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INTRODUCTION

Calcium plays a central role in regulating a variety of cellular responses, notably in neurons. In particular, it is now well established that alteration in intracellular calcium homeostasis is a common feature of many apoptotic processes, which are associated with local elevations of cytosolic Ca 2+ released from endoplasmic reticulum (ER) stores [START_REF] Berridge | Calcium--a life and death signal[END_REF][START_REF] Berridge | Signal transduction. The calcium entry pas de deux[END_REF][START_REF] Nutt | Bax and Bak promote apoptosis by modulating endoplasmic reticular and mitochondrial Ca2+ stores[END_REF][START_REF] Tombal | A supramicromolar elevation of intracellular free calcium ([Ca(2+)](i)) is consistently required to induce the execution phase of apoptosis[END_REF][START_REF] Rizzuto | Calcium and apoptosis: facts and hypotheses[END_REF].

Although cytosolic Ca 2+ elevation induces caspase 9 activation as a necessary step for apoptosis, the way of activation of the caspase remains dubious. In particular, it is still unclear whether caspase 9 activation requires Apaf-1 or occurs in a separate ER based complex [START_REF] Di Sano | Endoplasmic reticulum stress induces apoptosis by an apoptosome-dependent but caspase 12-independent mechanism[END_REF][START_REF] Masud | Endoplasmic reticulum stress-induced death of mouse embryonic fibroblasts requires the intrinsic pathway of apoptosis[END_REF][START_REF] Rao | Molecular components of a cell death pathway activated by endoplasmic reticulum stress[END_REF]. Using Apaf-1 -/-cells, Rao et al defined the apopotosis-linked gene-2 (ALG-2), a calcium-binding protein belonging to the penta-EF hand protein family, as a regulator of ER stress-induced death involving Ca 2+ [START_REF] Rao | Molecular components of a cell death pathway activated by endoplasmic reticulum stress[END_REF]. Indeed, knock-down of ALG-2 reduced cell death due to thapsigargin (Tg), which elevates cytosolic calcium by blocking the ER Ca 2+ ATPase. They went on to suggest that ALG-2 is part of a high molecular weight complex containing caspases 9 and 12 and that knocking down ALG-2 inhibits Tg induced caspase-9 activation.

Ca 2+ binding to ALG-2 induces a conformational change which allows it to interact with several proteins [START_REF] Suzuki | Structural basis for Ca2+ -dependent formation of ALG-2/Alix peptide complex: Ca2+/EF3-driven arginine switch mechanism[END_REF][START_REF] Katoh | The ALG-2-interacting protein Alix associates with CHMP4b, a human homologue of yeast Snf7 that is involved in multivesicular body sorting[END_REF], among which the multifunctional adaptor protein Alix/AIP1 [START_REF] Missotten | Alix, a novel mouse protein undergoing calcium-dependent interaction with the apoptosis-linked-gene 2 (ALG-2) protein[END_REF][START_REF] Vito | Cloning of AIP1, a novel protein that associates with the apoptosis-linked gene ALG-2 in a Ca2+-dependent reaction[END_REF]. Alix is a cytosolic protein which interacts with proteins involved in deforming membranes during various processes including endocytosis, endosomal sorting, virus budding and cytokinesis [START_REF] Sadoul | Do Alix and ALG-2 really control endosomes for better or for worse[END_REF][START_REF] Odorizzi | The multiple personalities of Alix[END_REF]. Up-regulation of Alix expression in vivo correlates with calcium induced cell death, as observed in degenerating neurons of the rat hippocampus undergoing epileptic seizures [START_REF] Hemming | Early increase of apoptosis-linked gene-2 interacting protein X in areas of kainate-induced neurodegeneration[END_REF]. We also found that over-expression of the full length protein (Alix-wt) in cultured neurons was sufficient to activate caspases and thereby apoptosis. In contrast expression of the C-terminal half of the protein encompassing the ALG-2 binding site blocked neuronal death both in vivo and in vitro [START_REF] Trioulier | Alix, a protein regulating endosomal trafficking, is involved in neuronal death[END_REF][START_REF] Mahul-Mellier | Alix, making a link between apoptosis-linked gene-2, the endosomal sorting complexes required for transport, and neuronal death in vivo[END_REF]. The pro-and anti-apoptotic functions of Alix-wt and Alix-CT respectively were tightly dependent on their capacity to bind to ALG-2. Expression of Alix lacking its ALG-2 binding site could block naturally occurring death of motoneurons during development of the chick embryo [START_REF] Mahul-Mellier | Alix and ALG-2 are involved in tumor necrosis factor receptor 1-induced cell death[END_REF][START_REF] Mahul-Mellier | Alix and ALG-2 make a link between endosomes and neuronal death[END_REF]. Given the fact that ALG-2 needs to bind Ca 2 in order to interact with Alix, these observations suggest that ALG-2 and Alix cooperate in transducing Ca 2+ -regulated signals during cell death. Here we report that knock-down of Alix protects cells from Tg-induced cell death which is mediated by caspase 9. Furthermore, we show that Alix expression is required for caspase 9 activation induced by calcium elevation. These results suggest that Alix and ALG-2 act upstream of caspase 9 activation following cytosolic calcium elevation.

MATERIAL AND METHODS

Constructs and antibodies

Polyclonal anti-Alix was previously described [START_REF] Trioulier | Alix, a protein regulating endosomal trafficking, is involved in neuronal death[END_REF], rabbit anti-Flag (Sigma), monoclonal anti-HA (Cell Signaling), monoclonal anti-actin (Chemicon), alexa-488 conjugated goat anti-rabbit and alexa-488 conjugated goat anti mouse (Molecular Probes), peroxidase-conjugated goat antimouse and peroxidase goat anti-rabbit (Jackson). Alix expression plasmids have been described previously [START_REF] Chatellard-Causse | Alix (ALG-2interacting protein X), a protein involved in apoptosis, binds to endophilins and induces cytoplasmic vacuolization[END_REF]. pcDNA3 vectors coding for dominant-negative mutants of procaspase-8 (C360A) and -9 mutants (C287A) were a kind gift of P. Mehlen (Lyon).

Cell cultures

Primary cultures of cerebellar granule cells (CGN) were prepared from 6-day-old S/IOPS NMRI mice (Charles River Laboratories), as described previously [START_REF] Trioulier | Alix, a protein regulating endosomal trafficking, is involved in neuronal death[END_REF]. Dissociated neurons were plated in Dulbecco's modified Eagle's medium (DMEM, Invitrogen) containing 25 mM KCl (K25 medium) supplemented with 10% fetal bovine serum. After 4 DIV, the medium was replaced with serum-free K25. 24h later, thapsigargin (Invitrogen) (200 nM in 0.01 % DMSO) or DMSO alone were added to K25 medium. Baby Hamster Kidney cells (BHK-21) were used as described previously [START_REF] Tuomikoski | Inhibition of endocytic vesicle fusion in vitro by the cell-cycle control protein kinase cdc2[END_REF]. Cells were treated with 1 µM Tg 24h after plating.

Cell transfections

Transient transfection of cultured CGN was performed using the calcium phosphate coprecipitation method as previously described [START_REF] Trioulier | Alix, a protein regulating endosomal trafficking, is involved in neuronal death[END_REF]. BHK-21 cells were grown at 37°C in Glasgow MEM (GMEM) supplemented with 5% fetal calf serum. Transient transfections of BHK-21 cells were performed using JetPEI (PolyPlus Transfection).

Establishment of an Alix-deficient BHK-21 cell line

An shRNA was cloned downstream of the human H1 promoter in the pSuperGFP vector (Oligoengine, Seattle, WA, USA). Forward and reverse sequences for the Alix shRNA construct were: 5'GATCCCCGCCGCTGGTGAAGTTCATCTTCAAGAGAGATGAACTTCACCAGCG GCTTTTTGGAAA-3' and 5'AGCTTTTCCAAAAAGCCGCTGGTGAAGTTCATCTCTCTTGAAGATGAACTTCACCA GCGGCGGG-3', respectively. The synthetic oligonucleotides were synthesised by Invitrogen.

The annealed oligonucleotides were ligated into the BglII-HindIII site of the pSuperGFP vector. BHK-21 cells were transfected with pSuper-shAlix or pSuper vectors as control by using JetSi transfection (Polyplus tranfection). Cells were selected by adding G418 (800 µg/ml) to the culture medium. After 15 days, clones were isolated and screened by Western blot analysis for the best reduction in Alix expression. Permanent cell lines (pSuper/shAlix and control were maintained with G418 (800 µg/ml).

Determination of cell viability

MTT assay: the tetrazolium salt MTT [3-(4,5-dimethyl-2-thiazolyl)-2-5diphenyl-2H tetrazolium bromide] (Sigma) was added to cell cultures (1 mg/ml) and incubated for 30 min at 37°C. Cells were then lysed in DMSO. Formazan production by living cells was assessed by measuring absorbance at 540 nm.

Hoechst staining: cultures were fixed in 4% paraformaldehyde in PBS for 20 min at 4 °C and stained with the bisbenzimide (Hoechst 33342 (Sigma); 4 µg/ml;) in PBS for 20 min at room temperature. Cells were washed three times with PBS, mounted in Mowiol (Calbiochem) and observed under an Axiovert microscope (Zeiss) connected to a CDD camera. For each condition, random images were captured and analyzed. Cell viability was then scored on the basis of nuclear morphology: cells containing condensed or fragmented nuclei were counted as dying or dead cells.

Determination of capase 9 activation in cells.

Caspase 9 Detection kit (Calbiochem) uses the fluorescent marker red LEHD-fmk which enters living cells and binds irreversibly to activated caspase 9. After 24 hr treatment with 1µM Tg or vehicle (DMSO), cells were incubated for 1 h at 37°C with the fluorescent marker according to the supplier's instructions and observed under an Axiovert microscope (Zeiss).

Immunofluorescence

Cells were fixed in 4% paraformaldehyde in PBS for 10 min at 37°C. After permeabilization and blocking with 3% goat pre-immune serum (Invitrogen), cells were incubated at room temperature with primary antibodies (monoclonal anti HA : 1/100, polyclonal anti-Flag : 1/500 ) then with Alexa Fluor-conjugated secondary anti-mouse antibody (1/1000) or anti-rabbit antibody (1/1000) (Invitrogen). Cells were rinsed with PBS, and stained with Hoechst 33342 before examination.

Western blot analysis

Cells were washed twice with PBS before harvesting with lysis buffer (50 mM Tris HCl pH 7.4, 150 mM NaCl, 0.5% DOC (sodium deoxycholate), 1% NP40, 0.1 % SDS (Sodium Dodecyl Sulfate), 1 mM Na 3 VO 4 , 50 mM NaF, 10 mM -glycerophosphate and 2X protease inhibitor cocktail (Complete TM , Boehringer). Cell extracts were centrifuged at 15,000 g for 15 min at 4°C and 20 g protein was separated by SDS-PAGE and transferred onto nylon membranes (Immobilon-P, Millipore). After incubation with the membranes primary antibodies were revealed using peroxidase-coupled secondary antibodies and the SuperSignal detection method (Pierce).

RESULTS

1-Alix C-terminal half protects BHK-21 cells and cerebellar neurons from thapsigargininduced cytotoxicity.

We first used BHK-21 cells to analyze the effect of the C-terminal half of Alix (Alix-CT) on apoptosis following a Ca 2+ increase due to Tg treatment. 24 h after transfection, BHK-21 cells were treated with 1 µM Tg and viability estimated after a further 24 h culture period. 60% of control RFP-expressing cells exhibited altered nuclear morphology indicative of apoptosis whereas 15% were dead or dying in untreated control cultures (Figure 1a). In contrast, only 30% of Alix-CT-expressing cells died following the same treatment. Remarkably, Alix-CT deleted of its ALG-2-binding domain (Alix-CTALG-2) did not afford any protective effect against Tg induced apoptosis (Figure 1a). Similar experiments using cerebellar granule neurons (CGN) gave comparable results. Indeed, while a 24 h incubation with 200 nM Tg increased death of RFP transfected CGN by 36 %, the number of Alix-CT-expressing neurons showing a condensed or fragmented nucleus did not significantly differ from that of untreated cultures (Figure 1b). Deletion of the ALG-2 binding site on Alix-CT abrogated its capacity to rescue neurons. Our findings indicate that expression of a dominant negative form of Alix counteracts the deleterious effect of Tg in a way which depends on its capacity to interact with ALG-2.

2-Alix depletion reduces thapsigargin-induced cell death.

To reinforce our suggestion of a possible role of Alix in mediating ER stress apoptosis, we established a BHK-21 cell line in which we down regulated Alix expression using a pSuper vector coding for a short hairpin RNA against Alix (Sh Alix). As illustrated in Figure 2a, Alix content was reduced by at least 90% in cells stably expressing Sh Alix compared to control cells expressing an empty P-Super (Sh control). Exposure to 1 M Tg did not significantly alter Alix expression in Sh control or Sh Alix cells (Figure 2a). Using the MTT assay, we observed a timedependent reduction in metabolic activity of Sh control cells following Tg treatment reaching 70 % at 72 h (Figure 2b). In contrast, after an initial limited decline, MTT metabolism remained constant over until the end of the experiment in Sh Alix cells. These findings suggest that Alixdepleted cells are less sensitive to Tg cytotoxity. To confirm this, cell viability was estimated using Hoechst nuclear staining 24 h after addition of Tg. After Tg treatment about 55% of Sh control cells exhibited condensed or fragmented nuclei, while only 15% of Sh Alix cells showed these apoptotic features (Figure 2c). Therefore, reducing Alix expression greatly improves the survival of BHK-21 cells exposed to Tg.

To strengthen our finding, we restored Alix expression in Sh Alix BHK-21 cells using an expression vector coding for the protein (Figure 2c Upper panel). Even though, Alix overexpression did not affect the sensitivity of Sh control cells towards Tg, it almost completely restored Tg-induced death in Sh Alix cells (Figure 2c). In contrast, RFP expression did not influence viability in either Sh control or Sh Alix cells. This observation, together with the fact that AlixALG-2 did not significantly restore Tg-induced cell death indicates that Alix mediates apoptosis following cytosolic Ca 2+ elevation and that this activity requires its capacity to bind to ALG-2.

3-Caspase 9 activation is required for Tg-induced apoptosis.

Since Alix overexpression is sufficient to activate caspases in CGN [START_REF] Trioulier | Alix, a protein regulating endosomal trafficking, is involved in neuronal death[END_REF], we hypothesized that Alix downregulation might affect activation of apical caspases following Tg treatment.

Because some reports involved caspase 8 [START_REF] Jimbo | ER stress induces caspase-8 activation, stimulating cytochrome c release and caspase-9 activation[END_REF] and caspase 9 [START_REF] Masud | Endoplasmic reticulum stress-induced death of mouse embryonic fibroblasts requires the intrinsic pathway of apoptosis[END_REF][START_REF] Obeng | Caspase-12 and caspase-4 are not required for caspase-dependent endoplasmic reticulum stress-induced apoptosis[END_REF] in ER stress, we first determined which of these two caspases initiates Tg-induced death in BHK-21 cells. For this we tested the effects on cell survival of catalytically dead mutants (DN-caspases) of caspases 8 and 9 which inhibit activation of their relevant endogenous counterparts. 24 h after transfection, BHK-21 cells were treated with 1 µM Tg and further grown for 24 h (Figure 3a). This treatment robustly increased the number of apoptotic cells among control cultures expressing RFP. Tginduced apoptosis was significantly reduced by DN-caspase 9 expression as did the pan-caspase inhibitor BAF. In contrast expression of DN-caspase 8 did not afford protection but even significantly sensitized cells to Tg. Thus, activation of caspase 9 seems to be necessary for BHK21 apoptosis induced byTg.

4-Alix is involved in caspase 9 activation required for thapsigargin-induced apoptosis.

We then tested the relationship between Alix and caspase 9 activation following Tg.

Using a Caspase 9 detection kit, activated caspase 9 could not be detected in either Sh control or Sh Alix cells (Figure 3b). However, following a 24 h exposure to Tg, caspase 9 activation could be detected in 30% of Sh control cells. Most of these cells displayed condensed or fragmented nuclei typical of apoptosis. In sharp contrast, the number of cells containing activated-caspase 9 did not increase significantly after Tg treatment in cells in which Alix was knocked down (Figure 3c). This demonstrates that Alix is required for caspase 9 activation following Tg treatment.

DISCUSSION

Alix controls some aspects of cell death, particularly neuronal apoptosis induced by various stimuli [START_REF] Hemming | Early increase of apoptosis-linked gene-2 interacting protein X in areas of kainate-induced neurodegeneration[END_REF][START_REF] Trioulier | Alix, a protein regulating endosomal trafficking, is involved in neuronal death[END_REF][START_REF] Mahul-Mellier | Alix, making a link between apoptosis-linked gene-2, the endosomal sorting complexes required for transport, and neuronal death in vivo[END_REF][START_REF] Blum | Increased Alix (apoptosis-linked gene-2 interacting protein X) immunoreactivity in the degenerating striatum of rats chronically treated by 3-nitropropionic acid[END_REF]. Here, we provide the first evidence for a role of Alix in mediating caspase 9 activation and apoptosis involving alteration in Ca 2+ homeostasis. Expression of a dominant-negative form of Alix (Alix-CT) protects CGN and BHK-21 cells against apoptosis induced by Tg, which blocks the sarcoendoplasmic reticulum Ca 2+ -ATPase (SERCA). Deletion of the ALG-2 binding site on Alix-CT abolished the capacity of the mutant to block cell death.

Consistent with this, Alix knock down in BHK-21 cells protected these cells against Tg whereas complementation with wt Alix (wild-type Alix) restored their susceptibility to Tg in a way depending on its capacity to bind ALG-2. Finally we also show that Alix is necessary for caspase 9 activation, a process necessary for induction of apoptosis induced by Tg.

Our finding that, in BHK cells, caspase 9 is instrumental for apoptosis induced by cytosolic elevation is in good agreement with several reports showing that cells derived from caspase 9 knock-out animals or in which caspase 9 activation was blocked, are protected against death induced by alteration in ER calcium homeostasis [START_REF] Di Sano | Endoplasmic reticulum stress induces apoptosis by an apoptosome-dependent but caspase 12-independent mechanism[END_REF][START_REF] Masud | Endoplasmic reticulum stress-induced death of mouse embryonic fibroblasts requires the intrinsic pathway of apoptosis[END_REF][START_REF] Rao | Molecular components of a cell death pathway activated by endoplasmic reticulum stress[END_REF]. More disputed is the way of activation of caspase 9, which was demonstrated to be both dependent and independent of the intrinsic/Apaf-1 pathway [START_REF] Di Sano | Endoplasmic reticulum stress induces apoptosis by an apoptosome-dependent but caspase 12-independent mechanism[END_REF][START_REF] Rao | Molecular components of a cell death pathway activated by endoplasmic reticulum stress[END_REF]. Rao et al demonstrated that ALG-2 co-immunoprecipitates with vectorially expressed caspases 9 and 12. They also showed that knock-down of ALG-2 inhibits activation of procaspase 9 and suggested that activation by Tg stress features an Apaf-1independent pathway that requires, among others, ATP, calcium, ALG-2, caspase 9, caspase 12 and additional factors present in microsomes [START_REF] Rao | Molecular components of a cell death pathway activated by endoplasmic reticulum stress[END_REF]. Several studies have now shown that, in various situations and several types of cells [START_REF] Kosuge | Comparative study of endoplasmic reticulum stress-induced neuronal death in rat cultured hippocampal and cerebellar granule neurons[END_REF], caspase 12 is not critical for the ER stress-induced apoptotic cascade [START_REF] Di Sano | Endoplasmic reticulum stress induces apoptosis by an apoptosome-dependent but caspase 12-independent mechanism[END_REF][START_REF] Jimbo | ER stress induces caspase-8 activation, stimulating cytochrome c release and caspase-9 activation[END_REF][START_REF] Obeng | Caspase-12 and caspase-4 are not required for caspase-dependent endoplasmic reticulum stress-induced apoptosis[END_REF][START_REF] Shiraishi | ER stress-induced apoptosis and caspase-12 activation occurs downstream of mitochondrial apoptosis involving Apaf-1[END_REF]. Our present results demonstrate that, like ALG-2, Alix expression is necessary for caspase-9 activation induced by Tg.

Another link between the ER and ALG-2 had been demonstrated by Draeby et al [START_REF] Draeby | The calcium binding protein ALG-2 binds and stabilizes Scotin, a p53-inducible gene product localized at the endoplasmic reticulum membrane[END_REF] who reported that ALG-2 interacts with the ER-localized scotin protein which is a proapoptotic-p53-inducible protein. Noteworthy is that deletion of the PRD C-terminal region of scotin containing the ALG-2 binding site, abolished the ER localization and proapoptotic function of the protein. Furthermore, ALG-2 is temporarily and Ca 2+ -dependently recruited by Sec31 of Cop-II at ER exit sites [START_REF] La Cour | ALG-2 oscillates in subcellular localization, unitemporally with calcium oscillations[END_REF][START_REF] Shibata | ALG-2 directly binds Sec31A and localizes at endoplasmic reticulum exit sites in a Ca2+-dependent manner[END_REF][START_REF] Yamasaki | The Ca2+-binding protein ALG-2 is recruited to endoplasmic reticulum exit sites by Sec31A and stabilizes the localization of Sec31A[END_REF]. Alix also translocates to ER exit sites in response to a rise in cytoplasmic Ca 2+ suggesting a possible function of the protein in this compartment [START_REF] Yamasaki | The Ca2+-binding protein ALG-2 is recruited to endoplasmic reticulum exit sites by Sec31A and stabilizes the localization of Sec31A[END_REF]. In line with this, we have previously reported that Alix-CT expressed in HEK-293 cells concentrates on tubular vesicular structures stained with an antibody recognizing ER resident proteins bearing KDEL [START_REF] Chatellard-Causse | Alix (ALG-2interacting protein X), a protein involved in apoptosis, binds to endophilins and induces cytoplasmic vacuolization[END_REF]. Thus Alix and ALG-2 localization is compatible with a scenario in which changes in ER Ca 2+ homeostasis induce the Ca 2+ -dependent recruitment by ALG-2 of Alix and additional proteins required for the building of a platform allowing activation of caspase 9. 
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 1 Figure 1: Ectopic expression of the C-terminal half of Alix delays cell death of BHK-21 cells
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 2 Figure 2: Reduction of Alix expression protects BHK-21 cells from Tg cytotoxicity
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 33 Figure 3: Reduction of Alix expression impedes caspase 9 activation following Tg treatment