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Ceramide is a lipid second messenger which is gen-
erated in response to stimulation of a number of sur-
face receptors, treatment with chemotherapeutic
agents, or ionising radiation. Depending on the target
cell, ceramide induces diverse biological responses in-
cluding apoptosis, cell-cycle arrest, differentiation,
and also proliferation. We studied the effect of cer-
amide on the degradation of IkB, the cytoplasmic in-
hibitor of the transcription factor NF-«B. We show
that ceramide treatment results in reduced levels of
phosphorylated IkBa and degradation of both IkBa
and IkBp. Ceramide synergised with okadaic acid
(OA), a compound which interferes with the protein
phosphatase 2A-controlled component of the NF-«B
activation pathway, enhancing OA-induced IkB degra-
dation. Ceramide also synergised with phorbol 12-
myristate 13-acetate, which mimics protein kinase C
activation. Finally, we show that the synergistic effect
of ceramide with OA or phorbol ester can be observed
in primary lymph node T-cells as well as in trans-
formed T-cells. © 1999 Academic Press

Ceramide, a product of sphingomyelin hydrolysis,
has emerged as a potentially important lipid second
messenger (1). Intracellular ceramide levels increase
in response to different extracellular stimuli delivered
through receptors for TNF, IL-1 or Fas-ligand and by
chemotherapeutic agents or ionising irradiation. Bio-
chemical targets include a cytosolic ceramide-activated
phosphatase, a membrane-bound serine/threonine pro-
tein kinases and Protein kinase C (PKC) ¢ which have
also been linked to the biological effects induced by
ceramide. These include diverse responses such as
apoptosis, cell-cycle arrest, differentiation and prolifera-
tion (for reviews see (2—4)). Several stimuli that induce
the generation of ceramide also activate the transcrip-
tion factor NF-kB. Activation of NF-«B involves the
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degradation of its cytoplasmic inhibitors, IkBs, of
which IkBa and 1B are the most important members
(reviewed in (5, 6)). Phosphorylation by specific kinases
(summarised in (7)) targets 1B for proteosomal degra-
dation, freeing NF-«B and allowing it to translocate to
the nucleus where it binds to cognate DNA sequences
(kB sites) in the regulatory region of a large number of
genes that are involved in immune responses and in-
flammation. NF-«B is important in T-cells since it par-
ticipates in the regulation of IL-2 and IL-2Ra gene
expression and also activates human immunodefi-
ciency virus replication. In addition, NF-«B has also
been shown to protect cells against apoptosis (8, 9).
IL-1 and TNF, two potent activators of NF-«B, stimu-
late sphingomyelin hydrolysis resulting in ceramide
generation (10). The exact role of ceramide in inducing
the activation of NF-«B, however, is still uncertain and
conflicting opinions exist.

TNF may induce the activation of an acidic sphingo-
myelinase (aSMase), and it has been proposed that the
ceramide that is generated activates NF-«B (10, 11).
Exogenous ceramides have for the most part been
shown not to induce nuclear translocation of NF-«B,
however (12, 13), and stimulation of NF-«kB by cer-
amide is small relative to the induction by TNF. In
several reports, ceramide also did not induce transcrip-
tion of NF-kB-dependent genes (14, 15) and in some
reports, the ceramide response could be dissociated
from NF-«B activation (12, 13, 16). For instance, cer-
amide is not detected in cells treated with TNF, until
after NF-«B is induced and an inhibitor of aSMase does
not inhibit TNF-induced activation of NF-«B. In addi-
tion, NF-kB can be induced by TNF in Niemann-Pick
fibroblasts that lack acid SMase (17).

Arguments in favour of a role for ceramide in NF-«B
activation also exist, however. In T-cells, it has been
shown that stimulation of CD28, the receptor for T-cell
co-stimulation, activates aSMase, yielding ceramide in
both transformed and primary T-cells (18). Overex-
pression of aSMase in Jurkat T-cell stimulated via the
TCR/CD3 complex could replace CD28 activation of
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NF-«B. In vitro, IkBa degradation could directly be
induced by addition of SMase or synthetic ceramide to
a cell-free system and degradation was suppressed by
dichloroisocoumarin, suggesting that SMase triggers
the degradation through a serine-like protease (19).

NF-«B activation is subject to several levels of con-
trol, involving phosphatase and kinase activity. A
number of compounds exist that mimic physiological
stimuli by interfering with components of the NF-«xB
activation pathway. This way, NF-kB can be activated
by okadaic acid (OA) (20), a potent inhibitor of phos-
phatase 2A (PP2A). The latter has been shown to be a
negative regulator of 1kB kinase (21), preventing I1xB
phosphorylation and subsequent degradation. Phorbol
esters such as phorbol 12-myristate 13-acetate (PMA)
stimulate PKC by mimicking the effects of diacylglyc-
erol (DAG), the physiological activator of PKC, and also
induce NF-«B activation. DAG is derived from phos-
phatidylinositol and/or phosphatidylcholine and is a
pivotal second messenger in T-cell activation, produced
upon stimulation of a range of T-cell surface membrane
receptors, including the TCR/CD3 complex, the recep-
tors for TNF and IL-1 and the receptor for co-
stimulation, CD28 (22).

Studies on T-cells have shown that ceramide, gener-
ated by overexpression of aSMase, can potentiate
NF-«kB activation induced by other signals such as
TCR/CD3 (18) and co-treatment of cells with ceramide
and TNF also showed enhancement of NF-«B activa-
tion as compared to TNF alone (12). Ceramide thus
appears to cooperate with different pathways to induce
NF-kB activation, but the nature of the pathways with
which ceramide cooperated was not identified. In this
paper, we focused on IkB degradation and used
membrane-permeable ceramide in combination with
OA or phorbol ester to investigate whether cooperation
exists between ceramide-, DAG- and PP2A-controlled
NF-«kB activation pathways. We show that ceramide
potentiates OA- or PMA-induced degradation of both
IkBa and 1kBB with different kinetics. This effect could
be observed in primary lymph node (LN) T-cells as well
as in transformed T-cells.

MATERIALS AND METHODS

Cells, cell line. The T. parva infected lymphocyte cell line
TpM(803) is CD4", CD8", /B TCR™ (23). LN T-cells were prepared
as described previously (24). Cultures were grown at 37°C in Leibo-
vitz L15 medium containing 10% heat-inactivated FCS, 20 mM
Hepes, 20 ug/ml L-glutamine, 100 U/ml benzylpenicillin and 100
wg/ml streptomycin sulfate. Cells were initially seeded at 2 X 10°/ml
(day 0) and passaged on day 3 when cell density exceeded 1 X 10%/ml.

Chemicals. Phorbol 12-myristate 13-acetate (PMA) and ionomy-
cin were purchased from Sigma; C,-ceramide and dihydro-ceramide
were purchased from Calbiochem and dissolved in DMSO; okadaic
acid (OA) was from LC laboratories.

Cell lysates. Prior to lysis, cells were washed 2X in ice-cold PBS,
pH 7.4. All steps were carried out at 4°C. Cells were suspended in
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FIG. 1. Ceramide induces IxB degradation in the transformed
T-cell line TpM(803). Treatment with ceramide results in reduced
levels of phosphorylated IkBa and 1B degradation. TpM(803) T-cells
were either left untreated (—) or treated for 2 or 4 h with 100 uM
C,-ceramide (CER) or dihydro-C2-ceramide (di-CER). Whole cell ex-
tracts were subjected to immunoblot analysis using antibodies di-
rected against either IkBa (lower panel) or 1kBB (upper panel).
Arrowheads indicate the phosphorylated (upper) and unphosphory-
lated (lower) forms of IkBa. As a control for the solvent in which
ceramide was dissolved, cells were also cultured for 4 h in the
presence of DMSO (0.1% vol/vol).

NP-40 lysis buffer (50 mM Tris, pH 7.4, 100 mM NacCl, 0.5% NP-40)
containing protease and phosphatase inhibitors (1 mM PMSF, 50
mM NaF, 1 mM NaVO,, 10 png/ml each of leupeptin and aprotinin).
Following 15 min incubation on ice, the lysate was cleared by cen-
trifugation at 14,000 X g for 15 min. Protein concentrations were
determined by the Bradford method. Extracts were either used im-
mediately or stored at —80°C until use.

Immunoblots. Lysates were boiled in Laemmli sample buffer and
equal amounts of protein (20 or 30 ng) were electrophoretically
separated by PAGE (10%) and transferred to nitrocellulose mem-
branes. For immunoblot analysis, rabbit anti-peptide polyclonal Ab
with the following specificities were used: IkBa (dilution 1:500;
raised against the C-terminal 21 amino acids; sc-371, Santa Cruz)
and IkBp (dilution 1:500; raised against the C-terminal 20 amino
acids; sc-945). Membranes were blocked, washed, and bound primary
Ab detected using horseradish peroxidase conjugated goat anti-
rabbit 1gG (1:5,000; New England Biolabs, Nr. 7071-1) and enhanced
chemiluminescence.

RESULTS

In a first set of experiments, we tested whether cer-
amide affected steady state levels of IkB. In the trans-
formed T-cell line, ToM(803), NF-«B is constitutively
activated with both transformation and NF-«B activa-
tion being dependent on the presence of the intracellu-
lar protozoan parasite Theileria parva in the T-cell
cytoplasm (25-27). Despite the continuous degrada-
tion, permanently high levels of IkBa can be found,
which are induced by activated NF-«B, stimulating de
novo IkBa expression (26). Part of the steady state
IkBa in TpM(803) T-cells is phosphorylated; this is
reflected by the presence of an 1kBa form with reduced
electrophoretic mobility in PAGE. Treatment of
TpM(803) cells with ceramide for 2 h resulted in the
disappearance of phosphorylated IkBa (Fig. 1) and
steady state levels of IkBa were markedly reduced
after 4 h. Compared to 1kBa, levels of 1kBp levels were
even more reduced and IkBB was undetectable after
4 h of treatment. Inactive dihydro-C,-ceramide, used
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FIG. 2. Synergistic effects of ceramide and OA on the degrada-
tion of 1kB. (A) Time course experiment showing the synergistic
effects of OA and ceramide on IkBa degradation. TpM(803) T-cells
were treated for 15, 30, or 45 min with 100 uM C,-ceramide, 0.4 uM
OA, or both together. Immunoblot analysis of whole cell extracts was
performed using anti-lkBa antibodies. Arrowheads indicate the
phosphorylated and unphosphorylated forms of 1kBa. (B) TpM(803)
T-cells were cultured for 1 h in the presence or absence of 100 uM
C,-ceramide and increasing doses of OA ranging from 0.1 to 0.4 uM
as indicated. Levels of IkBa and 1B in cell extracts were examined
by immunoblot analysis as described above. Arrowheads indicate the
phosphorylated and unphosphorylated forms of 1kBa.

as a control, nor the ceramide solvent DMSO interfered
with 1B stability.

Next we tested whether ceramide could enhance the
IkB degradation induced by two the NF-«B-activators,
the PP2A inhibitor OA and PMA, an activator of PKC.
Treatment of TpM(803) cells with low doses of OA (0.4
M) had no, or only marginal effects on 1kBa levels. In
time course experiments in which TpM(803) cells were
treated with OA, ceramide, or a combination of both,
IkBa degradation could be detected within 30 min
when cells were treated with ceramide and OA to-
gether (Fig. 2A and Fig. 3). Interestingly, ceramide
clearly did not prevent OA-induced phosphorylation of
IkBa since 1kBa remaining at 30 min consisted solely
of phosphorylated IkBa as judged by its reduced elec-
trophoretic mobility. By 45 min, IkBa had all but dis-
appeared. 1kBB was affected in a similar manner (Fig.
3) with only trace amounts of 1kBB detectable after 30
minutes of combined treatment. Synergy between cer-
amide and OA was further demonstrated in an OA
titration experiment (Fig. 2B). Phosphorylation and
degradation of 1kBa could be observed in cells exposed
to 0.2 uM OA provided ceramide was present. Upon
treatment with ceramide and 0.4 uM OA only traces of
1kB were detectable, whereas 0.4 uM OA alone had no
effect.

The phorbol ester PMA is a potent activator of PKC.
Considering that PKC participates in the activation of
awide range of signalling pathways, we tested whether
PMA and ceramide also synergise in inducing 1B deg-
radation. TpM(803) cells were treated for 30, 60 or 120
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min with PMA in the presence or absence of ceramide
(Fig. 3). PMA on its own failed to induce 1B degrada-
tion; on the contrary, a moderate increase in 1B levels
after 2 h of treatment could repeatedly be observed. As
demonstrated in Fig. 1, ceramide alone induced a par-
tial 1kBa degradation which was most pronounced af-
ter 120 min. In the presence of PMA and ceramide,
levels of IkBa and 1kBB were markedly reduced within
30 minutes demonstrating that ceramide and PMA
synergise to induce IkB degradation. Interestingly, in
contrast to IkBa, IkBB degradation appeared to be
associated with the appearance of additional, most
likely phosphorylated, forms of IkBB. Stimulation by
PMA and by PMA combined with ceramide was also
carried out in the presence or absence of ionomycin. No
enhancement of PMA-induced degradation of 1B could
be observed in the presence of ionomycin.

Finally, we determined whether similar synergistic
effects could also be observed in primary LN T-cells in
which NF-kB is not activated. LN T-cells were stimu-
lated for 30, 60 or 120 min with ceramide, low doses of
OA or PMA, or combinations of either of two com-
pounds (Fig. 4). Ceramide alone induced only very lim-
ited I«B degradation. Phosphorylated I«Ba could
readily be detected in OA-treated cells and increased
levels 1kBa could be detected after 120 min of treat-
ment. IkBa degradation commenced within 30 min of
treatment with ceramide and OA together, and no
IkBa could be detected at 60 or 120 min. Levels of
IkBB, on the other hand, were not affected by treat-
ment for 30 min with OA and ceramide together. At 60
min, levels of 1kBB were reduced, however, and by 120
min, no more 1kBpB could be detected.

IkBa degradation induced by treatment with cer-
amide together with PMA was markedly slower than
that observed for ceramide and OA. 1kBB degradation
induced by ceramide and PMA, on the other hand,
started within 30 min and kBB was hardly detectable
after 60 or 120 min.
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FIG. 3. Synergistic effects of ceramide and phorbol ester on the
degradation of 1kB. TpM(803) T-cells were treated for 0.5, 1, or 2 h
with 100 uM C,-ceramide, 100 ng/ml PMA, 0.4 uM OA, or 2 uM
ionomycin as indicated. Levels of 1kB were determined by immuno-
blot analysis using anti-lkBa (left panel) and 1B antibodies (right
panel). Arrowheads indicate the phosphorylated and unphosphory-
lated forms of 1kBa.
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FIG. 4. The synergistic effects of ceramide, OA, and PMA can
also be observed in primary LN T-cells. Freshly isolated LN T-cells
were cultured for 0.5, 1, or 2 h in the presence of 100 uM C,-
ceramide, 0.4 uM OA, or 100 ng/ml PMA as indicated. Cell extracts
were analysed by immunoblot for levels of IkBa (left) and 1kBg
(right). Arrowheads indicate the phosphorylated and unphosphory-
lated forms of 1kBa.

DISCUSSION

Some studies suggest an essential role for ceramide,
generated upon activation of aSMase, in TNF- or IL-1-
mediated NF-«B activation (10, 11, 28). Other studies,
however, provide evidence against a role for ceramide
in the NF-«B activation pathway or report that cer-
amide on its own contributes only minimally to NF-«xB
activation (12, 13, 16, 29). Our observations show that
ceramide can act in concert with at least two other
stimuli to induce IkB degradation in T lymphocytes.
One of these stimuli, induced by PMA, results in the
activation of PKC which mediates cellular responses to
a broad range of signals, including NF-«B activation
(20). The other involves the induction of 1xB degrada-
tion through OA-mediated inhibition of a PP2A, which
regulates the activation of 1B kinases (21).

When cells were treated with C2-ceramide alone,
1kB degradation could only be observed after prolonged
exposure and when high doses were added to the cul-
ture medium. This is in agreement with the observa-
tion by others that C2-ceramide failed to induce NF-«xB
over a range of concentration and duration (12). In our
experiments, treatment with ceramide consistently re-
sulted in a reduction of the steady state levels of phos-
phorylated 1kBa which could be observed within 30
min of treatment. At this stage, it is not clear whether
this reduction was caused by enhanced degradation of
phosphorylated 1kBa or by dephosphorylation.

In the presence of ceramide, 1kB degradation could
be induced by suboptimal doses of OA indicating that
ceramide can also potentiate the effects of OA. This
observation was unexpected, especially since several
ceramide-mediated effects such as apoptosis induced
by irradiation and certain chemicals (30), or ceramide-
and TNF-induced downregulation of c-myc mRNA (31)
are abrogated by OA. These opposing effects have been
attributed to the fact that ceramide activates the phos-
phatase ceramide-activated phosphatase which, itself,
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is inhibited by OA. Ceramide-induced pathways thus
appear to separate into OA-sensitive and -resistant
pathways, probably dependent on whether ceramide-
activated phosphatase is involved or not.

Stimulation of PKC by PMA in T-cells (32) has been
shown to induce IkBa phosphorylation and partial deg-
radation (33). Our findings shown that PMA-induced
I1kB degradation is enhanced by membrane-permeable
ceramide. In LN T-cells, IkBa degradation induced by
ceramide and PMA occurred with slower kinetics than
for ceramide and OA. In this context, it is noteworthy
that DAG, the physiological counterpart of PMA, has
been reported to be capable of activating aSMase
which, in turn, will result in enhanced ceramide pro-
duction. Based on these findings, a pathway for TNF-
induced NF-«kB activation was proposed involving a
cooperative relationship between the two lipid second
messengers DAG and ceramide (10, 28). As mentioned
earlier, however, this notion has been challenged by
experiments which show that TNF stimulation can
induce NF-«B activation much faster than ceramide
generation could be measured (34) and NF-kB activa-
tion in the absence of TNF-induced ceramide formation
has also been described (12, 13, 29, 35).

As is the case for OA and ceramide, PKC activation
and ceramide also appear to exert opposing biological
effects. A protective role has been demonstrated for
PKC in ceramide-mediated apoptosis induced via a
range of stimuli (36—-38). The synergistic effect for C2-
ceramide and phorbol esters at the level of I1«kB degra-
dation are not in agreement with the observations by
Gamard et al. (34), who showed that C2- and C6-
ceramide can inhibit the PMA-induced activation of
NF-«B in Jurkat T-cells. The reason for this difference
is not clear, but could be due to the fact that different
experimental approaches were used. In the study of
Gamard et al., Jurkat T-cells were pre-treated with
ceramide for 45 minutes prior to PMA stimulation,
whereas in our experiments with primary LN T-cells
and TpM(803) T-cells, ceramide and PMA treatment
were added concurrently. That different stimulation
regimes can indeed influence responses to PMA, OA or
ceramide was recently confirmed by experiments in our
lab, in which IkB degradation induced by these three
compounds was affected by prior stimulation of the
T-cells with either ConA or PMA (P.F. and D.D. un-
published).

The way in which ceramide enhances 1B degrada-
tion is not known. Both SMase and ceramide have been
shown in in vitro studies to activate a serine-specific
protease resulting in the degradation of 1B (19). Re-
cently, PKC{¢ was shown to be involved in the activa-
tion of NF-«B through phosphorylation of 1B (39, 40).
Since ceramide can activate PKC/, it is conceivable
that ceramide-activated PKC/{ contributes to NF-«xB
activation by feeding into the pathways which is also
stimulated upon OA or PMA treatment. Apart from
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affecting 1B, PKC{ is also involved in regulating the
transcriptional activity of NF-kB that has been re-
leased from its inhibitor. This involves the phosphory-
lation of the RelA subunit of NF-«B through a pathway
entailing the activation of PKC{ and p21(ras) (41). Our
studies focussed on a single step—I«xB degradation—in
the NF-«B activation cascade and it will be of interest
to see whether these effects are also reflected at the
transcriptional level.

In summary, we show that ceramide can potentiate
signals involved in 1«B degradation, delivered by the
phorbol ester PMA or the inhibitor OA, two compounds
which regulate PKC- or PP2A-dependent NF-«B acti-
vation pathways, respectively. Even though ceramide
alone may not function to activate NF-«B directly, the
cooperation of ceramide with these pathways supports
a role for ceramide in a multistep NF-«kB activation
process. Our data also emphasise the complex inter-
play between signalling pathways involving sphingo-
lipids and glycerolipids and underscore the complexity
of their regulation.
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