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Abstract

Ceramide is a sphingolipid bioactive molecule that induces apoptosis and other forms of cell
death, and triggers macroautophagy (referred to below as autophagy). Like amino acid starvation,
ceramide triggers autophagy by interfering with the mTOR-signaling pathway, and by dissociating
the Beclin 1:Bcl-2 complex in a ¢c-Jun N-terminal kinase 1 (JNK1)-mediated Bcl-2
phosphorylation-dependent manner. Dissociation of the Beclin 1:Bcl-2 complex, and the
subsequent stimulation of autophagy have been observed in various contexts in which the cellular
level of long-chain ceramides was increased. It is notable that the conversion of short-chain
ceramides (C,-ceramide and Cg-ceramide) into long-chain ceramide via the activity of ceramide
synthase is required to trigger autophagy. The dissociation of the Beclin 1:Bcl-2 complex has also
been observed in response to tamoxifen and PDMP (an inhibitor of the enzyme that converts
ceramide to glucosylceramide), drugs that increase the intracellular level of long-chain ceramides.
However, and in contrast to starvation, over-expression of Bcl-2 does not blunt ceramide-induced
autophagy. Whether this autophagy that is unchecked by forced dissociation of the Beclin 1:Bcl-2
complex is related to the ability of ceramide to trigger cell death remains an open question. More
generally, the question of whether ceramide-induced autophagy is a dedicated cell death
mechanism deserves closer scrutiny.
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Sphingolipids are important players in the cell death/survival balance in mammalian cells.
The sphingolipid rheostat, ceramide/sphingosine 1-P, has been proposed to orchestrate the
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balance between cell survival and cell death. Sphingosine 1-phosphate (S1P) is an anti-
apoptotic molecule, whereas ceramide is a pro-apoptotic mediator.1,2 More recently, both
ceramide and S1P have been shown to stimulate autophagy.3 Ceramide is able to trigger
autophagy in the presence of extracellular nutrients,4 and S1P is involved in regulating
starvation-induced autophagy.5 The consumption of S1P by the enzyme sphingosine 1-
phosphate lyase, which irreversibly terminates the S1P signal,6 blunts starvation-induced
autophagy (Codogno P and Levade T, unpublished data), reinforcing the notion that
intracellular S1P may be part of the autophagy-signaling mechanism during starvation-
induced autophagy. However, S1P can also act extracellularly via its interaction with S1P
receptors.7 The possibility that S1P regulates autophagy via S1P receptors cannot therefore
be excluded and needs to be explored.

Ceramide and the Induction of Autophagy

Our previous findings demonstrate that ceramide triggers autophagy by interfering with the
activation of Akt/PKB upstream of mTOR.4 Recently, we have shown that ceramide
activates JNK1 to phosphorylate Bcl-2.8 The phosphorylation of Bcl-2 alleviates the
inhibitory effect of Bcl-2 on autophagy as a result of its dissociation from Beclin 1. This
effect is replicated by various treatments that increase the level of long-chain ceramides,
such as converting exogenous short-chain ceramide analogs into long-chain ceramides, and
treating cells with the glucosylceramide synthase inhibitor PDMP or tamoxifen. The
phosphorylation of three residues contained in the N-terminal domain of Bcl-2 is required
for Bcl-2 to be dissociated from Beclin 1. These results are reminiscent of the role of INK1
in the dissociation of the Beclin 1:Bcl-2 complex during periods of starvation in stimulating
autophagy.9 Interestingly, it has previously been shown that ceramide interferes with amino
acid transport at the plasma membrane.10 Following on this observation, Guenther et al.
demonstrate that ceramide blocks the entry of amino acids and so starves cells, and
stimulates autophagy by downregulating nutrient transporters.11 In a similar manner to the
deprivation of extracellular amino acids, ceramide induces inhibition of the mTOR signaling
pathway, which is revealed by inhibition of the mTOR substrate, p70S6 kinase. It is
tempting to hypothesize that in the model investigated by Guenther et al.11 ceramide may
have induced the activation of JNK1, and thereby controlled the dissociation of the Beclin
1:Bcl-2 complex.

We previously reported that ceramide treatment led to an accumulation of Beclin 1 by
increasing the level of its MRNA in different cancer cell lines.4 It has recently been
demonstrated that ceramide increases the expression of Beclin 1, and stimulates autophagy
by activating INK1/2-dependent transcription of BECN1 via activation of the transcription
factor c-Jun in human nasopharyngeal carcinoma and hepatocellular carcinoma cell lines.12

Despite the similarities between starvation-induced autophagy and ceramide-induced
autophagy, we noticed a difference in the ability of Bcl-2 to regulate the autophagic
response. Previous studies in the human colon carcinoma cell line HT-29 showed that the
forced expression of Bcl-2 blocks starvation-induced autophagy,13 whereas ceramide was
still able to trigger autophagy in this context.8 In fact the ceramide analog C,-ceramide
induces the accumulation of the BH3-only protein BNIP3.14 The protein Beclin 1 contains a
BH3 domain, which is involved in the interactions with Bcl-2 and Bcl-x, .15 A BH3-
mimetic, ABT747, dissociates the Beclin 1:Bcl-2/Bcl-x; complex.16 Moreover several
BH3-only proteins are able to disrupt the Beclin 1:Bcl-2 complex.15 One of them, BNIP3,
stimulates autophagy and dissociates the Beclin 1:Bcl-2 complex.17 The BH3-domain-based
dissociation of the Beclin 1:Bcl-2 complex is not dependent on the phosphorylation of
Bcl-2.15 Thus the possibility cannot be excluded that ceramide may trigger the dissociation
of the complex by two non-exclusive mechanisms: (i) activation of JINK1 and subsequent
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phosphorylation of Bcl-2, and (ii) accumulation of BNIP3- and BH3-dependent dissociation
of the Beclin 1:Bcl-2 complex. As summarized in Figure 1, ceramide could trigger
autophagy via several distinct pathways.

Ceramide-Induced Autophagy and Cell Death

The role of ceramide as an inducer of cell death is well established. 1 This sphingolipid
triggers various forms of cell death, including a caspase-dependent form, a caspase-
independent form, and necrosis. Moreover, ceramide-induced cell death through autophagy,
either by targeting mitochondria or by increasing the rate of autophagy by upregulating the
expression of Beclin 1, has been also reported.12,14 Ceramide-induced blockade of nutrient
transport triggers autophagy and cell death by a caspase-independent mechanism.11
Inhibition of autophagy accelerates cell death. In this context, autophagy is an attempt to
overcome the bioenergetic catastrophe caused by the loss of nutrient transport. The
stimulation of the CD95-dependent pathway in primary rat hepatocytes by bile acid +
MEKZ1/2 inhibitors,18 and in cancer cells by sorafenib (a Raf kinase inhibitor) and
vorinostat (a histone deacetylase inhibitor) is dependent on ceramide production to trigger
autophagy and apoptosis.19 In both situations, ceramide-dependent autophagy has a
cytoprotective effect against the induction of apoptosis. Recent studies show that tamoxifen,
which induces autophagic cell death in the estrogen receptor-positive breast cancer cell line
MCF-7,20 also triggers autophagy to delay the induction of cell death.21 In this context, it
would be interesting to determine the contributions of ceramide to autophagy and cell death,
respectively.

The duration and/or the robustness of the signal produced by ceramide probably either
determines the impact of autophagy on cell fate, or activates a cell death pathway that
autophagy cannot counteract. Interestingly the level of ceramide in the ER is under the
control of the class | PI3K/Akt (PKB) signaling pathway that promotes the vesicular
transport of ceramide from the ER to the Golgi.22 As this signaling pathway regulates
autophagy,23 we cannot exclude the possibility that a fine-tuning mechanism may exist that
controls the induction of autophagy by ceramide.

Overall, the regulation of autophagy by sphingolipids is an emerging field. Several issues
remain to be investigated in order to better appreciate the function of these lipids in
autophagy, and its outcome in terms of cell survival and cell death. For example, the roles of
the different molecular species of ceramide as well as those of related metabolites, such as
dihydroceramide, sphingosine and ceramide 1-phosphate, remain to be elucidated.24
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Figure 1.

Regulation of autophagy by ceramide. Ceramide (Cer) impinges both on the signaling
pathway of autophagy and on the molecular machinery involved in the early steps of
autophagosome formation such as the Beclin 1 complex. Ceramide regulates autophagy
signaling by inhibiting Akt/PKB and the entry of nutrients. The low intracellular
concentration of nutrients mimics decreases in the activity of the mTORC1 complex (not
shown in the figure). Alternatively the low intracellular concentration of amino acids (AA)
induced by ceramide may activate JNK1. Like starvation, ceramide favors the
phosphorylation of Bcl-2 and its dissociation from Beclin 1 (Boxed P). Ceramide induces
the expression of the BH3-only protein BNIP3, which competes with the BH3 domain of
Beclin 1 to dissociate the Beclin 1:Bcl-2 complex (Boxed BH3). Finally, INK1/2 activates
the transcription factor c-Jun, leading to the upregulation of Beclin 1, and the stimulation of
autophagy.
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