma HEp-2 cell line
was obtained from American Type Culture Collection (ATCC)
and cultured using minimum essential alpha medium

supplemented with 10% heat inactivated fetal bovine serum
(Gibco, Grand Island, USA), penicillin G (100 U/ml) and
streptomycin (100 gg/ml) in a humidified incubator, containing
5% CO, in air at 37°C.

Cell viability Cell viability was determined by XTT (sodium
3'-(1-(phenylamino-carbonyl)-3,4-tetrazolium)-bis (4-methoxy-6-
nitro) benzene sulfonic acid hydrate) assay as described in the
manufacturer’s manual (Boehringer Mannheim, Mannheim,
Germany). XTT assay was developed as a assay for measurement
of cell viability and cytotoxicity. Tetrazolium XTT is useful for
the quantitation of metabolically active cells because XTT is
metabolized by mitochondrial dehydrogenases to form a
formazan dye which can be measured by spectrometrical
absorbance at 490 nm. When cells were treated with C2-ceramide
(Amersham, Arlington Heights, USA) and okadaic acid
(Boehringer Mannheim), cells were seeded at densities of
5% 10°/ml in serum-free medium supplemented with insulin,
transferrin, and Selenium A (Gibco). After 24 h, cells were treated
with C2-ceramide or okadaic acid and incubated for 18 h, and
XTT assay was performed. The assay was followed according to
instructions provided by the manufacturer (Boehringer
Mannheim, cell proliferation kit II XTT)

Measurement of DNA fragmentation DNA fragmentation
was performed by the method described by Bissonnette et al.,
(1994). HEp-2 cells were cultured in 100 X 20 mm tissue culture
dishes as described above in the presence of 10 uM ceramide for
3 or 6 h. Cells were washed in 1 ml of phosphate buffered saline
(PBS), lysed in 400 ul of lysis buffer (5 mM Tris-Cl pH 8.0,
10 mM EDTA, 0.5% triton X-100) for 15 min at room
temperature, and centrifuged at 15,000 X g for 20 min. After
incubation of lysate with 1 yl of RNase (10 mg/ml) for 2h at
37°C and then 1 ul of proteinase K (20 mg/ml) plus 1% SDS for
2 h at 50°C, phenol extraction and ethanol precipitation followed.
The pellet was dissolved in TE and DNA was fractionated by
electrophoresis on a 1.5% agarose gel and stained with ethidium
bromide.

Western blot analysis After HEp-2 cells were treated with C2-
ceramide or okadaic acid as described above on 100 X 20 mm
tissue culture dishes, cells were lysed directly in SDS
polyacrylamide gel loading buffer. Cell lysate was heated to
100°C for 5 min and protein was quantitated using the Bio-Rad
microassay kit. After SDS-polyacryamide gel electrophoresis,
proteins were electrophorytically transferred to nitrocellulose
membrane (Schleicher and Schuell, Keene, USA) by using an
electrotransfer kit (Hoefer, San Francisco, USA). The membrane
was blocked for 1h with blocking buffer [0.2% (w/v)
I-BlockTM, 1X PBS, 0.2% tween-20, Tropix, Bedford, USA] at
room temperature and incubated for 1 h with primary antibody,
which was rabbit polyclonal anti-pRb antibody (Ab-2, oncogene
science) or rabbit polyclonal anti-c-Myc antibody (UBI). The
membranes were washed in 0.1% (v/v) Tween-20/PBS and
incubated with biotinylated secondary antibody in blocking buffer
for 1h at room temperature. After washing, membranes were
incubated in alkaline phosphatase-conjugated streptoavidin
containing blocking buffer for 30 min at room temperature.
Bands were visualized by incubating the membrane in substrate
solution containing CSPD (Tropix) and exposing it to X-ray film
(Kodak, New York, USA).
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Results and Discussion

Cytotoxic effect of C2-ceramide on HEp-2 cells To
investigate the effect of ceramide on the HEp-2
cells, various concentrations of C2-ceramide (N-
acetylsphingosine), a synthetic cell-permeable ceramide
analog, was added to exponentially growing HEp-2 cells.
The development of this cell-permeable analog of
ceramide has allowed examination of the cellular activities
of ceramide. Exogenously added C2-ceramide exerts a
cytotoxic effect on HEp-2 cells (Fig. 1). Induction of
cytotoxicity was dose-dependent with maximal response
occurring at 40 uM C2-ceramide. Similar concentration of
C2-ceramide has been shown to induce inhibition of DNA
synthesis of WI-38 human fibroblast (Jarvis ef al., 1994),
activate CAPP (Law and Rossie, 1995), CAPK (Westwick
et al., 1995), and down-regulate c-myc transcription (Wolff
et al., 1994). Recent evidences suggest that a significant
component of the growth suppression induced by ceramide
appears to be as a result of the induction of apoptosis.
Ceramide induced apoptosis in various cell types (Obeid
et al., 1993; Jarvis et al., 1994; Hannum and Obeid, 1995).
These results imply that C2-ceramide may exert a
cytotoxic effect on HEp-2 cells through apoptosis. To test
this hypothesis, we performed a DNA fragmentation assay.
Treatment of 10 uM C2-ceramide resulted in formation of
a larger fragment than the internucleosomal fragment,
which is considered as an early hallmark of apoptosis.
Even though we failed to detect internucleosomal
fragmentation, C2-ceramide may induce apoptosis
in HEp-2 cells without oligonucleosomal DNA
fragmentation, since it is now recognized that the
generation of oligonucleosomal DNA fragmentation may
not accompany apoptotic cell death in all cell types. For
example, in MCF-7 breast adenocarcinoma cells, distinct
300-50 kbp DNA fragments have been demonstrated
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Fig. 1. Cytotoxic effect of C2-ceramide on HEp-2 cells. HEp-2
cells were treated with indicated concentrations of C2-ceramide
for 18 h. XTT assay was performed as described in Material and
Methods.

1234

Fig. 2. Effect of C2-ceramide on DNA fragmentation. HEp-2
cells were treated with 10 uM C2-ceramide for O h (lane 2), 3 h
(lane 3), or 6 h (lane 4). DNA was prepared and analyzed as
described in Material and Methods. Lane 1 is the molecular
weight marker, A/HindIII.

following exposure to antineoplastic agents, yet these cells
do not exhibit oligonucleosomal DNA fragments
(Oberhammer et al., 1993). Okadaic acid-induced
apoptosis in hepatocytes was not accompanied by
oligonucleosomal DNA fragmentation (Boe et al., 1991).
To confirm whether or not ceramide induces apoptosis in
HEp-2 cells, further studies including an observation of the
morphological features are required.

Okadaic acid enhanced ceramide-induced cell
death Previous studies show that ceramide induces
apoptosis and growth arrest by stimulating CAPK (Mathias
et al., 1991) and CAPP (Dobrowsky and Hannum, 1992).
To investigate whether C2-ceramide induced HEp-2 cell
death by stimulating CAPP, the effect of okadaic acid, an
inhibitor of CAPP, on the ceramide-mediated cell death
was investigated. Okadaic acid (10 nM) was added to
HEp-2 cells in the presence or absence of C2-ceramide
(10 uM) (Fig. 3, panels a and b). Treatment of HEp-2 cells
with ceramide or okadaic acid reduced cell viability by
18% and 54%, respectively (Fig. 3b). However, addition of
okadaic acid with ceramide enhanced cell death up to 63%,
which implies that CAPP may not play a role in ceramide-
mediated cell death. We also observed cell morphology by
phase contrast microscopy. The addition of okadaic acid
and ceramide made cells round up and detached them from
the substratum (Fig. 3a). This result is opposite to the
previous study which demonstrated that okadaic acid
blocked the effects of ceramide (Wolff er al., 1994).
Okadaic acid was also shown to prevent irradiation-
induced DNA fragmentation in Burkitt lymphoma cells
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Fig. 3. Cytotoxic effect of C2-ceramide and okadaic acid on
HEp-2 cells. HEp-2 cells were treated with 10 4M ceramide (A),
10 nM okadaic acid (B), or 10 uM ceramide plus 10 nM okadaic
acid (C) for 18 h. (a) Morphological changes were observed by
phase contrast microscope (X200). (b) XTT assay was
performed.

(Song and Lavin, 1993). However, okadaic acid has also
been shown to induce apoptosis in hepatocytes (Boe et al.,
1991) which is similar to our result. These results indicate
that there are several signal transduction pathways in
apoptosis which are specific for different cell lines.

Ceramide and okadaic acid down-regulate c-myc
protein and pRb synergistically Recently, it has been
shown that C2-ceramide is a potent and specific inducer of
dephosphorylation of pRb in several cell types (Dbaibo
et al., 1995; Venable et al., 1995) where ceramide also

induced growth arrest. Therefore, it is suggested that pRb
acts as a downstream target for a ceramide-dependent
pathway of growth arrest. To investigate whether ceramide
induces changes in the level of pRb during HEp-2 cell
death, we performed a Western blot analysis. Figure 4
shows that neither C2-ceramide nor okadaic acid induces
significant changes in pRb. However, addition of C2-
ceramide and okadaic acid together synergistically reduced
pRb. This result may reflect two distinct intracellular
pathways induced by ceramide, such as cell cycle arrest
and apoptosis which may be accompanied by
dephosphorylation and reduction of the level of pRb,
respectively. In our study, the degree of cell death is
correlated with the reduction of pRb (Figs. 3 and 4). These
results support the recent evidence that pRb suppressed
ceramide-induced apoptosis in human bladder tumor cells
(McConkey et al., 1996) and suggest that down-regulation
of pRb is a downstream target of ceramide plus okadaic
acid-induced cell death.

One of the well known effects of ceramide was down-
regulation of c-myc mRNA (Kim et al., 1991, Wolff et al.,
1994). To investigate the relation between ceramide-
induced cell death and c-myc, we performed a Western blot
analysis using anti-c-Myc antibody. Figure 5 shows that
C2-ceramide or okadaic acid down-regulates c-Myc and
the treatment of C2-ceramide plus okadaic acid
synergistically down-regulates c-myc. Down-regulation of
c-myc by ceramide has been shown to be inhibited by
okadaic acid (Wolff et al., 1994), which provides evidence
of a role of CAPP in this process. However, the addition of
okadaic acid enhanced the ability of PMA to down-
regulate c-myc transcript (Wolff ez al., 1994). These results
demonstrate the existence of at least two distinct pathways
in the regulation of c-myc expression. Although a direct
molecular target for the action of ceramide in c-myc down-
regulation is not known, our result implies that the
activation of CAPP is not involved. However, from our
result, we can suggest a possible role of the zeta isoform
of PKC which is known as an intracellular target of
ceramide ( Lozano et al., 1994) in this process, since the

Fig. 4. Effect of C2-ceramide on pRb. HEp-2 cells were treated
without (lane 1) or with 10 uM ceramide (lane 2), 10 uM okadaic
acid (lane 3), or 10 uM ceramide plus 10 nM okadaic acid
(lane 4) for 18 h. Western blot was performed with anti-pRb
antibody as described in Material and Methods. The arrow
indicates the 105 kDa pRb.
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Fig. 5. Effect of C2-ceramide on c-Myc protein. HEp-2 cells
were treated without (lane 1) or with 10 uM ceramide (lane 2),
10 nM okadaic acid (lane 3), or 10 uM ceramide plus 10 nM
okadaic acid (lane 4) for 18 h. Western blot was performed with
anti-c-Myc antibody as described in Material and Methods. The
arrow indicates the 64 kDa c-Myc.

effect of okadaic acid on ceramide action was similar to
that on PMA (Wolff et al., 1994).

It becomes more important to define the relationship
between ceramide and other defined components to
understand the mechanism of action of ceramide. In this
study, we showed the involvement of c-Myc and pRb
down-regulation in ceramide- and okadaic acid-mediated
cell death.
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