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Abstract: D609 is known to modulate death receptor-induced ceramide generation and cell 

death. We show that in Jurkat cells, non-toxic D609 concentrations inhibit sphingomyelin 

synthase and, to a lesser extent, glucosylceramide synthase, and transiently increase the 

intracellular ceramide level. D609 significantly enhanced FasL-induced caspase activation 

and apoptosis. D609 stimulated FasL-induced cell death in caspase-8-deficient Jurkat cells, 

indicating that D609 acts downstream of caspase-8. At high FasL concentration  

(500 ng/mL), cell death was significantly, but not completely, inhibited by zVAD-fmk, a 

broad-spectrum caspase inhibitor, indicating that FasL can activate both caspase-dependent 

and -independent cell death signaling pathways. FasL-induced caspase activation was 

abolished by zVAD-fmk, whereas ceramide production was only partially impaired. D609 

enhanced caspase-independent ceramide increase and cell death in response to FasL. Also, 

D609 overcame zVAD-fmk-conferred resistance to a FasL concentration as low as  

50 ng/mL and bypassed RIP deficiency. It is likely that mitochondrial events were 

involved, since Bcl-xL over-expression impaired D609 effects. In PHA-activated human T 

lymphocytes, D609 enhanced FasL-induced cell death in the presence or absence of 

zVAD-fmk. Altogether, our data strongly indicate that the inhibition of ceramide conversion 
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to complex sphingolipids by D609 is accompanied by an enhancement of FasL-induced 

caspase-dependent and -independent cell death in T lymphocytes. 

Keywords: CD95; apoptosis; necrosis; sphingomyelin synthase; glucosylceramide 

synthase; ALPS 

 

1. Introduction 

D609 is a xanthate compound with anti-viral, anti-tumor and anti-inflammatory properties [1–5]. 

D609 has been widely used as an inhibitor of phosphatidylcholine-specific phospholipase C  

(PC-PLC) [2,6–9] and, indirectly, acidic sphingomyelinase (SMase) [2,4,10–14]. For instance, D609 

impairs TNF- and anti-Fas-induced activation of a PC-PLC (the molecular identity of which remains 

unknown) and acidic SMase [4,10,11]. In this context, PC-PLC stimulation leads to the rise of 

diacylglycerol (DAG), which enhances acidic SMase activity and hence ceramide levels [10,12].  

More recently, D609 has been shown to be being capable of inhibiting sphingomyelin synthase  

(SMS) [15–18], an enzyme that regulates ceramide and DAG levels in the opposite direction [17].  

In addition, as a reducing agent, D609 could scavenge reactive oxygen species (ROS) [19]. 

D609 inhibits cell proliferation of different cell types, including cancer cells [1–5]. Whereas the 

molecular mechanisms involved in the anti-proliferative effects remain to be fully established, 

ceramide elevation as a consequence of SMS inhibition likely contribute to the up-regulation of  

cyclin-dependent kinase inhibitor p21 and cell cycle inhibition triggered by D609 [20]. However, one 

should note that inhibition of SMS by D609 has been recently reported to restore cell cycle 

progression in 2-hydroxyoleic acid-treated human glioma cells [21]. Thus, the effect of D609 on cell 

proliferation is likely to be cell type-dependent and/or may be dependent on the cell culture conditions.  

D609 has been reported to modulate cell death signaling initiated by death receptors. D609 prevents 

TNF-induced cytotoxicity in various cell types both in vitro and in vivo [4,22]. However, D609 has 

been shown to sensitize U937 leukemia cells to TNF and an agonistic anti-Fas antibody [23]. 

Controversy exists as to the effect of D609 in Fas signaling. Okazaki’s group reported that D609 

inhibits a nuclear SMS activity and enhances Fas cross-linking-induced ceramide production and cell 

death in Jurkat cells [16]. More recently, it has been published that D609 impaired HeLa cell  

death in response to an agonistic anti-Fas antibody, whereas it had no effect in SKW6.4 cells [24]. 

Thus, one can speculate that the ability of D609 to modulate death receptor-induced cell death is cell 

type-dependent. However, it should be noted that opposite findings were reported using the same cell 

type, i.e., Jurkat cells, in response to Fas engagement [16,24]. 

Scaffidi and co-workers reported the existence of two different cell types as defined by distinct Fas 

signaling routes [25]. Type 1 cells were originally defined by their capacity to form large amounts of 

death-inducing signaling complex (DISC) consisting of the recruitment of the adaptor protein FADD 

and initiator caspases to the Fas receptor upon activation. This enables strong and direct caspase 

cascade activation, independent of mitochondrial events. In type 2 cells, DISC formation occurs less 

efficiently than in type 1 cells. Both initiator caspases, i.e., caspase-8 and -10, are activated at the 

DISC level [26–28] and cleave Bid [29–32] allowing cytochrome c release from the mitochondria [29,30], 
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which is a crucial event for FasL-induced caspase activation and apoptosis [25]. It has been recently 

reported that internalization of the Fas receptor is required for efficient DISC formation and apoptosis 

induction in type 1 cells but not in type 2 cells [33]. Fas stimulation has been also reported to activate a 

caspase-independent pathway involving the serine/threonine kinase RIP1 (Receptor Interacting Protein) 

as an effector molecule [34]. The signaling pathway activated by RIP is largely unknown and likely 

involves ROS production, and leads to a necrotic form of cell death rather than apoptosis [34].  

A growing body of evidence supports the involvement of ceramide or its metabolites in  

stress-induced caspase-dependent and -independent cell death (for a review, see [35]). This  

ceramide-induced cell death is inhibited by over-expression of Bcl-2 or Bcl-xL, suggesting the 

involvement of mitochondrial events [35]. Moreover, we demonstrated that caspase-9-deficiency 

impairs ceramide-induced apoptosis in Jurkat T cells [36]. Ceramide has been recently proposed as a 

mediator in TNF-induced caspase-independent cell death in various cell lines [22]. In this context, 

ceramide production involved RIP1 [22]. 

Ceramide is synthesized within the endoplasmic reticulum and converted in the Golgi to 

sphingomyelin and glucosylceramide by SMS and GCS (GlucosylCeramide Synthase), respectively. 

Both enzymes are capable of negatively regulating intracellular ceramide concentrations and are 

inhibited upon various stress conditions, which trigger ceramide increase and cell death [35]. 

Accordingly, we have provided evidence that SMS1 and, albeit to a lesser extent, SMS2, behave as 

anti-apoptotic enzymes in Fas signaling, most likely through their ability to metabolize the  

pro-apoptotic ceramide into sphingomyelin [37]. However, anti-Fas induced apoptosis is partly 

impaired in a murine leukemia cell line deficient in SMS, and over-expression of SMS1 restores full 

caspase activation and cell death [38]. Thus, a sustained inhibition of SMS might alter membrane 

composition and properties through SM depletion and confer cell death resistance, whereas a transient 

inhibition of SMS could be involved in ceramide generation and apoptosis signaling [35,39]. 

Herein, we provide evidence that, in Jurkat cells and in PHA-activated T lymphocytes, D609 

inhibits the activity of SMS and GCS, leading to a transient intracellular ceramide increase. Moreover, 

D609 enhances both caspase-dependent and -independent cell death in response to FasL and 

overcomes, to some extent, the resistance conferred by caspase inhibition and/or deficiency. 

2. Materials and Methods 

2.1. Reagents 

Final concentrations or dilutions used of the following reagents are indicated: D609 (50 μg/mL or 

the indicated concentrations) was obtained from Sigma (Saint Quentin Fallavier, France); 

zVAD(OMe)-fmk (40 μM) was purchased from Bachem (Voisins-Le-Bretonneux, France); polyclonal 

anti-caspase-3 (10 μg/mL) was obtained from Dako (Trappes, France); monoclonal anti-PARP was 

purchased from Cell Signaling Technology (Saint Quentin en Yvelines, France) and used at  

1/1000 dilution; monoclonal anti-β-actin (clone AC-15; 5 μg/mL) was obtained from Sigma; 

monoclonal anti-Bcl-xL (clone 2H12, 1 μg/mL) and anti-RIP (clone G322-2, 0.25 μg/mL) were 

purchased from BD Biosciences (Le Pont-De-Claix, France). 
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Human recombinant FasL was obtained from Abcys (Paris, France). Alternatively, mouse FasL 

produced in the supernatant of Neuro-2A cells stably transfected with a plasmid encoding FasL [40] 

was used. Similar data were obtained with mouse and human FasL. 

2.2. Cell Lines  

Parental Jurkat T leukemia cells (clone A3) and derived cell lines deficient in caspase-8  

(clone I9-2) [41] were kindly provided by Dr. J. Blenis (Boston, MA). RIP1-deficient Jurkat cells and 

parental cells (derived from J77) [42] were kindly given by Dr. B. Seed (Boston, MA).  

Mock-transfected and Bcl-xL-over-expressing Jurkat cells (clone E6) [43] were obtained from  

Dr. C. Thompson (Chicago, IL). Human peripheral blood lymphocytes (PBL) were obtained from 

healthy donors after separation from heparinized venous blood by centrifugation (1500× g, 20 min) 

over Ficoll (Gibco, Cergy-Pontoise, France). Allowing cell adhesion to the flask for 4 h eliminated 

adherent cells. The remaining cells (i.e., PBL) were cultured for 6 days with 1 μg/mL 

phytohemagglutinin (PHA) (Sigma) in the presence of 20 U/mL IL-2 (a kind gift from Sanofi  

Aventis, Toulouse, France). Cells were cultured in RPMI medium containing Glutamax and  

10% heat-inactivated FCS.  

2.3. Flow Cytometry Analyses 

Phosphatidylserine (PS) externalization was evaluated by labeling cells with Annexin V-FITC  

(250 ng/mL) and propidium iodide (12.5 μg/mL) (Immunotech, Marseille, France) for 10 min at 4 °C. 

Hypodiploidy was detected by washing cells in PBS and permeabilization in ethanol (70%) for 10 min 

at −20 °C. Cells were next incubated for 30 min at 37 °C with RNase (1 μg/mL) and propidium iodide 

(0.1 mg/mL). The percentage of hypodiploid cells carrying a DNA content below that of cells in 

G0/G1 was quantified by flow cytometry. Analyses were performed on a FACScan (Becton 

Dickinson, Le Pont de Claix, France) cytometer [31]. 

2.4. Protein Extraction and Western Blotting Analyses 

For total protein extraction, 5 × 106 cells were lysed for 30 min on ice in a buffer containing 50 mM 

HEPES, pH 7.5, 150 mM NaCl, 10% glycerol, 1% Triton X-100, 0.5% deoxycholate, 1 mM NaVO4, 

10 μM β-glycerophosphate, 50 mM NaF, 1 mM phenylmethylsulfonyl fluoride, 10 μg/mL leupeptin,  

2 μg/mL pepstatin A and 10 μg/mL aprotinin. Samples were centrifuged at 10,000× g at 4 °C for  

10 min. Supernatants were collected and protein content determined by the Bradford method (Biorad). 

For Western blot analyses, equal amounts of proteins were separated on 15% SDS-PAGE. 

2.5. Determination of SMS and GCS Activities in Jurkat Cells 

Jurkat cells were washed in PBS to remove serum and further incubated in RPMI medium 

containing 2.5 μM C6-NBD-ceramide (solubilized in ethanol) (Sigma). After incubation at 37 °C for 

two hours, cells were washed in PBS and centrifuged, and pellets were immediately frozen at −20 °C. 

Cell pellets were suspended in 0.2 mL of distilled water, and disrupted at 4 °C by brief sonication. 

After an aliquot had been taken for protein determination, lipids were extracted by adding 0.850 mL of 
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chloroform/methanol (2:1, v/v). After centrifugation (1000× g, 10 min), the lower phases were dried 

under nitrogen and resolved by analytical thin layer chromatography (TLC) (Merck TLC Silica gel 60) 

developed in chloroform/methanol/30% ammonia (70:30:5, v/v/v). C6-NBD-ceramide, C6-NBD-GlcCer 

and C6-NBD-sphingomyelin were eluted from the silica and quantified spectrofluorometrically  

(Lex = 470 nm and Lem = 560 nm) [44]. 

2.6. Ceramide Measurement 

Lipids were extracted as described above. Ceramide mass was measured as previously reported [45] 

using E. coli membranes as a source of diacylglycerol kinase. Radioactive ceramide-1-phosphate was 

isolated by TLC (Whatman LK6D TLC plates) using chloroform/acetone/methanol/acetic acid/water 

(50:20:15:10:5, v/v/v/v/v).  

2.7. Fluorogenic DEVD Cleavage Enzyme Assays 

After incubation with FasL, cells were sedimented and caspase-like activities were assessed using 

Ac-DEVD-AMC (Bachem) as described elsewhere [46]. 

2.8. Morphological Analysis 

Cells were co-incubated with propidium iodide (2 μg/mL) (Sigma, Lisle d’Abeau, France) and  

Syto 13 (2.5 μM) (Molecular Probes, Leiden, Netherlands) for 15 min at 37 °C and analyzed under a 

Leica fluorescence-equipped microscope [31,47]. At least 300 cells were examined. 

2.9. Statistical Analysis 

Results are expressed as means ± S.E.M., and are averages of at least three values per experiment. 

Mean values were compared using the Student’s t-test. Differences were considered statistically 

significant when p < 0.05 (as indicated by an asterisk on the figures; n.s.: not significant). 

3. Results 

3.1. Inhibition of SMS and GCS Activities by D609 Triggers Ceramide Increase and Cell Death in 

Jurkat Cells  

D609 has been previously shown to inhibit SMS activity in SV40-transformed fibroblasts and 

leukemia cells [15–18]. We first monitored D609 effect on SMS and GCS activities in Jurkat cells by 

measuring the conversion of a fluorescent ceramide analog to SM and GlcCer. D609 not only inhibited 

SMS (Figure 1A) but also, albeit to a lesser extent, GCS (Figure 1B) in a dose-dependent manner. 

Moreover, treatment with 50 μg/mL (i.e., 187.5 μM) D609 resulted in a transient elevation of 

endogenous ceramide levels up to 200% of the basal value at 2 h, followed by a decline to basal level 

by 4 h (Figure 1C) with no significant toxicity induction (Figure 1D). 100 μg/mL (i.e., 375 μM) D609 

triggered cell death (Figure 1D) that was not totally inhibited by the broad-spectrum caspase inhibitor 

zVAD-fmk (Figure 1E), under conditions that abolished caspase-3 and PARP cleavage (data not 

shown). This indicates that D609 can induce both caspase-dependent and -independent Jurkat cell 
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death. Whereas D609 alone triggered apoptosis, as evidenced by nuclear fragmentation, D609-induced 

cell death in the presence of zVAD-fmk was associated with marginal chromatin condensation and 

necrotic features (Figure 1F). Moreover, cell death was strongly impaired by Bcl-xL over-expression, 

suggesting that mitochondrial events are involved in D609-induced toxicity (Figure 1G). 

Figure 1. D609 inhibits SMS and GCS activities, and triggers ceramide increase and 

subsequent cell death in Jurkat cells. (A,B) Jurkat cells (clone A3) were incubated in the 

presence or absence of the indicated concentrations of D609 for 1 h and further incubated 

for 2 h in the presence of 2.5 μM C6-NBD-ceramide. SMS (A) and GCS (B) activities were 

determined by quantifying fluorescent SM and GlcCer. Results are expressed as the % of 

inhibition of the activities measured in the absence of D609. (C) A3 cells were incubated for 

the indicated times with 50 μg/mL D609 and ceramide content was quantified. (D–G) Cells 

were incubated for 16 h in the presence or absence of D609 (100 μg/mL or the indicated 

concentrations) and cell death was evaluated by microscopy analysis (F) or quantified by 

flow cytometry after annexin-V-FITC and propidium iodide labeling (D,E,G). At this 

incubation time, most of the annexin-V positive cells were also stained by propidium 

iodide and considered as dead cells. (E) Cells were pre-incubated for 1 h in the presence of 

40 μM zVAD-fmk and further incubated for 16 h with 100 μg/mL D609 as indicated.  

(F) A3 cells were incubated with control medium (a), containing 100 μg/mL D609 (b) or a 

combination of 40 μM zVAD-fmk and 100 μg/mL D609 (c). After 16 h, cells were stained 

with Syto-13 (green probe) and propidium iodide and analyzed under a fluorescent 

microscope. G, Mock-transfected E6 Jurkat cells (E6) and Bcl-xL-over-expressing E6 cells 

(Bcl-xL) were incubated in the presence (D609) or absence (None) of 100 μg/mL D609 for 

16 h. (A–E,G) Values are means ± S.E.M. of three independent experiments. (F) Pictures 

are representative of three independent experiments.  

 



Int. J. Mol. Sci. 2012, 13 8840 

 

Figure 1. Cont. 

 

3.2. D609 Stimulates FasL-Induced Caspase Activation and Apoptosis in Jurkat Cells 

Controversy exists as to the capacity of D609 to modulate Fas-cross linking-induced cell  

death [16,23,24]. We re-evaluated D609 effect in Fas cell death signaling in response to FasL (Figure 2A). 

At a sub-toxic concentration, D609 significantly enhanced Fas-engagement-induced PS externalization 

(Figure 2A). In response to FasL, caspase activation was increased by D609 as evaluated by Western 

blot using anti-caspase-3 and anti-PARP antibodies (Figure 2B). 

Figure 2. D609 enhances FasL-induced caspase activation and cell death in Jurkat cells. 

Jurkat cells (clone A3) were pre-incubated in the presence (white bars) or absence (black 

bars) of 50 μg/mL D609 for 1 h and further incubated for 16 h in the presence of the 

indicated FasL concentrations. (A) Cell death was next evaluated by flow cytometry after 

annexin-V-FITC and propidium iodide labeling. Most of the annexin-V positive cells were 

not stained by propidium iodide even in the presence of D609. Values are means ± S.E.M. 

of three independent experiments. (B) Caspase activation was assessed by Western blot 

using anti-caspase-3 or anti-PARP antibodies. Anti-β-actin antibody was used as a control. 

Data are representative of two independent experiments. 
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3.3. D609 Enhances FasL-Induced Caspase-Independent Cell Death and Overcomes Caspase-8 and 

RIP Deficiency 

In Jurkat cells, caspase-8 plays a pivotal role in initiating caspase cascade activation in response to 

Fas engagement [41]. As compared to wild-type Jurkat cells (see Figure 2), toxicity was strongly 

impaired in caspase-8-null Jurkat cells in response to 10–50 ng/mL FasL whereas 500 ng/mL FasL 

triggered substantial cell death as evaluated by annexin-V and propidium labeling (Figure 3A) and 

DNA content analysis (Figure 3B). D609 sensitized caspase-8-deficient Jurkat cells to all doses of 

FasL, indicating that D609 acts downstream of caspase-8 and overcomes, to some extent, caspase-8 

deficiency (Figure 3). 

Figure 3. D609 enhances FasL-induced cell death in caspase-8-deficient Jurkat cells. 

Caspase-8-deficient Jurkat cells (clone I9–2) were pre-incubated in the presence (D609)  

or absence (None) of 50 μg/mL D609 for 1 h and further incubated for 16 h in the presence 

of the indicated FasL concentrations. (A) Cell death was next evaluated by flow  

cytometry after annexin-V-FITC and propidium iodide labeling. The percentage of  

annexin-V-FITC-positive and propidium iodide-negative cells is indicated in the lower 

right quadrants. The percentage of propidium iodide positive cells is indicated in the upper 

right quadrants. (B) The percentages of hypodiploid cells were determined by flow 

cytometry. (A,B) Data are representative of two independent experiments. 

 

We next evaluated the effect of D609 in FasL-induced cell death in the presence of zVAD-fmk.  

In response to 500 ng/mL FasL, zVAD-fmk totally prevented caspase-3 cleavage (Figure 4A) and the 
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increase in caspase activity towards Ac-DEVD-AMC and Ac-IETD-AMC [48], which are substrates 

for effector and initiator caspases, respectively. FasL-induced cell death was completely abolished by 

zVAD-fmk when Jurkat cells were incubated with low doses of FasL (i.e., 10 and 50 ng/mL) (Figure 4B). 

However, in agreement with previous reports [31,34,49], toxicity was only partly inhibited by  

zVAD-fmk in response to a higher FasL concentration (i.e., 500 ng/mL), indicating that Fas 

engagement activates both caspase-dependent and -independent cell death pathways (Figure 4B). The 

addition of D609 not only significantly sensitized Jurkat cell death induced by a high FasL 

concentration (500 ng/mL), but also by-passed zVAD-fmk-mediated resistance toward FasL 

concentration as low as 50 ng/mL (Figure 4B). Whereas FasL alone triggered apoptosis as evidenced 

by nuclear fragmentation, FasL-induced cell death was associated with some necrotic features  

(i.e., marginal chromatin condensation and membrane permeability increase) when cells were 

incubated with zVAD-fmk in the presence or absence of D609 (Figure 4C). Given the critical role of 

RIP in FasL-induced caspase-independent cell death [34], the effect of D609 was tested in  

RIP-deficient Jurkat cells (Figure 4D). D609 overcame RIP deficiency, restoring the capacity of FasL 

to promote cell death in RIP-null Jurkat cells in the presence of zVAD-fmk (Figure 4D). The 

sensitizing effect of D609 in FasL-induced caspase-independent cell death was strongly impaired by 

Bcl-xL over-expression, suggesting the involvement of mitochondrial events (Figure 4E).  

Figure 4. D609 overcomes zVAD-fmk-induced resistance of Jurkat cells to FasL. Jurkat cells 

were pre-incubated for 1 h with or without 40 μM zVAD-fmk or a combination of 40 μM 

zVAD-fmk and 50 μg/mL D609. Cells were further incubated for 16 h (or the indicated 

times) with or without FasL (500 ng/mL or the indicated concentrations). Experiments 

were carried out using Jurkat cells (clone A3) (A–C), J77 parental (RIP+) and RIP-deficient 

(RIP−) Jurkat cells (D) and mock-transfected E6 Jurkat cells (E6) and Bcl-xL-over-expressing 

E6 cells (Bcl-xL) (E). (A) Caspase-3 activation was evaluated by Western blot. Data are 

representative of two independent experiments. (B,D,E) Cell death was evaluated by flow 

cytometry after annexin-V-FITC and propidium iodide labeling. Under these experimental 

conditions, most of the dead cells were labeled by both annexin-V-FITC and propidium 

iodide. (C) Cells were incubated with control medium (a), or medium containing FasL (b), 

zVAD-fmk plus FasL (c) or a combination of zVAD-fmk, D609 and FasL (d). After 16 h, 

cells were stained with Syto-13 (green probe) and propidium iodide and analyzed under a 

fluorescent microscope. (D) Western blot analyses were performed using anti-RIP and 

anti-β-actin antibodies. (E) Western blot analyses were assessed using anti-Bcl-xL and 

anti-β-actin antibodies. (B,D,E) Values are means ± S.E.M. of three independent 

experiments. (C) Pictures are representative of two independent experiments. 
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Figure 4. Cont. 

 

3.4. D609 Increases FasL-Induced Caspase-Independent Ceramide Production 

In agreement with previous reports showing that Fas cross-linking triggers ceramide generation in 

Jurkat cells [16,46,50,51], 500 ng/mL FasL induced a four-fold increase in intracellular ceramide 

levels (Figure 5A). This ceramide elevation was only partly affected by zVAD-fmk (Figure 5A) 

whereas caspase activation, as evaluated by the measurement of DEVDase activity, was suppressed 

(Figure 5B). Ceramide increased in a time-dependent manner and was concomitant with cell death  

(Figure 5C,D). D609 enhanced both ceramide generation (Figure 5C) and cell death (Figure 5D) at all 

times. Altogether, our data indicate that D609 stimulates FasL-induced caspase-independent ceramide 

increase and toxicity in Jurkat cells. 

3.5. D609 Enhances FasL-Induced Cell Death in T Lymphocytes 

We next evaluated the effect of D609 in primary T cells. Similarly to Jurkat cells, D609 inhibited 

SMS and, to a lesser extent, GCS in PHA-activated T lymphocytes in a dose-dependent manner 

(Figure 6A,B). FasL-induced cell death, as evaluated by the increase of hypodiploid cells (Figure 6C) 

and PS externalization (Figure 6D), was significantly stimulated by D609. Whereas zVAD-fmk 

completely abrogated cell death increase in response to FasL, D609 restored FasL-induced cell death 

and, thus, overcame caspase inhibition-induced resistance of T lymphocytes. 
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Figure 5. D609 enhances FasL-induced caspase-independent ceramide increase and cell 

death. Jurkat cells (clone A3) were pre-incubated in the presence or absence of  

40 μM zVAD-fmk for 1 h and further incubated with or without FasL (500 ng/mL) for  

16 h or the indicated times. Ceramide level (expressed as nmol of ceramide per mg of 

protein) (A) and caspase activity toward Ac-DEVD-AMC (B) were measured. (C) Cells 

were pre-incubated for 1 h with 40 μM zVAD-fmk (black bars) or a combination of  

40 μM zVAD-fmk and 50 μg/mL D609 (white bars). Cells were further incubated with  

500 ng/mL FasL for the indicated times and ceramide concentration was measured. Data 

are expressed as the percentage of values measured in cells incubated with zVAD-fmk 

alone. (A–C) Values are means ± S.E.M. of three independent experiments. (D) Cells were 

pre-incubated for 1 h with 40 μM zVAD-fmk in the presence (triangles) or absence 

(squares) of 50 μg/mL D609. Cells were further incubated for the indicated times with 

(solid symbols) or without (empty symbols) 500 ng/mL FasL. Cell death was evaluated by 

flow cytometry after annexin-V-FITC and propidium iodide labeling. Under these 

conditions, most of the dead cells were labeled by both annexin-V-FITC and propidium 

iodide. Data are representative of two independent experiments. 
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Figure 6. D609 inhibits SMS and GCS activities and enhances FasL-induced cell death in 

PHA-activated human T lymphocytes. (A,B) Human PBL, derived from three healthy 

volunteers, were cultured for 6 days in the presence of PHA. Cells were next pre-incubated 

in the presence or absence of the indicated concentrations of D609 for one hour and further 

incubated for 2 h in the presence of 2.5 μM C6-NBD-ceramide. SMS (A) and GCS (B) 

activities were determined. (C,D) PHA-activated PBL were pre-incubated for 1 h with or 

without 40 μM zVAD-fmk and 50 μg/mL D609 as indicated. Cells were further incubated 

for 16 h in the presence or absence of 500 ng/mL FasL. (C) The percentages of hypodiploid 

cells were determined by flow cytometry. Basal hypodiploidy in untreated cells did not 

exceed 15% in all conditions and was subtracted from the values. Values are means ± S.E.M. 

of three independent experiments. (D) PS externalization was measured by flow cytometry 

after annexin-V/FITC and propidium iodide staining. Analysis was restricted to propidium 

iodide negative cells to exclude cellular debris derived from non-activated lymphocytes. 

Numbers indicate the percentage of cells labeled with annexin-V/FITC. Data are 

representative of three independent experiments.  
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4. Discussion 

The present study demonstrates that D609 acts as a potent inhibitor of SMS and, to a lesser extent, 

of GCS, in T cells. At a non-toxic concentration, D609 dose enhances FasL-induced caspase-dependent 

and -independent cell death. Moreover, D609 somehow overcomes caspase-8 and RIP deficiency-induced 

resistance to FasL.  

D609 has often been used as a specific inhibitor of PC-PLC [2,4,10–13]. As described by  

others [15,16,18], we show that D609 is also capable of inhibiting SMS activity (Figures 1A and 6A). 

In addition, GCS activity decreases in the presence of D609 (Figures 1B and 6B). Thus, D609 cannot 

be considered as a specific inhibitor of PC-PLC and SMS and is likely able to inhibit other lipid 

metabolizing enzymes, such as GCS or phospholipases, including PC-PLD and PE-PLC [52]. Thus, 

D609 probably acts on multiple metabolic and signaling pathways, and the molecular mechanisms 

involved are not fully established. 

In our experimental setting, a non-toxic D609 concentration triggered a transient increase of 

intracellular ceramide, most likely as a consequence of the inhibition of ceramide conversion into its 

immediate metabolites, i.e., SM and GlcCer. Ceramide levels returned to basal values at 4 h, possibly 

due to the ceramide metabolism into complex sphingolipids and/or ceramide catabolism into 

sphingosine. We have recently documented that ceramide activates the mitochondrial pathway leading 

to cytochrome c release and caspase-9 activation in Jurkat cells [36]. As a matter of fact, Bcl-xL  

over-expression inhibited D609 effects, strongly indicating the involvement of mitochondria. Thus, 

ceramide appears to be a good candidate for mediating D609 effects, although a previous study 

reported that D609-induced cell death is not affected when ceramide increase is pharmacologically 

inhibited by the use of fumonisin B1 or L-cycloserine, both known to block de novo ceramide 

synthesis in the endoplasmic reticulum [53]. However, it is conceivable that, despite reducing the total 

intracellular level of ceramide with fumonisin B1 or L-cycloserine, D609 exerts its effects by 

increasing a specific pool of ceramide, different from that of de novo synthesis. Thus, although we 

cannot establish a definitive link between D609-induced ceramide production and cell death, we 

cannot rule out the possibility that ceramide elevation in the Golgi, the plasma membrane and/or the 

nucleus as a consequence of inhibition of SMS and GCS, is involved in D609 cytotoxic effects. 

Subcellular localization of ceramide production determines the capacity of ceramide to act as a 

biological molecule in cell death [35]. For instance, we previously reported that lysosomal ceramide is 

not involved in Fas-cross-linking and stress-induced cell death [54]. Ectopic-expression of a bacterial 

SMase induces cell death only when it is targeted to the mitochondria [55].  

To determine whether GCS inhibition is an important event for D609 effects, we used a more 

specific GCS inhibitor, i.e., PDMP, which has been shown to enhance anti-cancer drug-induced 

apoptosis in some cancer cells [56]. Pre-treatment of Jurkat cells (from 1 h to 16 h) with 10 μM PDMP 

resulted in a potent (more than 90%) inhibition of GCS activity, but had no effect on FasL-induced cell 

death in the presence or absence of zVAD-fmk (data not shown). This observation suggests that the 

inhibition of GCS activity by D609 is unlikely to be sufficient for sensitizing cells to FasL. Of note, 

Tepper and co-workers previously reported that GCS does not modulate ceramide generation and 

Jurkat cell death in response to Fas stimulation [57]. However, the possibility that GCS inhibition 
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contributes to D609 effects in FasL-induced ceramide generation and cell death, together with SMS 

inhibition and possibly other metabolic alterations, cannot be excluded.  

Two different genes encoding SMS have been cloned so far. The corresponding proteins, SMS1 

and SMS2, are mainly localized at the Golgi and at the plasma membrane, respectively [17].  

Both enzymes can be inhibited by D609, the extent of inhibition for SMS1 being greater than for 

SMS2 [17]. Moreover, Okazaki’s group has recently reported that Fas cross-linking leads to the 

inhibition of a nuclear SMS, leading to ceramide increase into the nucleus [16]. Furthermore, D609 is 

also able to inhibit SMS into the nucleus and to enhance Fas-induced nuclear ceramide accumulation 

and apoptosis [16]. The inhibition of nuclear SMS has been proposed as a consequence of caspase 

activation in response to Fas stimulation [16]. More recently, we have shown that SMS1 knockdown 

sensitizes Jurkat cells (which express SMS1 but not SMS2) to FasL-induced apoptosis [37], further 

indicating that SMS behave as anti-apoptotic enzymes in Fas signaling. The present study 

demonstrates that D609 enhances FasL-induced caspase activation and apoptosis. Thus, it is likely that 

caspase-dependent ceramide increase, possibly within the nucleus and/or the Golgi, acts as a positive 

amplification loop in caspase cascade activation and apoptosis induction. Moreover, the sensitization 

effect of D609 was observed both in Jurkat and activated T cells, which are respectively type 2 and 

type 1 cells as regards Fas signaling pathways. Thus, our data suggest that different cell types could be 

sensitized to FasL by D609.  

In our hands, D609 also promotes FasL-induced ceramide accumulation and cell death in the 

presence of zVAD-fmk, a widely-used broad-spectrum caspase inhibitor (see Figures 4C and 5C). 

D609 also enhanced FasL-induced cell death in caspase-8-deficient Jurkat cells (see Figure 3). Thus, 

our results indicate that D609 effects in Fas signaling are not restricted to the caspase-dependent 

pathway. In the absence of D609, zVAD-fmk resistant (i.e., caspase-independent) cell death occurs 

only in the presence of high FasL concentration and requires the RIP kinase [34]. D609 not only 

sensitizes Jurkat cells to caspase-independent cell death in response to low FasL concentration  

(i.e., 50 ng/mL), but also by-passes RIP deficiency, restoring the capacity of FasL to kill RIP-null 

Jurkat cells in the presence of zVAD-fmk. Similarly, D609 overcomes zVAD-fmk-mediated resistance 

of PHA-activated T lymphocytes to FasL. In humans, autoimmune lymphoproliferative syndromes 

(ALPS) develop as a consequence of alteration(s) in the Fas/FasL system. Some defects in the  

caspase-dependent pathway, as the result of gene mutations affecting the catalytically active sites of 

either caspase-8 or -10, can be responsible for ALPS [58]. A major finding presented here is the ability 

of D609 to enhance FasL-induced cell death or to restore it in cells where the death cascade is 

impaired. Thus, the use of D609 or derivatives [59] may represent a promising strategy, at least in 

some cases, for the treatment of patients affected with ALPS. 

Acknowledgments 

We thank J. Blenis (Boston, MA) for providing A3 and I9-2 Jurkat cells, B. Seed (Boston, MA) for 

the gift of parental and RIP-deficient Jurkat cells and C. Thompson (Chicago, IL) for giving  

mock-transfected and Bcl-xL-over-expressing E6 cells. This study was supported by INSERM and 

Paul Sabatier University. 



Int. J. Mol. Sci. 2012, 13 8848 

 

References 

1. Sauer, G.; Amtmann, E.; Melber, K.; Knapp, A.; Muller, K.; Hummel, K.; Scherm, A. DNA and 

RNA virus species are inhibited by xanthates, a class of antiviral compounds with unique 

properties. Proc. Natl. Acad. Sci. USA 1984, 81, 3263–3267. 

2. Amtmann, E. The antiviral, antitumoural xanthate D609 is a competitive inhibitor of 

phosphatidylcholine-specific phospholipase C. Drugs Exp. Clin. Res. 1996, 22, 287–294. 

3. Amtmann, E.; Sauer, G. Selective killing of tumor cells by xanthates. Cancer Lett. 1987, 35,  

237–244. 

4. Machleidt, T.; Kramer, B.; Adam, D.; Neumann, B.; Schutze, S.; Wiegmann, K.; Kronke, M. 

Function of the p55 tumor necrosis factor receptor “death domain” mediated by 

phosphatidylcholine-specific phospholipase C. J. Exp. Med. 1996, 184, 725–733. 

5. Adibhatla, R.M.; Hatcher, J.F.; Gusain, A. Tricyclodecan-9-yl-xanthogenate (D609) mechanism 

of actions: A mini-review of literature. Neurochem. Res. 2012, 37, 671–679. 

6. Goebeler, M.; Gillitzer, R.; Kilian, K.; Utzel, K.; Brocker, E.B.; Rapp, U.R.; Ludwig, S. Multiple 

signaling pathways regulate NF-κB-dependent transcription of the monocyte chemoattractant 

protein-1 gene in primary endothelial cells. Blood 2001, 97, 46–55. 

7. Mas, V.M.; Hernandez, H.; Plo, I.; Bezombes, C.; Maestre, N.; Quillet-Mary, A.; Filomenko, R.; 

Demur, C.; Jaffrezou, J.P.; Laurent, G. Protein kinase Czeta mediated Raf-1/extracellular-regulated 

kinase activation by daunorubicin. Blood 2003, 101, 1543–1550. 

8. Marchetti, M.C.; Di Marco, B.; Cifone, G.; Migliorati, G.; Riccardi, C. Dexamethasone-induced 

apoptosis of thymocytes: Role of glucocorticoid receptor-associated Src kinase and caspase-8 

activation. Blood 2003, 101, 585–593. 

9. Luft, T.; Rodionova, E.; Maraskovsky, E.; Kirsch, M.; Hess, M.; Buchholtz, C.; Goerner, M.; 

Schnurr, M.; Skoda, R.; Ho, A.D. Adaptive functional differentiation of dendritic cells: 

Integrating the network of extra- and intracellular signals. Blood 2006, 107, 4763–4769. 

10. Schutze, S.; Potthoff, K.; Machleidt, T.; Berkovic, D.; Wiegmann, K.; Kronke, M. TNF activates 

NF-κB by phosphatidylcholine-specific phospholipase C-induced “acidic” sphingomyelin 

breakdown. Cell 1992, 71, 765–776. 

11. Cifone, M.G.; de Maria, R.; Roncaioli, P.; Rippo, M.R.; Azuma, M.; Lanier, L.L.; Santoni, A.; 

Testi, R. Apoptotic signaling through CD95 (Fas/Apo-1) activates an acidic sphingomyelinase.  

J. Exp. Med. 1994, 180, 1547–1552. 

12. Wiegmann, K.; Schutze, S.; Machleidt, T.; Witte, D.; Kronke, M. Functional dichotomy of neutral 

and acidic sphingomyelinases in tumor necrosis factor signaling. Cell 1994, 78, 1005–1015. 

13. Cifone, M.G.; Roncaioli, P.; de Maria, R.; Camarda, G.; Santoni, A.; Ruberti, G.; Testi, R. 

Multiple pathways originate at the Fas/APO-1 (CD95) receptor: Sequential involvement of 

phosphatidylcholine-specific phospholipase C and acidic sphingomyelinase in the propagation of 

the apoptotic signal. EMBO J. 1995, 14, 5859–5868. 

14. Cifone, M.G.; Migliorati, G.; Parroni, R.; Marchetti, C.; Millimaggi, D.; Santoni, A.; Riccardi, C. 

Dexamethasone-induced thymocyte apoptosis: Apoptotic signal involves the sequential activation 

of phosphoinositide-specific phospholipase C, acidic sphingomyelinase, and caspases. Blood 

1999, 93, 2282–2296. 



Int. J. Mol. Sci. 2012, 13 8849 

 

15. Luberto, C.; Hannun, Y.A. Sphingomyelin synthase, a potential regulator of intracellular levels of 

ceramide and diacylglycerol during SV40 transformation. Does sphingomyelin synthase account 

for the putative phosphatidylcholine-specific phospholipase C? J. Biol. Chem. 1998, 273,  

14550–14559. 

16. Watanabe, M.; Kitano, T.; Kondo, T.; Yabu, T.; Taguchi, Y.; Tashima, M.; Umehara, H.; Domae, N.; 

Uchiyama, T.; Okazaki, T. Increase of nuclear ceramide through caspase-3-dependent regulation 

of the “sphingomyelin cycle” in Fas-induced apoptosis. Cancer Res. 2004, 64, 1000–1007. 

17. Huitema, K.; van den Dikkenberg, J.; Brouwers, J.F.; Holthuis, J.C. Identification of a family of 

animal sphingomyelin synthases. EMBO J. 2004, 23, 33–44. 

18. Meng, A.; Luberto, C.; Meier, P.; Bai, A.; Yang, X.; Hannun, Y.A.; Zhou, D. Sphingomyelin 

synthase as a potential target for D609-induced apoptosis in U937 human monocytic leukemia 

cells. Exp. Cell Res. 2004, 292, 385–392. 

19. Zhou, D.; Lauderback, C.M.; Yu, T.; Brown, S.A.; Butterfield, D.A.; Thompson, J.S.  

D609 inhibits ionizing radiation-induced oxidative damage by acting as a potent antioxidant.  

J. Pharmacol. Exp. Ther. 2001, 298, 103–109. 

20. Gusain, A.; Hatcher, J.F.; Adibhatla, R.M.; Wesley, U.V.; Dempsey, R.J. Anti-proliferative 

effects of tricyclodecan-9-yl-xanthogenate (D609) involve ceramide and cell cycle inhibition. 

Mol. Neurobiol. 2012, 45, 455–464. 

21. Barcelo-Coblijn, G.; Martin, M.L.; de Almeida, R.F.; Noguera-Salva, M.A.; Marcilla-Etxenike, A.; 

Guardiola-Serrano, F.; Luth, A.; Kleuser, B.; Halver, J.E.; Escriba, P.V. Sphingomyelin and 

sphingomyelin synthase (SMS) in the malignant transformation of glioma cells and in  

2-hydroxyoleic acid therapy. Proc. Natl. Acad. Sci. USA 2011, 108, 19569–19574. 

22. Thon, L.; Mohlig, H.; Mathieu, S.; Lange, A.; Bulanova, E.; Winoto-Morbach, S.; Schutze, S.; 

Bulfone-Paus, S.; Adam, D. Ceramide mediates caspase-independent programmed cell death. 

FASEB J. 2005, 19, 1945–1956. 

23. Porn-Ares, M.I.; Chow, S.C.; Slotte, J.P.; Orrenius, S. Induction of apoptosis and potentiation of 

TNF- and Fas-mediated apoptosis in U937 cells by the xanthogenate compound D609. Exp. Cell 

Res. 1997, 235, 48–54. 

24. Zhang, L.; Shimizu, S.; Tsujimoto, Y. Two distinct Fas-activated signaling pathways revealed by 

an antitumor drug D609. Oncogene 2005, 24, 2954–2962. 

25. Scaffidi, C.; Fulda, S.; Srinivasan, A.; Friesen, C.; Li, F.; Tomaselli, K.J.; Debatin, K.M.; 

Krammer, P.H.; Peter, M.E. Two CD95 (APO-1/Fas) signaling pathways. EMBO J. 1998, 17, 

1675–1687. 

26. Muzio, M.; Salvesen, G.S.; Dixit, V.M. FLICE induced apoptosis in a cell-free system. Cleavage 

of caspase zymogens. J. Biol. Chem. 1997, 272, 2952–2956. 

27. Vincenz, C.; Dixit, V.M. Fas-associated death domain protein interleukin-1beta-converting 

enzyme 2 (FLICE2), an ICE/Ced-3 homologue, is proximally involved in CD95- and  

p55-mediated death signaling. J. Biol. Chem. 1997, 272, 6578–6583. 

28. Muzio, M.; Chinnaiyan, A.M.; Kischkel, F.C.; O’Rourke, K.; Shevchenko, A.; Ni, J.; Scaffidi, C.; 

Bretz, J.D.; Zhang, M.; Gentz, R.; et al. FLICE, a novel FADD-homologous ICE/CED-3-like 

protease, is recruited to the CD95 (Fas/APO-1) death-inducing signaling complex. Cell 1996, 85, 

817–827. 



Int. J. Mol. Sci. 2012, 13 8850 

 

29. Li, H.; Zhu, H.; Xu, C.J.; Yuan, J. Cleavage of BID by caspase 8 mediates the mitochondrial 

damage in the Fas pathway of apoptosis. Cell 1998, 94, 491–501. 

30. Luo, X.; Budihardjo, I.; Zou, H.; Slaughter, C.; Wang, X. Bid, a Bcl2 interacting protein, 

mediates cytochrome c release from mitochondria in response to activation of cell surface death 

receptors. Cell 1998, 94, 481–490. 

31. Milhas, D.; Cuvillier, O.; Therville, N.; Clave, P.; Thomsen, M.; Levade, T.; Benoist, H.; Segui, B. 

Caspase-10 triggers bid cleavage and caspase cascade activation in FasL-induced apoptosis.  

J. Biol. Chem. 2005, 280, 19836–19842. 

32. Fischer, U.; Stroh, C.; Schulze-Osthoff, K. Unique and overlapping substrate specificities of 

caspase-8 and caspase-10. Oncogene 2006, 25, 152–159. 

33. Lee, K.H.; Feig, C.; Tchikov, V.; Schickel, R.; Hallas, C.; Schutze, S.; Peter, M.E.; Chan, A.C. 

The role of receptor internalization in CD95 signaling. EMBO J. 2006, 25, 1009–1023. 

34. Holler, N.; Zaru, R.; Micheau, O.; Thome, M.; Attinger, A.; Valitutti, S.; Bodmer, J.L.; Schneider, P.; 

Seed, B.; Tschopp, J. Fas triggers an alternative, caspase-8-independent cell death pathway using 

the kinase RIP as effector molecule. Nat. Immunol. 2000, 1, 489–495. 

35. Segui, B.; Andrieu-Abadie, N.; Jaffrezou, J.P.; Benoist, H.; Levade, T. Sphingolipids as 

modulators of cancer cell death: potential therapeutic targets. Biochim. Biophys. Acta 2006, 1758, 

2104–2120. 

36. Lafont, E.; Dupont, R.; Andrieu-Abadie, N.; Okazaki, T.; Schulze-Osthoff, K.; Levade, T.; 

Benoist, H.; Segui, B. Ordering of ceramide formation and caspase-9 activation in  

CD95L-induced Jurkat leukemia T cell apoptosis. Biochim. Biophys Acta 2012, 1821, 684–693. 

37. Lafont, E.; Milhas, D.; Carpentier, S.; Garcia, V.; Jin, Z.X.; Umehara, H.; Okazaki, T.;  

Schulze-Osthoff, K.; Levade, T.; Benoist, H.; Segui, B. Caspase-mediated inhibition of 

sphingomyelin synthesis is involved in FasL-triggered cell death. Cell Death Differ. 2010, 17, 

642–654. 

38. Miyaji, M.; Jin, Z.X.; Yamaoka, S.; Amakawa, R.; Fukuhara, S.; Sato, S.B.; Kobayashi, T.; 

Domae, N.; Mimori, T.; Bloom, E.T.; Okazaki, T.; Umehara, H. Role of membrane sphingomyelin 

and ceramide in platform formation for Fas-mediated apoptosis. J. Exp. Med. 2005, 202, 249–259. 

39. Lafont, E.; Kitatani, K.; Okazaki, T.; Segui, B. Regulation of death and growth signals at the 

plasma membrane by sphingomyelin synthesis: Implications for hematological malignancies. 

Recent Pat. Anticancer Drug Discov. 2011, 6, 324–333. 

40. Shimizu, M.; Fontana, A.; Takeda, Y.; Yagita, H.; Yoshimoto, T.; Matsuzawa, A. Induction of 

antitumor immunity with Fas/APO-1 ligand (CD95L)-transfected neuroblastoma neuro-2a cells.  

J. Immunol. 1999, 162, 7350–7357. 

41. Juo, P.; Kuo, C.J.; Yuan, J.; Blenis, J. Essential requirement for caspase-8/FLICE in the initiation 

of the Fas-induced apoptotic cascade. Curr. Biol. 1998, 8, 1001–1008. 

42. Ting, A.T.; Pimentel-Muinos, F.X.; Seed, B. RIP mediates tumor necrosis factor receptor 1 

activation of NF-κB but not Fas/APO-1-initiated apoptosis. EMBO J. 1996, 15, 6189–6196. 

43. Boise, L.H.; Thompson, C.B. Bcl-x(L) can inhibit apoptosis in cells that have undergone  

Fas-induced protease activation. Proc. Natl. Acad. Sci. USA 1997, 94, 3759–3764. 



Int. J. Mol. Sci. 2012, 13 8851 

 

44. Segui, B.; Allen-Baume, V.; Cockcroft, S. Phosphatidylinositol transfer protein beta displays 

minimal sphingomyelin transfer activity and is not required for biosynthesis and trafficking of 

sphingomyelin. Biochem. J. 2002, 366, 23–34. 

45. Van Veldhoven, P.P.; Matthews, T.J.; Bolognesi, D.P.; Bell, R.M. Changes in bioactive lipids, 

alkylacylglycerol and ceramide, occur in HIV-infected cells. Biochem. Biophys. Res. Commun. 

1992, 187, 209–216. 

46. Cuvillier, O.; Edsall, L.; Spiegel, S. Involvement of sphingosine in mitochondria-dependent  

Fas-induced apoptosis of type II Jurkat T cells. J. Biol. Chem. 2000, 275, 15691–15700. 

47. Segui, B.; Andrieu-Abadie, N.; Adam-Klages, S.; Meilhac, O.; Kreder, D.; Garcia, V.;  

Bruno, A.P.; Jaffrezou, J.P.; Salvayre, R.; Kronke, M.; Levade, T. CD40 signals apoptosis 

through FAN-regulated activation of the sphingomyelin-ceramide pathway. J. Biol. Chem. 1999, 

274, 37251–37258. 

48. Lafont, E.; Milhas, D.; Teissie, J.; Therville, N.; Andrieu-Abadie, N.; Levade, T.; Benoist, H.; 

Segui, B. Caspase-10-dependent cell death in Fas/CD95 signalling is not abrogated by caspase 

inhibitor zVAD-fmk. PLoS One 2010, 5, doi:10.1371/journal.pone.0013638. 

49. Matsumura, H.; Shimizu, Y.; Ohsawa, Y.; Kawahara, A.; Uchiyama, Y.; Nagata, S. Necrotic 

death pathway in Fas receptor signaling. J. Cell Biol. 2000, 151, 1247–1256. 

50. Hetz, C.A.; Hunn, M.; Rojas, P.; Torres, V.; Leyton, L.; Quest, A.F. Caspase-dependent initiation 

of apoptosis and necrosis by the Fas receptor in lymphoid cells: Onset of necrosis is associated 

with delayed ceramide increase. J. Cell Sci. 2002, 115, 4671–4683. 

51. Juo, P.; Woo, M.S.; Kuo, C.J.; Signorelli, P.; Biemann, H.P.; Hannun, Y.A.; Blenis, J. FADD is 

required for multiple signaling events downstream of the receptor Fas. Cell Growth Differ. 1999, 

10, 797–804. 

52. Kiss, Z.; Tomono, M. Compound D609 inhibits phorbol ester-stimulated phospholipase D activity 

and phospholipase C-mediated phosphatidylethanolamine hydrolysis. Biochim. Biophys. Acta 

1995, 1259, 105–108. 

53. Perry, R.J.; Ridgway, N.D. The role of de novo ceramide synthesis in the mechanism of action of 

the tricyclic xanthate D609. J. Lipid Res. 2004, 45, 164–173. 

54. Ségui, B.; Bezombes, C.; Uro-Coste, E.; Medin, J.A.; Andrieu-Abadie, N.; Auge, N.; Brouchet, 

A.; Laurent, G.; Salvayre, R.; Jaffrezou, J.P.; Levade, T. Stress-induced apoptosis is not mediated 

by endolysosomal ceramide. FASEB J. 2000, 14, 36–47. 

55. Birbes, H.; El Bawab, S.; Hannun, Y.A.; Obeid, L.M. Selective hydrolysis of a mitochondrial 

pool of sphingomyelin induces apoptosis. FASEB J. 2001, 15, 2669–2679. 

56. Senchenkov, A.; Litvak, D.A.; Cabot, M.C. Targeting ceramide metabolism—A strategy for 

overcoming drug resistance. J. Natl. Cancer Inst. 2001, 93, 347–357. 

57. Tepper, A.D.; Diks, S.H.; van Blitterswijk, W.J.; Borst, J. Glucosylceramide synthase does not 

attenuate the ceramide pool accumulating during apoptosis induced by CD95 or anti-cancer 

regimens. J. Biol. Chem. 2000, 275, 34810–34817. 

58. Bidere, N.; Su, H.C.; Lenardo, M.J. Genetic disorders of programmed cell death in the immune 

system. Annu. Rev. Immunol. 2006, 24, 321–352. 



Int. J. Mol. Sci. 2012, 13 8852 

 

59. Bai, A.; Meier, G.P.; Wang, Y.; Luberto, C.; Hannun, Y.A.; Zhou, D. Prodrug modification 

increases potassium tricyclo[5.2.1.0(2,6)]-decan-8-yl dithiocarbonate (D609) chemical stability 

and cytotoxicity against U937 leukemia cells. J. Pharmacol. Exp. Ther. 2004, 309, 1051–1059. 

© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


