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Abstract
The role of ceramide in triggering apoptosis is still a matter of
debate. While in some experimental systems, ceramide was
shown to mediate Fas-induced cell death, in other instances it
was claimed to induce the expression of Fas ligand (FasL),
killing cells in a caspase-dependent fashion. We found that, in
mature A20 B cells, ceramide-induced apoptosis is indepen-
dent of the caspase pathway, since we observed no ICE-like,
CPP32-like and Mch2 activities and no PARP proteolysis.
Moreover, we were unable to protect these cells from
ceramide-induced apoptosis using caspase inhibitors, while
they blocked Fas-induced apoptosis and no FasL induction
could be detected followingceramide treatment. Theseresults
suggest that ceramide does not induce apoptosis through the
Fas/FasL pathway. We also found that overexpression of
Nur77, a zinc-finger transcription factor described to
upregulate FasL, antagonizes ceramide-induced apoptosis,
but not Fas-induced apoptosis. This further supports the
hypothesis that Fas and ceramide death pathways are
independent in A20 cells. Ceramide-induced cell death was
associated with increased c-myc, p53, Bax and p27kip1 levels;
in contrast, cells transfected with Nur77 (A20Nur77), resistant
to ceramide-induced apoptosis, showed a marked down-
regulation of p53 after ceramide treatment, with neither Bax
nor p27kip1 induction. In conclusion, our results suggest that,
in the A20 B cell line, Fas and ceramide trigger two distinct
pathways and that Nur77 overexpression confers protection
against ceramide-mediated apoptosis which correlates with
inhibition of p53, Bax and p27kip1 induction. Cell Death and
Differentiation (2000) 7, 262 ± 271.

Keywords: apoptosis; B cells; ceramide; Fas; Nur77

Abbreviations: ICE, interleukin-1b converting enzyme; PARP,
poly(ADP-ribose)polymerase;PCD,programmedcelldeath;CrmA,

cytokine response modi®er A; TNF, tumor necrosis factor; Ac-
YVAD-CMK, acetyl-Tyr-Val-Ala-Asp-chloromethylketone; Ac-
DEVD-CHO, acetyl-Asp-Glu-Val-Asp-aldehyde; Z-VAD-fmk, Z-
Val-Ala-DL-Asp-¯uoromethylketone

Introduction

Apoptosis, an important mechanism for maintaining self-
tolerance and homeostasis in the immune system, is
characterized morphologically by fragmentation of the cell
and the nucleus, resulting in the formation of apoptotic bodies
subject to phagocytosis.1 One critical molecule in lymphocyte
cell death regulation is the cell surface receptor Fas (APO-1 or
CD95), the receptor for FasL. Fas is a type I-membrane
protein2,3 and a member of the tumor necrosis factor/nerve
growth factor receptor superfamily. Binding of FasL to Fas or
crosslinking of Fas with agonist antibodies induces apoptosis
in Fas-bearing cells.4,5 The mechanism of programmed cell
death (PCD) includes Fas trimerization, which recruits
caspase-8 (FLICE/MACH) via an adapter, FADD/MORT1.
FLICE oligomerization may result in self-activation of
proteolytic activity and trigger the ICE protease cascade.
The activated ICE members can cleave various substrates,
leading to apoptosis.6

There are a number of regulators in the Fas signaling
pathway, including ceramide, among others. The activation
of the ceramide pathway has been intimately related to
apoptosis and growth suppression,7 although its role is still
a matter of debate. Both in cells undergoing Fas-induced
apoptosis as well as in TNF-a-induced apoptosis, there is
sustained elevation of endogenous ceramide levels, with
kinetics that parallel those of apoptosis induction. Several
authors have reported that in both TNF-a- and Fas-
mediated apoptosis, ceramide accumulation requires
activation of the sphingomyelinase (SMase) pathway
through a mechanism that is sensitive to CrmA, but not to
Ac-DEVD-CHO or bcl-2.8 ± 11 This suggests that the SMase
pathway acts upstream of caspase activation and that
ceramide functions in the implementation of apoptosis in
both TNF-a- and Fas-mediated cell death, acting as a
downstream sensor. In fact, it has been shown that cells
resistant to Fas- or ceramide-induced apoptosis have
defective CPP32 activation.12 This poses some intriguing
questions concerning the role of ceramide acting in concert
with members of the proteolytic cascade. In contrast, Watts
and co-workers, using mass spectrometry to examine
ceramide production during Fas-induced apoptosis, found
no ceramide production under these conditions.13 It has
recently been proposed that ceramide activates FasL
expression, thus triggering Fas-mediated apoptosis.14

A number of years ago, Nur77 was identified as an
immediate-early gene inducible in PC12 cells15 and in
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fibroblasts16,17 by a variety of stimuli, suggesting the
importance of its function in mediating responses to
several cell stimulatory signals. Nur77 is a zinc-finger
transcription factor, shares features of the steroid/thyroid
receptor superfamily but, because no ligand has been
shown to regulate its transcriptional activity, it is referred to
as an orphan nuclear receptor. Nur77 is essential for
antigen receptor activation-induced death in T hybridoma
cells and is also implicated in apoptosis of autoreactive
thymocytes.18,19 It is not known, however, whether Nur77 is
also required in other apoptotic systems. It has recently
been shown that Nur77 upregulates FasL levels and
triggers apoptosis in Nur77/N10 transgenic thymocytes via
Fas-FasL.20 A role in cell death distinct from that of
activation has also been proposed for Nur77, since it is
expressed in response to mitogens; in this case, however,
transcription is regulated by 5' upstream elements distinct
from those used for apoptosis induction.18

Here we have studied the apoptotic pathways induced
by ceramide and Fas in A20 cells. We found that ceramide-
induced apoptosis did not activate caspases in these cells.
Overexpression of Nur77, which has been shown to
upregulate Fas ligand, prevented apoptosis induced by
ceramide, but not by Fas. These results suggest that, at
least in mature A20 B cells, ceramide does not mediate cell
death through FasL induction. Prevention of ceramide-
induced cell death in A20 cells transfected with the Nur77
gene correlated with downregulation of p53 and conse-
quent inhibition of Bax and p27kip1 upregulation. We
discuss the implication of these findings as evidence for
the activation of two independent pathways in PCD
induction by Fas and ceramide.

Results

Apoptosis induced by ceramide in A20 cells does
not trigger the activation caspase pathway

The mature B lymphoma A20 cell line21 is known to undergo
apoptosis rapidly after anti-Fas Jo2 antibody treatment;22 4 h
after Jo2 addition, almost 50% of cells are in apoptosis (Figure
1A), and by 10 to 12 h more than 90% of the cells have
undergone apoptosis (data not shown). These cells are also
sensitive to ceramide-induced cell death, in a dose-
dependent manner. Forty-eight hours after addition of
40 mM of C2-ceramide, 50% of the cells are apoptotic
(Figure 1B).

Since recently it has been reported that ceramide
mediates cell death through induction of FasL,14 which
kills cells in a caspase-dependent manner, we decided to
study whether exogenous ceramide induces caspase
activation in A20 cells. We found that ceramide does not
induce ICE-like, CPP32-like or Mch2 activities (Figure 2A).
In contrast, when these cells are stimulated with the anti-
Fas Jo2 antibody, there is clearly activation of ICE- and
CPP32-like caspases (Figure 2B). Moreover, we did not
detect PARP proteolysis during ceramide treatment. At
48 h, no PARP processing can be detected after addition of
40 mM of ceramide (Figure 3), while we observed PARP
proteolysis of A20 cells 2 h after anti-Fas treatment, as a

positive control for PARP processing. In addition, caspase
inhibitors such as z-VAD-fmk, the general caspase inhibitor,
or the specific inhibitors of the ICE-like or CPP32-like
family, Ac-YVAD-cmk and Ac-DEVD-CHO, respectively, did
not prevent ceramide-induced apoptosis (Figure 4A). Fas-
induced cell death, in contrast, was completely blocked by
these caspase inhibitors (Figure 4B). All together, these
results suggest that ceramide does not activate the
caspase pathway for induction of apoptosis, and therefore
does not use the Fas death signal to trigger apoptosis.

Contrary to the recent report claiming that ceramide
mediates apoptosis by activation of Fas signaling through
FasL induction,14 it appears that ceramide does not use
this pathway in A20 cells. To confirm this hypothesis, we
tested for FasL induction following ceramide treatment.
Using different ceramide doses, we detected no FasL
expression after ceramide addition (Figure 5). The
experiment in Figure 5 shows lack of FasL expression
24 h after ceramide addition. No expression was detected
when we tested for FasL induction at 4 and 8 h (not

Figure 1 Cell death induced by anti-Fas and ceramide in A20 cells. (A) Cells
(0.256106 cells/ml) were cultured in the presence of 100 ng/ml of anti-Fas Jo2
antibody for the indicated times. Samples were collected, cell pellets
permeabilized and stained with propidium iodide (PI) for cell cycle analysis.
Per cent apoptosis corresponds to the amount of fragmented DNA in the
hypoploid subG0/G1 peak of the cell cycle. (B) Cells (0.256106 cells/ml) were
cultured in the presence of C2-ceramide or dC2-dihydroceramide at the
indicated concentrations. After 48 h, cells were collected and cell cycle
analysis was performed as above
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shown). As a positive control for FasL induction, we treated
Jurkat cells with carbachol for 4 h, which is described to
induce FasL in these cells. These results strongly suggest
that, in A20 cells, ceramide does not use the Fas/FasL
pathway for induction of apoptosis.

Constitutive Nur77 expression renders cells
resistant to ceramide-mediated apoptosis

It has been reported that Nur77 upregulates FasL, triggering
apoptosis via the Fas/FasL system.20,23 We therefore decided

to analyze the effect of Nur77 overexpression in ceramide-
induced apoptosis. A20 cells were transfected with the pSFFV
plasmid carrying murine Nur77 cDNA, and several G418-
resistant clones were obtained. Western blot analysis (Figure
6A) was used to verify Nur77 expression. In Figure 6A, we
show one of the three Nur77 positive clones obtained; A20WT
refers to cells transfected with the empty plasmid. Cells
transfected with the Nur77 gene (A20Nur77) were assayed for
Fas- and ceramide-induced cell death. As for A20WT cells,
A20Nur77 cells were also susceptible to Fas-induced
apoptosis (Figure 6B). Surprisingly, A20Nur77 cells were

Figure 2 Analysis of ICE-like, CPP32-like and Mch2 enzymatic activities during Fas- and ceramide-induced cell death. A20 cells (0.256106 cells/ml) were treated
in culture with (A) 25 mM of C2-ceramide or dC2-dihydroceramide (B) or 100 ng/ml of anti-Fas Jo2 antibody, for various periods of time. Time zero corresponds to
untreated cells. Cytosol extracts were prepared as described in Materials and Methods. ICE-like, CPP32-like and Mch2 activities were determined as the
fluorescence emission of the cleaved substrates. These results are representative of three independent experiments
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resistant to ceramide-induced apoptosis (Figure 7). At 48 h
after addition of 25 mM of C2-ceramide, almost 40% of A20WT
cells were in apoptosis, as evidenced by the percentage of
cells in the subG0 peak, while no cell death was detected in
A20Nur77 cells (Figure 7). Nur77 overexpression thus
appears to confer resistance to ceramide-mediated apopto-
sis. Since ceramide does not use the Fas/FasL pathway in
these cells, this concurs with the data demonstrating Nur77-
conferred resistance to ceramide-induced cell death; one
would otherwise expect A20Nur77 cells to undergo apoptosis
after ceramide treatment in the same manner as A20WT cells.

Ceramide-induced cell death correlates with
increased p53 and c-myc levels

Oncogenes such as c-myc and p53 have important roles in
cell cycle control. Expression of c-myc induces cells both to
proliferate and, in the absence of survival factors, to undergo
apoptosis.24,25 Conversely, p53 induces cell cycle arrest and
apoptosis.26 In an attempt to understand the mechanism
through which ceramide mediates apoptosis in A20 cells, we
studied variations in the expression of these proteins during
ceramide treatment, and found that ceramide induced an
increase in p53 and c-myc levels in A20WT cells (Figure 8A).
The increase in p53 occurred 8 h after ceramide addition and
was maintained until 24 h; by 48 h after treatment, p53
decreased to normal levels. Concomitant with this p53
upregulation, we also observed a transient increase in c-
myc after ceramide treatment. In contrast, p53 levels in
A20Nur77 cells decrease after ceramide treatment, while c-
myc levels remained unchanged (Figure 8A). In contrast, anti-
Fas treatment in both cell lines does not change p53
expression (Figure 8B), showing that p53 downregulation
after treatment with ceramide is specific for the ceramide
apoptosis pathway.

Bcl-2 protects cells from some forms of PCD27 ± 29 and
has also recently been shown to block the ceramide-
mediated pathway of cell death.11 We therefore studied the
effect of ceramide treatment on the expression of bcl-2
family members. Bcl-xL and Bax expression were analyzed
in Western blot, and bcl-2 expression by flow cytometry,
since only trace amounts of this molecule were detectable
in Western blot. No significant changes were observed in
bcl-2 after ceramide treatment in either A20WT or
A20Nur77 cells (data not shown). Bcl-xL increased slightly
in ceramide-treated A20WT cells, however, but not

sufficiently to impede cells from undergoing apoptosis
(Figure 8C). Moreover, stimulation of A20 cells with
CD40L, which increases bcl-xL expression, failed to
prevent ceramide-induced apoptosis (data not shown). In
contrast, Bax levels were increased in ceramide-treated
A20WT cells (Figure 8C). Since p53 expression is also
induced in these cells, Bax induction could be mediated by
p53 activation.30

Figure 3 Ceramide does not induce PARP cleavage in A20 cells. A20 cells
(0.256106 cells/ml) were treated in culture with 40 mM of C2-ceramide (C2) or
dC2-dihydroceramide (dC2) for 48 h. C corresponds to untreated control cells.
Western blot analysis of 20 mg of whole cell lysates was performed for PARP
protein. As a positive control for PARP processing, we treated A20 cells with
anti-Fas Jo2 antibody (100 ng/ml, 2 h). The experiment shown in this figure is
representative of three independent experiments

Figure 4 Effect of caspase inhibitors on Fas- and ceramide-mediated
apoptosis. Cells (0.256106 cells/ml) were incubated alone or with Ac-YVAD-
cmk, Ac-DEVD-CHO or z-VAD-fmk (100 mM) for 1 h before addition of 25 mM of
C2-ceramide or dC2-dihydroceramide for 48 h (A) or anti-Fas antibody (100 ng/
ml) for 3 h (B). Cells were collected and cell pellets permeabilized and stained
with PI for cell cycle analysis. Percentage of apoptosis values were calculated
and expressed as before

Figure 5 Ceramide does not induce FasL expression in A20 cells. Cells
(0.256106 cells/ml) were cultured in the presence of C2-ceramide or dC2-
dihydroceramide at the indicated concentrations (mM). After 48 h, cells were
collected and Western blot analysis was performed for FasL using 20 mg of
whole cell lysates. As a positive control, we treated Jurkat cells with 500 mM of
carbachol (Car) for 4 h
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In conclusion, it seems that ceramide-mediated induction
of apoptosis in A20WT cells is associated with increased c-
myc and p53 levels, and with consequent Bax induction; in
A20Nur77 cells, the decrease in p53 mediates resistance to
cell death and prevents Bax induction. Moreover, ceramide
does not induce apoptosis in A20 cells via downregulation
of bcl-2 and bcl-xL, nor is PCD resistance in A20Nur77 cells
mediated by increased levels of these molecules.

Ceramide induces activation of retinoblastoma in
A20 cells

Progression through the cell cycle is dependent on the
coordinated interaction between key cell cycle regulatory
molecules including cyclins, cyclin-dependent kinases (cdk)
and cdk inhibitors.31 Together, these molecules control the
activity of a number of important substrates including the
retinoblastoma gene product (Rb), which has an important
role in growth suppression and cell death protection.32

Phosphorylation of Rb is tightly associated with exit from G1

and progression through the S/G2/M phase.33

Here we studied the effect of ceramide on the functional
state of Rb, which was examined in both cell lines by Western
blot analysis after ceramide treatment. Ceramide induced an
increase in hypophosphorylated, active Rb levels (Figure
9A), which was evident at 8 h after ceramide addition. We
also observed a loss of the hyperphosphorylated inactive Rb
in A20WT cells, with the concurrent appearance of the
hypophosphorylated active form of the protein. In contrast,
although a majority of the hypophosphorylated Rb is induced
in A20Nur77 cells, we still detected some hyperphosphory-
lated Rb in these cells by 24 and 48 h after ceramide
treatment (Figure 9A). In contrast, this is not the case in
A20WT cells (Figure 9A). In ceramide-treated A20WT cells,
we also observed the appearance in Western blot of a band
of approximately 48 kDa; this band is not detected in
A20Nur77 cells. During apoptosis, it has recently been
described that the Rb protein can be cleaved into at least
two fragments, p68 and p48, mediated by an ICE-like
protease.34 The 48 kDa band observed in A20WT could be
the result of specific proteolytic cleavage induced by
caspases; however, we do not observe ICE-like, CPP32-
like or Mch2 activities after treating these cells with ceramide
(Figure 2), making this possibility unlikely.

In summary, our results suggest that ceramide mediates
accumulation of the growth-suppressive form of Rb in both
cell lines, which may account for a block in cell cycle
progression. We hypothesize that, since p53 levels are
greatly increased in A20WT cells, which are susceptible to
ceramide-mediated PCD, these cells undergo apoptosis. In
A20Nur77 cells, which are resistant to ceramide-induced
PCD, p53 is inhibited and cells therefore do not die.

Resistance to ceramide-induced apoptosis in
A20Nur77 cells correlates with decreased cyclin A
and E levels, whereas susceptibility to
ceramide-induced cell death involves p27kip1

induction

Rb is maintained in its active state through cdk inactivation,
achieved either by loss of the regulatory cyclins or by
induction of the p21waf1/cip1/p27kip1 and p16 family of cdk
inhibitors. To determine whether Rb is activated through
reduced cyclin expression, we studied variations in cyclin
expression levels throughout the ceramide treatment. In
A20WT cells, cyclin A and E levels were slightly increased,
although not simultaneously, after ceramide-induced apopto-
sis (Figure 9B); in contrast, ceramide treatment of A20Nur77
cells, which did not lead to apoptosis, induced a marked
decrease in cyclin A and, to a lesser degree, of cyclin E levels
(Figure 9B). Cyclin A has been implicated in myc-induced
apoptosis,35 in agreement with the above data. In apoptotic
cells (A20WT), c-myc is upregulated and cyclin A levels are
therefore high. The decrease in cyclins A and E in A20Nur77
after ceramide treatment suggests that cell cycle progression
into the S phase is inhibited in these cells; however, cell cycle
analysis showed no evidence of ceramide-induced growth
arrest (Figure 7). We also examined cyclin D expression
levels, which were barely detectable in these cells and

Figure 6 Effect of Nur77 overexpression on Fas-mediated cell death. A20
cells were stable transfected with the Nur77 gene, followed by selection of
clones expressing high Nur77 levels in Western blot analysis. (A) Whole cell
lysates (20 mg) from nontransfected cells (A20), and cells transfected with the
empty plasmid pSFFV (A20WT) or the Nur77 gene (A20Nur77) were subjected
to 8% SDS ± PAGE, followed by Western blot analysis. Nur77 protein
expression was identified using an anti-Nur77 antibody detected by enhanced
chemiluminescence. (B) Cells (0.256106/ml) transfected with the empty
plasmid (A20WT) or the Nur77 gene (A20Nur77) were cultured in the presence
of 100 ng/ml of anti-Fas antibody. At the times indicated, samples were
collected, cell pellets permeabilized and stained with PI for cell cycle analysis.
Per cent apoptosis was calculated as before
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relatively unchanged after ceramide treatment in both cell
lines (data not shown). It has been shown that c-myc strongly
suppresses cyclin D1 expression in growing cells,36 and since
these cell lines express considerable amounts of c-myc, this
could explain the absence of expression of this cyclin.

It appears, therefore, that Rb hypophosphorylation
induced by ceramide in A20Nur77 cells is due mainly to
the loss of cyclin A. This, however, does not appear to be
the case in A20WT cells. As Rb can also be activated by
increased cdk inhibitor expression, we examined p21waf1/

cip1, p27kip1 and p16 protein levels after ceramide addition
to A20WT and A20Nur77 cells. The cdk inhibitor p27kip1,
which inhibits both cyclin E-cdk2 and cyclin D-cdk4
complexes, was strongly induced within 12 h in A20WT
cells and remained elevated throughout the 48 h time
course period of ceramide treatment (Figure 7C); in
contrast, A20Nur77 cells treated with ceramide showed
no variations on the expression of p27kip1 and p21waf1/cip1

proteins (Figure 9C). No changes were observed in the
levels of the cdk inhibitor p21waf1/cip1 in either cell line
(Figure 9C), whereas p16 is not expressed in these cells
(data not shown). The marked induction of p27kip1 levels in
A20WT correlates with increased p53 levels induced by
ceramide treatment. These results suggest that p53
induction by ceramide strongly induces p27kip1, resulting
in apoptosis. Our findings also concur with the recent study
demonstrating that p27kip1 overexpression causes apoptotic
death in several cell types.37

Discussion

The apoptotic pathway triggered by ceramide and its
implication in the Fas apoptotic pathway is still a matter of
controversy. Several reports show that ceramide production
occurs during Fas-induced apoptosis and that ceramide
mediates cell death through caspase activation,9,10,12,38

whereas others found no ceramide production during Fas-
mediated apoptosis.13 It has also recently been proposed that
ceramide mediates apoptosis by activation of Fas signaling
through FasL induction.14

The results obtained in this study provide compelling
evidence for the existence of two distinct pathways for Fas
and ceramide-induced apoptosis in A20 cells. It is unlikely
that ceramide uses the Fas-FasL pathway in A20 cells. First,
neither ICE nor CPP32 caspases, activated during the Fas
death signal, are activated in these cells after ceramide
addition, as revealed by the assays measuring ICE- and
CPP32-like activities. Second, substrates of these caspases
such as PARP, which is cleaved in the Fas pathway, do not
undergo proteolysis after ceramide treatment (data not
shown). Third, caspase inhibitors, such as z-VAD-fmk, Ac-
DEVD-CHO or Ac-YVAD-cmk, which prevent Fas-induced
apoptosis, failed to prevent ceramide-induced apoptosis.
Finally, if ceramide induces FasL expression, activating the
Fas/FasL pathway, it would be expected that A20Nur77
cells would be sensitive to ceramide-induced apoptosis
rather than resistant, as A20 cells. All together, these results

Figure 7 Effect of Nur77 overexpression on C2-ceramide-induced apoptosis. Cells (0.256106 ml) were cultured in the presence of 25 mM of C2-ceramide or
dC2-dihydroceramide for the times indicated. Samples were collected, cell pellets permeabilized and stained with PI for cell cycle analysis. Per cent apoptosis was
calculated and expressed as before. These results are representative of four independent experiments
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suggest that in these cells, Fas and ceramide use distinct
pathways to induce cell death.

We cannot exclude the possibility that some of the
effects observed are due to ceramide metabolites and not
to ceramide itself, since we have not examined the
metabolism of the exogenous ceramide. We found that
exogenous sphingosine also kills A20 cells, although at
lower concentrations than those needed for ceramide to
induce apoptosis. Five mM of sphingosine induces more
than 40% apoptosis at 24 h (data not shown). Ceramide
can generate sphingosine, and sphingosine is therefore
downstream of ceramide, explaining why apoptosis occurs
more rapidly with sphingosine treatment.

The results shown here are also compatible with a pathway
in which ceramide activates apoptosis through upregulation
of p53, c-myc, cyclin A and p27kip1. This conclusion is
supported by the lack of expression of these gene products
after ceramide addition in A20Nur77-transfected cells, which
in contrast to A20WT cells, are resistant to ceramide-
triggered apoptosis. Furthermore, this resistance to apopto-
sis appears to be mediated by a mechanism different from bcl-
2 and bcl-xL, since there is no upregulation of these proteins in
the A20Nur77 cell line (data not shown).

p53 acts as a tumor suppressor by causing growth arrest
and apoptotic cell death.39,40 These are two distinct events,
both of which require the presence of the p53 protein in the
nucleus during the G1 phase of the cell cycle. The
mechanism by which p53 activates apoptosis is not yet
clear, and the results presented here suggest an important
role for transcriptional activation of Bax and upregulation of
p27kip1. In A20Nur77 cells, resistant to ceramide-induced
cell death, p53, Bax and p27kip1 are not upregulated.
Simultaneously, p53 inhibits cell cycle progression by direct
transactivation of the p21waf1/cip1 gene in some39,41 but not

all cells.42,43 As no p21waf1/cip1 induction was observed after
ceramide treatment in A20 cells, p53-mediated cell growth
arrest is partially impaired in this cell line. Finally, it has
also been suggested that apoptosis often occurs as a
default mechanism when cells fail to undergo G1 arrest in
the presence of p53.39 Loss of Rb function and over-
expression of E2F are known to disrupt G1 arrest and favor
apoptosis44,45 and, as we show in this study and others
have reported,46 ceramide induces accumulation of the
growth-suppressive hypophosphorylated form of Rb, thus
sensitizing A20 cells to the apoptotic signals. It is intriguing
that although ceramide induces Rb dephosphorylation in
these cells, they do not suffer growth arrest as it would be
expected from Rb activation. This may generate a
conflicting signal in these cells for proliferation, causing
apoptosis. It might be considered that these cells undergo
apoptosis due to marked p53 upregulation.

Evidence has been accumulated showing the importance
of nuclear proto-oncogenes as potentially critical targets for
proliferation signals.47,48 Nuclear proto-oncogene induction
is accompanied and/or followed by progression through the
cell cycle, in which the expression of cell cycle regulators

Figure 8 Ceramide induces p53 and c-myc expression, which is prevented
by Nur77 overexpression. Cells were cultured in the presence of 25 mM of C2-
ceramide (A,C) and 100 ng/ml of anti-Fas Jo2 antibody (B). At the times
indicated, cells were collected and Western blot analysis of 20 mg of whole cell
lysates was performed for the proteins indicated. The experiment shown in this
figure is representative of three independent experiments

Figure 9 Effect of ceramide treatment on Rb phosphorylation status, cyclins
and cdk inhibitor expression in A20WT and A20Nur77 cells. Cells were
cultured in the presence of 25 mM of C2-ceramide for the indicated times. Cells
were collected and Western blot analysis of 20 mg of whole cell lysates was
performed to study Rb phosphorylation status (A), expression of cyclins A and
E (B), and p27kip1 and p21waf1/cip1 proteins (C). The results shown are
representative of three independent experiments
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such as cyclins and cdks is induced. Differential induction of
oncogenes is reflected in the differential induction of the cell
cycle molecules. c-myc and cyclins are involved at an
important nodal point shared by pathways regulating cellular
proliferation and apoptosis;49 c-myc modulates cyclin
expression and affects cell transition into the G2

phase.36,50,51 Accordingly, we found that c-myc induction
by ceramide in A20 cells correlates with the efficient
induction of cyclin A. Cyclin A overexpression has been
demonstrated to cause `mitotic catastrophes', with chromo-
somal fragmentation resembling apoptosis;52 cyclin A also
appears to have a role in the G1-to-S transition.53 Our data
are in accordance with the observation that cyclin A
participates in c-myc-induced apoptosis.35

It has been described that c-myc-induced apoptosis
requires FasL induction54 and that c-myc acts downstream
of the Fas receptor by sensitizing cells to the Fas death
signal. The involvement of caspases in c-myc-induced
apoptosis has also been reported.55 In A20 cells, we
observe that ceramide induces c-myc expression that
correlates with induction of apoptosis. We consider,
however, that if c-myc is responsible for mediating
ceramide-induced apoptosis, it is not acting through the
Fas/FasL system, as we do not observe FasL induction or
caspase activation. Our results thus contrast with these
reports, since we show that FasL is not induced during the
ceramide apoptotic pathway, at least in A20 cells. In
accordance with other reports indicating that c-myc requires
p53 to induce cell death,56 ± 58 we observe apoptosis in
A20WT, in which p53 is also upregulated by ceramide.

In conclusion, we show that Fas- and ceramide-induced
apoptosis in A20 cells occur through different pathways.
While Fas-induced death is mediated through caspase
activation, as we22 and others have reported,59,60 ceramide
does not use this pathway. Ceramide-induced apoptosis is
instead mediated through p53 induction and accumulation
of c-myc, which mediate cell death through Bax, cyclin A
and p27kip1 upregulation. Protection from ceramide-
mediated apoptosis is achieved by overexpression of
Nur77, preventing p53 and c-myc induction, with the
subsequent decrease in cyclin A, Bax and p27kip1 levels.
The interplay of the ceramide pathway with other apoptosis-
inducing pathways, such as Fas, is therefore the result of a
complex set of reactions in which the final decision may
vary in different cell lineages or in cells at distinct
differentiation stages. These findings must therefore be
evaluated in other cell lines, and further exploration of this
pathway will be essential for the understanding of this
complex aspect of cell regulation.

Materials and Methods

Cell culture

The mature B cell lymphoma A20 was cultured in RPMI-1640 medium
(BioWhittaker, Walkersville, MD, USA) supplemented with 5% fetal
calf serum (FCS), 2 mM L-glutamine, 10 U/ml penicillin, 10 mg/ml
streptomycin, 10 mM HEPES and 50 mM 2-mercaptoethanol (Sigma
Chemical Co., St. Louis, MO, USA) and maintained at 378C in a
humidified atmosphere with 5% CO2.

Reagents and antibodies

C2-ceramide and dC2-dihydroceramide (BioMol Research Labora-
tories, Plymouth Meeting, PA, USA) were prepared according to the
manufacturer's instructions. For in vivo assays, 100 mM of the
tetrapeptide protease inhibitors acetyl-Tyr-Val-Ala-Asp-chloromethylk-
etone (Ac-YVAD-cmk) and acetyl-Asp-Glu-Val-aspartic acid aldehyde
(Ac-DEVD-CHO) and the tripeptide z-Val-Ala-DL-Asp-fluoromethylk-
etone (z-VAD-fmk) (Bachem, Bubendorf, Switzerland) were added to
cultures 1 h before anti-m treatment. Carbachol (carbamylcholine
chloride, 500 mM; Sigma) was used for FasL induction. Hamster anti-
mouse Fas (Jo2; Pharmingen, San Diego, CA, USA) antibody was
used for cell death induction. The following antibodies were used for
Western blot assays: polyclonal rabbit anti-murine c-myc, cyclin A,
cyclin E, Bax and Fas ligand (Santa Cruz Biotechnology, Inc., Santa
Cruz, CA, USA), monoclonal murine anti-mouse p53 and bcl-xL

(Transduction Laboratories, Lexington, KY, USA) and monoclonal
murine anti-human Rb and PARP (which crossreact with mouse)
(Pharmingen). Polyclonal rabbit anti-mouse p21waf1/cip1 and p27kip1

were the kind gift of Dr. Manuel Serrano (CNB, Madrid, Spain). Nur77
expression was determined in Western blot using a rabbit polyclonal
antibody (K161) derived in this study; preimmune rabbit serum was
used as a negative control. For peptide competition, the peptide
(20 mg/ml) was first incubated with the anti-Nur77 serum for 1 h at
room temperature.

Generation of polyclonal anti-mouse Nur77
antibodies

A synthetic peptide corresponding to amino acid sequence 13 ± 27 of
murine Nur77 was synthesized on an automated multiple peptide
synthesizer (AMS 422, Abimed, Langenfeld, Germany) with an
additional Cys in the C-terminal region and coupled to maleimide
activated-KLH following manufacturer's instructions (Pierce, Rockford,
IL, USA). This peptide-KLH conjugate (250 mg) emulsified in an equal
volume of Freund's complete adjuvant was injected intradermally in
New Zealand rabbits, followed by two intramuscular boosts (125 mg
each) of conjugate in incomplete adjuvant at 4 and 7 weeks. Sera were
collected 7 to 10 days after the last injection and used with no further
purification in ELISA experiments. The IgG fraction was purified from
serum in a Protein A-Sepharose affinity column; peptide-specific IgG
was obtained by affinity chromatography on a peptide-coupled
Sepharose column (Thiopropyl Sepharose 6B, Pharmacia Biotech,
Uppsala, Sweden) and used in Western blot experiments.

Stable transfection of Nur77 and selection of
transfected cells

A 2.5 kb full-length Nur77 cDNA EcoRI fragment (in pSG5/Nur77, from
Dr. Lester F. Lau, Univ. Illinois, Chicago, IL, USA) was subcloned into
the pSFFV vector through a unique EcoRI site containing a neomycin-
resistant marker gene. A20 cells were transfected with the pSFFV
vector containing the neomycin resistance gene, with and without the
full-length murine Nur77 gene, by electroporation using a gene pulser
at 300 V and 960 mF (BioRad, Hercules, CA, USA). Cells were
selected with geneticin (G418, Calbiochem) (2 mg/ml) and resistant
cells were then tested for Nur77 expression in Western and in Northern
blot.

Assessment of apoptotic cell death

Apoptosis was assessed by staining cellular DNA with the DNA
intercalator propidium iodide (PI) using a semi-automatic procedure

Cell Death and Differentiation

Ceramide-induced apoptosis occurs independently of Fas
A BraÂs et al

269



(DNA Prep Reagents, Coulter, Miami, FL, USA), followed by analysis
on an EPICS XL flow cytometer (Coulter). Briefly, cells (105 ± 106)
were recovered by centrifugation, resuspended in 100 ml of PBS, then
permeabilized and stained by adding 100 ml of detergent reagent
followed by 1 ml of PI solution. After vortexing, samples were
incubated at 378C for 30 min and analyzed in flow cytometry.
Apoptosis was calculated as the percentage of DNA localized in the
hypoploid subG0/G1 peak of the cell cycle.

Enzyme assay for ICE-like, CPP32-like and Mch2
activities

Cells were collected, washed with ice-cold PBS and resuspended in
extraction buffer (50 mM Tris-HCl, pH 7.6, 150 mM NaCl, 0.5 mM
EDTA, 10 mM NaH2PO4, 10 mM Na2HPO4, NP-40 1%, 0.4 mM
Na3VO4, 1 mM PMSF, 10 mg/ml aprotinin and 10 mg/ml leupeptin).
After 30 min incubation on ice, the cell lysate was centrifuged
(20 0006g, 30 min) and the supernatant used as cytosolic extract.
Cytosolic proteins (5 mg), estimated by the bicinchonic acid method,61

were diluted fivefold in assay buffer (25 mM HEPES, pH 7.5, 0.1%
(w/v) CHAPS, 10% sucrose, 10 mM DTT and 0.1 mg/ml ovalbumin)
and incubated with 10 mM of the fluorescent substrates Ac-YVAD-
AMC (acetyl-Tyr-Val-Ala-Asp-7-amino-4-methylcoumarin), Ac-DEVD-
AMC (acetyl-Asp-Glu-Val-Asp-7-amino-4-methylcoumarin) or Ac-
VEID-AMC (acetyl-Val-Glu-Ile-Asp-7-amino-4-methylcoumarin) for
ICE-like, CPP32-like or Mch2 activities, respectively. The reaction
was terminated by addition of HPLC buffer (water/acetonitrile (75/25),
0.1% trifluoroacetic acid). Cleaved substrate fluorescence detection
was determined by C18 reverse phase HPLC using fluorescence
detection (338 nm excitation and 455 nm emission). Control
experiments confirmed that substrate release was linear with time
and protein concentration under the specified conditions (not shown);
specificity of substrate cleavage was confirmed by addition of 20 mM of
Ac-YVAD-cmk or Ac-DEVD-CHO as ICE and CPP32 family inhibitors,
respectively (data not shown).

Western blot analysis

Cells (106) were collected, washed with ice-cold PBS, lysed in
RIPA buffer (20 mM Tris-HCl, pH 8, 137 mM NaCl, 1 mM MgCl2,
1 mM CaCl2, 10% glycerol, 1% NP-40, 0.5% deoxycholate, 0.1%
SDS and protease inhibitors), incubated at 48C for 30 min with
agitation. After centrifugation (10 0006g, 15 min), supernatant was
collected as the whole cell lysate. Protein lysate content was
quantitated using the BioRad DC protein assay, and 20 mg of
protein were subjected to SDS-polyacrylamide gel electrophoresis
under reducing conditions. Protein was transferred to nitro-cellulose
membrane (BioRad), which was stained with Ponceau Red to
confirm equivalent protein loading, and blocked overnight with 5%
non-fat dry milk in TBS (20 mM Tris-HCl, pH 7.5, 150 mM NaCl).
Subsequent antibody incubations and membrane washes were
performed in TBS-T buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl,
0.2% Tween 20) containing 1% non-fat milk. After 2 h of antibody
incubation and washing, HRPO-conjugated goat anti-rabbit or anti-
mouse Ig sera (Dako, Glostrup, Denmark) were added for 1 h;
blots were washed extensively and developed using the ECL
system (Amersham, Aylesbury, UK).
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