Christoph Borner 
email: christoph.borner@uniklinik-freiburg.de
  
Carolin Oberle 
  
Thomas Reinheckel 
  
Marlene Tacke 
  
Jan Buellesbach 
  
Paul G Ekert 
  
Jisen Huai 
  
Mark Rassner 
  
  
Lysosomal membrane permeabilization and cathepsin release is a

de niveau recherche, publiés ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

Introduction

Lysosomes have long been implicated in necrotic or autophagic processes of eukaryotic cells.

They belong to the acidic vacuolar apparatus, the main compartment for intracellular degradation of long-lived proteins and organelles, and contain a host of hydrolytic enzymes with pH optima between 4.5 and 6.5 for their catalysis. In 1969 de Duve and coworkers postulated that the release of these enzymes from lysosomes would jeopardize cellular integrity. [START_REF] Baudhuin | Differential release of alkaline deoxyribonuclease and of glutamate dehydrogenase from rat-liver mitochondrial fractions[END_REF] Although a series of subsequent studies clearly linked lysosomal rupture to necrotic cell death, Firestone and co-workers reported that the induction of selective lysosomal rupture by lysosomotropic detergents induced apoptotic, rather than necrotic cell death. [START_REF] Firestone | Lysosomotropic agents. 1. Synthesis and cytotoxic action of lysosomotropic detergents[END_REF][START_REF] Wilson | The role of lysosomal enzymes in killing of mammalian cells by the lysosomotropic detergent N-dodecylimidazole[END_REF] Further evidence showed that lysosomal perturbation is involved in apoptotic cell death induced by oxidative stress, [START_REF] Zdolsek | H 2 O 2 -mediated damage to lysosomal membranes of J-774 cells[END_REF][START_REF] Brunk | Exposure of cells to nonlethal concentrations of hydrogen peroxide induces degeneration-repair mechanisms involving lysosomal destabilization[END_REF] TNFα treatment, [START_REF] Guicciardi | Cathepsin B contributes to TNFα-mediated hepatocyte apoptosis by promoting mitochondrial release of cytochrome c[END_REF][START_REF] Werneburg | Tumor necrosis factor-alphaassociated lysosomal permeabilization is cathepsin B dependent[END_REF] lysosomotropic agents, [START_REF] Li | Induction of cell death by the lysosomotropic detergent MSDH[END_REF][START_REF] Boya | Lysosomal membrane permeabilization induces cell death in a mitochondria-dependent fashion[END_REF] sphingosines [START_REF] Kagedal | Sphingosine-induced apoptosis is dependent on lysosomal proteases[END_REF] or TRAIL. [START_REF] Werneburg | Tumor necrosis factor-related apoptosis-inducing ligand activates a lysosomal pathway of apoptosis that is regulated by Bcl-2 proteins[END_REF] This suggests that the participation of lysosomal proteases in cellular processes goes beyond simple "garbage disposal". The release of these enzymes into the cytosol during apoptosis is directly involved in the cleavage of pro-apoptotic substrates and/or activation of caspases. [START_REF] Boya | Lysosomal membrane permeabilization in cell death[END_REF] .

The most abundant lysosomal proteases are cathepsin B and D followed by cathepsin L. [START_REF] Turk | Apoptotic pathways: involvement of lysosomal proteases[END_REF][START_REF] Guicciardi | Lysosomes in cell death[END_REF] Cathepsin L deficient mice show a reduced rate of keratinocyte apoptosis during physiological regression of hair follicles resulting in a periodic hair loss phenotype. [START_REF] Tobin | The lysosomal protease cathepsin L is an important regulator of keratinocyte and melanocyte differentiation during hair follicle morphogenesis and cycling[END_REF][START_REF] Reinheckel | The lysosomal cysteine protease cathepsin L regulates keratinocyte proliferation by control of growth factor recycling[END_REF] Cathepsin B plays a role in the processing of Bid and caspase-2 and the production of reactive oxygen species (ROS) [START_REF] Guicciardi | Cathepsin B contributes to TNFα-mediated hepatocyte apoptosis by promoting mitochondrial release of cytochrome c[END_REF][START_REF] Guicciardi | Bid is upstream of lysosome-mediated caspase 2 activation in tumor necrosis factor α-induced hepatocyte apoptosis[END_REF] and, together with other cathepsins, in the degradation of Bcl-2, Bcl-x L , Mcl-1, Bak and Bim EL . [START_REF] Droga-Mazovec | Cysteine cathepsins trigger caspase-dependent cell death through cleavage of Bid and antiapoptotic Bcl-2 homologues[END_REF] All these events lead to mitochondrial membrane permeabilization and cytochrome c release. Cathepsin D seems to be implicated in apoptosis induced by staurosporine, p53, oxidative stress and TNFα. [START_REF] Deiss | Cathepsin D protease mediates programmed cell death induced by interferon-gamma, Fas/APO-1 and TNF-alpha[END_REF][START_REF] Kagedal | The lysosomal protease cathepsin D mediates apoptosis induced by oxidative stress[END_REF][START_REF] Bidere | Cathepsin D triggers Bax activation, resulting in selective apoptosis-inducing factor (AIF) relocation in T lymphocytes entering the early commitment phase to apoptosis[END_REF] More recently, spontaneous neutrophil cell death was shown to be dependent on cathepsin D mediated activation of caspase-8. [START_REF] Conus | Caspase-8 is activated by cathepsin D initiating neutrophil apoptosis during the resolution of inflammation[END_REF] Although these findings suggest that cathepsins may contribute to apoptosis initiation, the precise mechanisms of lysosomal membrane permeabilisation and cathepsin release and the requirement of these enzymes for apoptosis induction/completion are still unclear.

Mitochondrial outer membrane permeabilization (MOMP) is considered a "point-of-no-return" of apoptosis. [START_REF] Kroemer | Mitochondrial membrane permeabilization in cell death[END_REF] The main effectors of MOMP are the pro-apoptotic members of the Bcl-2 family, Bax and Bak. [START_REF] Lindsten | The combined functions of proapoptotic Bcl-2 family members bax and bak are essential for normal development of multiple tissues[END_REF] In living cells, Bax is a cytosolic and Bak a mitochondrial protein. Upon apoptosis induction Bax translocates to mitochondria, and both Bax and Bak oligomerize, insert into the outer mitochondrial membrane and cause MOMP. [START_REF] Wolter | Movement of Bax from the cytosol to mitochondria during apoptosis[END_REF][START_REF] Kuwana | Bid, Bax, and lipids cooperate to form supramolecular openings in the outer mitochondrial membrane[END_REF] MOMP results in the release of cytochrome c from the intermembrane space of mitochondria into the cytosol where it forms with Apaf-1 and pro-caspase-9 the so called apoptosome. [START_REF] Zou | An APAF-1.cytochrome c multimeric complex is a functional apoptosome that activates procaspase-9[END_REF] The apoptosome activates caspase-9, which in turn cleaves and activates the effector caspases-3 and -7 that are ultimately responsible for the apoptotic demolition of the cell.

More recently, it has been proposed that lysosomal membrane permeabilization (LMP) might be due to the translocation of Bax to lysosomes independent of its movement to mitochondria. [START_REF] Werneburg | Tumor necrosis factor-related apoptosis-inducing ligand activates a lysosomal pathway of apoptosis that is regulated by Bcl-2 proteins[END_REF][START_REF] Kagedal | Lysosomal membrane permeabilization during apoptosis -involvement of Bax?[END_REF][START_REF] Feldstein | Bax inhibition protects against free fatty acid-induced lysosomal permeabilization[END_REF] If true, this process would represent another step before or concomitant with MOMP. The aim of this study was to investigate the requirements of Bax, Bak, the Apaf-1/caspase-9 apoptosome and caspases-3/-7 for LMP in order to identify if cathepsins regulate early apoptotic events, such as MOMP, or rather serve the role of apoptosis amplifiers downstream or aside of mitochondria.

Results

Lysosomal permeabilisation and cathepsin release strictly depend on

Bax/Bak in monocytes and fibroblasts

To investigate the role of lysosomes in apoptosis induction, we determined the degree of lysosomal membrane permeabilization (LMP) in mouse monocytes (FDMs) deprived of IL-3. We used the lysosomotropic probe acridine orange (AO), a metachromatic fluorophore, which mainly accumulates in acidic organelles and displays, at high concentration, a red to orange fluorescence when excited by blue light. Upon lysosomal rupture, the dye is released into the cytosol where its fluorescence spectrum changes from red to green. [START_REF] Kagedal | Sphingosine-induced apoptosis is dependent on lysosomal proteases[END_REF][START_REF] Yuan | Lysosomal destabilization in p53-induced apoptosis[END_REF] FACS analysis of wt FDMs deprived of IL-3 for 24 h revealed a clear reduction of red fluorescence with a concomitant increase in green fluorescence (Figure 1a). A similar decrease in red fluorescence was observed using the lysosomotropic probe LysoTracker Red DND-99 (Figure 1a). Astonishingly, the IL-3 deprivation induced loss of red fluorescence of both AO and LysoTracker Red was completely prevented in FDMs deficient for both Bax and Bak (Bax/Bak DKO) (Figure 1a/b). These data indicate that LMP in response to IL-3 deprivation is absolutely dependent on Bax, Bak or both. To define the time course of LMP, and whether LMP was differentially affected by Bax or Bak, we performed AO FACS analysis of wt, Bax-/-, Bak-/-and Bax/Bak DKO FDMs deprived of IL-3 for 0 -48 h. As shown in Figure 1b, the loss of lysosomal membrane integrity was time-dependent and effectively prevented in Bax/Bak DKO cells, even at 48 h. Bax and Bak single deficient cells exhibited a similar LMP kinetic as wt cells. This suggests that either Bax or Bak alone are sufficient to result in IL-3 deprivation-induced LMP.

Lysosomal permeability is accompanied by the release of cathepsins into the cytosol where they may trigger cellular responses, including apoptosis. In particular, cathepsin B and D were described to play a role in apoptotic signaling. [START_REF] Deiss | Cathepsin D protease mediates programmed cell death induced by interferon-gamma, Fas/APO-1 and TNF-alpha[END_REF][START_REF] Conus | Caspase-8 is activated by cathepsin D initiating neutrophil apoptosis during the resolution of inflammation[END_REF][START_REF] Foghsgaard | Cathepsin B acts as a dominant execution protease in tumor cell apoptosis induced by tumor necrosis factor[END_REF][START_REF] Canbay | Cathepsin B inactivation attenuates hepatic injury and fibrosis during cholestasis[END_REF] We therefore monitored the appearance of cathepsins B, L and D in the cytosol of IL-3 deprived FDMs by Western blotting and cathepsin B/L activity assay using the substrate z-FR-AMC. The processed forms of both cathepsin D and B were gradually lost from the membrane fraction (which also contained lysosomes) and appeared in the cytosol after 8-12 h of IL-3 deprivation (Figure 1c). Although this occurred at different kinetics for the two proteases it nicely corresponded with the kinetics of LMP (Figure 1c). A similar cytosolic release was observed for cathepsin L (Figure S1). Concomitantly, we measured increased cytosolic cathepsin B/L activity even at neutral pH. This activity was specific because it was not only prevented by z-FA.fmk but also by three other cathepsin B/L inhibitors, CA074, E64d and JPM-OEt, but not by the cathepsin D inhibitor pepstatin (Figure 1e). Importantly, as for LMP, the lysosomal loss and concomitant cytosolic appearance of cathepsin B and D proteins (Figure 1d) and cathepsin B/L activity (Figure 1e) were effectively prevented in Bax/Bak DKO cells.

Given this surprising finding, it was important to show that LMP and cathepsin release were also Bax/Bak-dependent in other cell types and in response to other apoptotic stimuli. We therefore exposed wt, Bax-/-, Bak-/-and Bax/Bax DKO FDMs as well as spontaneously transformed, early passage mouse embryo fibroblasts (3T9 MEFs) to 20-50 µM etoposide or 1200 J/m 2 UV light for 24 and 48 h (Figure 2). We also treated the MEF cell lines with 50 ng/ml FasL for 2 -6 h, as these cells were previously shown to require Bax/Bak for FasLinduced apoptosis. [START_REF] Walter | Switch from type II to I Fas/CD95 death signaling upon in vitro culturing of primary hepatocytes[END_REF] Quantitative Annexin-V/PI and AO FACS analysis revealed a dose-and time-dependent increase in apoptosis (Figure S2a/b) and decrease in the lysosomal membrane integrity in etoposide and UV-treated FDMs and MEFs as well as in FasL-treated MEFs (Figure 2a/b). Neither apoptosis nor LMP were majorly detected in Bax/Bak DKO cells, even at high drug/UV doses after 48 h. As shown in IL-3-deprived FDMs (Figure 1), UV-, etoposide and FasL-treated MEFs exhibited a Bax/Bak-and time-dependent decrease of cathepsin B and D expression in the membrane (lysosomal) fraction and a concomitant appearance of both proteins in the cytosol (Figures 3a/b andS3). This correlated with increased cytosolic cathepsin B/L (z-FRase) activity that was not seen in the absence of Bax/Bak and was blocked with the cathepsin B/L inhibitor z-FA.fmk (Figure 3c). Importantly, the apoptotic cells did not seem to lose all cathepsin B and D from lysosomes (Figure 3a/b) indicating that LMP was most likely due to a discrete membrane perforation rather than a total rupture of lysosomes. Thus, apoptotic monocytes and fibroblasts show a discrete LMP and the cytosolic release of active cathepsin enzymes in response to several apoptotic stimuli, but both processes consistently depend on Bax/Bak.

LMP is not due to a direct localization/action of Bax and Bak on lysosomes

Bax and Bak are required for increased mitochondrial membrane permeability to provoke caspase-dependent and independent apoptotic signaling in the cytosol. [START_REF] Lindsten | The combined functions of proapoptotic Bcl-2 family members bax and bak are essential for normal development of multiple tissues[END_REF] Our data show that Bax and Bak are also required for LMP. Recent evidence suggested that Bax may localize to lysosomes in addition to mitochondria. [START_REF] Werneburg | Tumor necrosis factor-related apoptosis-inducing ligand activates a lysosomal pathway of apoptosis that is regulated by Bcl-2 proteins[END_REF][START_REF] Kagedal | Lysosomal membrane permeabilization during apoptosis -involvement of Bax?[END_REF][START_REF] Feldstein | Bax inhibition protects against free fatty acid-induced lysosomal permeabilization[END_REF] We therefore envisaged the possibility that Bax and Bak resided and acted on lysosomes to directly trigger LMP during apoptosis. We purified lysosomes from untreated and etopsoide-treated MEFs by a novel gradient centrifugation technique and tested the fractions for the co-presence of lysosomal acid phosphatase activity, the lysosomal membrane protein Lamp-1, the mitochondrial protein cytochrome c oxidase IV (COX IV) and Bax and Bak. As shown in Figure 4a/b, the first three fractions of the purification contained most of the Lamp-1 protein and acid phosphatase activity but no Bax protein. The majority of Bax and Bak was present in fractions expressing high amounts of mitochondrial COX IV (fractions 5-8). Here both Bax and Bak were activated in response to etoposide (but not in control cells), as they could be immunoprecipitated with conformation specific antibodies selectively detecting the active forms (Figure 4b, lanes 5-7, IP). Low amounts of Bak were found in the first three Lamp-1-positive fractions (Figure 4b, lanes 1-3, WB) but this form of Bak was not immunoprecipitated with active-site antibodies from control or etoposide treated cell extracts (Figure 4b, lanes 1-3, WB). In addition, these fractions were slightly contaminated with mitochondria as they were positive for COX IV (Figure 4b). Finally, immunofluorescence analysis of the Bak protein in control, etoposide-and UV-treated MEFs showed that Bak poorly co-localized with Lamp-1 (Figure 4c). Taken together, these data show that even though Bax and Bak are required for LMP, this probably does not occur by a direct action of Bax or Bak at the lysosome.

LMP occurs downstream of the apoptosome by a caspase-dependent mechanism

The finding that the Bax/Bak dependence of LMP was not due to the lysosomal localization/action of the two proapoptotic proteins raised the possibility that LMP occurred as a result of apoptosome formation and caspase activation. To determine this, we measured apoptosis and LMP in Apaf-1-/-FDMs deprived of IL-3 or treated with various doses of etoposide or UV for 24 h. In addition, we treated Apaf-1-/-and caspase-9-/-MEFs with etoposide and UV. In all cases, LMP (Figure 5a (caspase-3/-7 DKO) to 50 and 100 μM etoposide or 600 -1200 J/m 2 UV for 24 -48 h. As shown in Figure S4c, apoptosis was majorly caspase-dependent for both stimuli because caspase-3/-7 DKO MEFs displayed a slower apoptosis kinetic than wt cells. With regard to LMP this caspase requirement depended on the stimulus and the duration of the apoptotic stress. While in etoposide-treated caspase-3/-7 DKO cells, lysosomal membrane integrity was largely maintained for up to 48 h (Figure 5c), this was only the case for the first 24 h of UV exposure. These data show that LMP requires the assembly of the apoptosome and, dependent on the apoptotic stimulus and time of exposure, the activation of effector caspase-3/-7.

Cathepsin B and L knock-out cells are partially resistant to apoptosis induced by etoposide and IL-3 deprivation, but cannot be rescued from cell death

We reasoned that if LMP was important for the initiation of apoptosis, deletion of cathepsins should result in protection against apoptotic stimuli. Alternatively, if LMP was largely a phenomenon resulting from the activation of apoptosis, cathepsin deficiencies would not permit cells to survive apoptotic stimuli in the long-term. To test these predictions we generated IL-3-dependent FDMs from cathepsin B, L and D knock-out mice as previously described, [START_REF] Ekert | Apaf-1 and caspase-9 accelerate apoptosis, but do not determine whether factor-deprived or drugtreated cells die[END_REF] and tested the cells for their sensitivity to apoptosis induced by IL-3 deprivation, etoposide or UV treatment. All the knock-out cells exhibited similar kinetics of LMP in response to apoptotic stimuli indicating that the lysosomal membrane integrity was not controlled by particular cathepsins (data not shown). However, cathepsin B-/-and L-/-FDMs showed a strong delay of apoptosis induction in response to etoposide (Figure 6a We also isolated MEFs from mice deficient of cathepsin B, L or both (CTB/L DKO) and exposed them to etoposide and UV. As shown in Figure 6e, cathepsin B-/-and B/L DKO MEFs exhibited a delay in etoposide induced Annexin-V/PI staining and caspase-3 activation. This was also the case when we inhibited cathepsin B with the cysteine protease inhibitor E64d in etoposide-treated wt MEFs indicating that the apoptosis enhancing effect of cathepsin B was due to its proteolytic activity rather than another yet undescribed function of the enzyme. In contrast, cathepsin L-/-MEFs died with similar time kinetics as wt cells, as did all the cathepsin knock-out cell lines exposed to UV (data not shown). These data demonstrate that, as previously reported, cathepsins can influence apoptosis sensitivity but this depends on the cell type, the apoptotic stimulus and the kind of cathepsin.

We have previously shown that a delay in the appearance of the morphological characteristics of apoptosis does not necessarily mean that cells have not committed to apoptosis. [START_REF] Ekert | Apaf-1 and caspase-9 accelerate apoptosis, but do not determine whether factor-deprived or drugtreated cells die[END_REF] To determine if cathepsin B or L were crucial for cell commitment to apoptosis, we performed clonogenicity assays. In this assay monocytes were tested for their potential to form colonies in soft agar after they had been exposed to etoposide or deprived of IL-3 but then allowed to recover in fresh medium with survival factors (IL-3). As shown in Figure 7, Bax/Bak DKO FDMs were fully rescued from apoptosis induced by IL-3 deprivation or etoposide treatment. By contrast, none of the cathepsin knock-out cells could form colonies after IL-3 re-addition (Figure 7a) or removing etoposide (Figure 7b). This was also true for cells deficient in both cathepsins B and L and for wt FDMs treated with E64d, indicating that even the lack or blockage of two cathepsins did not fully prevent apoptosis (Figure 7a/b). This finding clearly demonstrates that cathepsins B and L do not contribute to the commitment step of apoptosis (as Bax and Bak do), but enhance the efficiency of apoptosis through an amplification loop.

Discussion

Our findings resolve a crucial aspect of apoptosis regulation that has been highly debated in the past, namely at what step of the signaling cascade lysosomal membrane permeability (LMP) and the cytosolic release of cathepsins contribute to the death fate of mammalian cells. These processes have been thought to occur at early time points of apoptosis, leading to the cleavage of Bid, [START_REF] Guicciardi | Bid is upstream of lysosome-mediated caspase 2 activation in tumor necrosis factor α-induced hepatocyte apoptosis[END_REF][START_REF] Droga-Mazovec | Cysteine cathepsins trigger caspase-dependent cell death through cleavage of Bid and antiapoptotic Bcl-2 homologues[END_REF][START_REF] Stoka | Lysosomal protease pathways to apoptosis[END_REF][START_REF] Cirman | Selective disruption of lysosomes in HeLa cells triggers apoptosis mediated by cleavage of Bid by multiple papain-like lysosomal cathepsins[END_REF] the activation of caspase-2 [START_REF] Guicciardi | Bid is upstream of lysosome-mediated caspase 2 activation in tumor necrosis factor α-induced hepatocyte apoptosis[END_REF] or caspase-8 [START_REF] Conus | Caspase-8 is activated by cathepsin D initiating neutrophil apoptosis during the resolution of inflammation[END_REF] or the translocation of Bax, [START_REF] Bidere | Cathepsin D triggers Bax activation, resulting in selective apoptosis-inducing factor (AIF) relocation in T lymphocytes entering the early commitment phase to apoptosis[END_REF] all events triggering the Bax/Bak-mediated perforation of the mitochondrial outer membrane (MOMP), a crucial commitment step for apoptosis induction.

Here we show however, using four different apoptotic stimuli (UV, etoposide, FasL, IL-3 deprivation) on two different cell lines (MEFs and FDMs) that LMP and cathepsin release are late events of apoptosis signaling occurring downstream of MOMP in a manner dependent on Bax/Bak, the apoptosome and effector caspases-3 and -7. Indeed, in all cases tested, the kinetics of apoptosis (Figures S2 andS4) were slightly faster than those of LMP (Figures 2 and5) indicating that LMP is more likely to occur after than before apoptosis induction.

Why has this interdependence between LMP and MOMP been dismissed? First, numerous studies used lysosomotropic agents such as LeuLeuOMe [START_REF] Boya | Lysosomal membrane permeabilization in cell death[END_REF] to force cathepsins release into the cytosol. Such experiments placed the action of cathepsins automatically upstream of MOMP but failed to show where exactly these proteases act in response to apoptotic stimuli.

Second, apoptosis induced by TNFα, H 2 O 2 or other stimuli was considered to be "inhibited" by genetically deleting or pharmacologically inhibiting cathepsin B, L or D. [START_REF] Guicciardi | Cathepsin B contributes to TNFα-mediated hepatocyte apoptosis by promoting mitochondrial release of cytochrome c[END_REF][START_REF] Werneburg | Tumor necrosis factor-related apoptosis-inducing ligand activates a lysosomal pathway of apoptosis that is regulated by Bcl-2 proteins[END_REF][START_REF] Deiss | Cathepsin D protease mediates programmed cell death induced by interferon-gamma, Fas/APO-1 and TNF-alpha[END_REF][START_REF] Kagedal | The lysosomal protease cathepsin D mediates apoptosis induced by oxidative stress[END_REF][START_REF] Bidere | Cathepsin D triggers Bax activation, resulting in selective apoptosis-inducing factor (AIF) relocation in T lymphocytes entering the early commitment phase to apoptosis[END_REF][START_REF] Foghsgaard | Cathepsin B acts as a dominant execution protease in tumor cell apoptosis induced by tumor necrosis factor[END_REF] However, in the absence of clonogenic assays it is impossible to discriminate if such an "inhibition" is only a delay or a real blockage of cell death. Third, although LMP and cathepsin release was sometimes shown to precede Bax/Bak-mediated cytochrome c release, [START_REF] Bidere | Cathepsin D triggers Bax activation, resulting in selective apoptosis-inducing factor (AIF) relocation in T lymphocytes entering the early commitment phase to apoptosis[END_REF][START_REF] Conus | Caspase-8 is activated by cathepsin D initiating neutrophil apoptosis during the resolution of inflammation[END_REF][START_REF] Roberg | Relocalization of cathepsin D and cytochrome c early in apoptosis by immuno-electron microscopy[END_REF] the causal relationship between these two events has not yet been tested by genetically deleting apoptosis signaling components between LMP and MOMP. All three aspects were addressed in our study. We found that cathepsins were released downstream, rather than upstream of MOMP, and the lack of clonogenic survival of cathepsin KO or even DKO cells indicated that these proteases did not impact on the point of life-or-death decisions. The simplest explanation for the dependence of LMP on Bax/Bak would be that these two pro-apoptotic proteins directly perforate the lysosomal membrane, in a manner analogous to the function of Bax and Bak at the mitochondrial membrane. Some experimental evidence does support such a model. [START_REF] Werneburg | Tumor necrosis factor-related apoptosis-inducing ligand activates a lysosomal pathway of apoptosis that is regulated by Bcl-2 proteins[END_REF][START_REF] Kagedal | Lysosomal membrane permeabilization during apoptosis -involvement of Bax?[END_REF] However, in the present study we could not convincingly immunolocalize Bak on lysosomes in response to etoposide or UV, and acid phosphatase positive lysosomal fractions were entirely negative for inactive or active Bax. Although some Bak contaminated these fractions, it was not in an active conformation. We therefore contend that LMP does not result from a direct perforation of lysosomes by Bax and Bak.

Rather, our data point towards the role of the apoptosome and caspase-3/-7 in triggering LMP. The discrepancy between previous reports and our study may be explained by the possibility that Bax does not translocate to lysosomes from the cytosol but ends up in this compartment after autophagic sequestration of damaged mitochondria during apoptosis.

Similarly, the BH3-only protein Bim could first activate Bax/Bak on mitochondria and then move to lysosomes for degradation. [START_REF] Werneburg | Tumor necrosis factor-related apoptosis-inducing ligand activates a lysosomal pathway of apoptosis that is regulated by Bcl-2 proteins[END_REF] This would be in agreement with the slight contamination of lysosomal fractions with mitochondrial proteins. Preliminary immunoelectronmicroscopy data suggest that Bax localizes to lysosomes exclusively in multivesicular structures reminiscent of autophagosomes (data not shown). In addition, treatment with the autophagy inhibitor 3-MA diminished the association of Bax with these structures indicating that Bax arrived at lysosomes by autophagy and not by direct translocation from the cytosol.

What might be the signaling pathway linking the apoptosome and/or activated effector caspases-3/-7 to LMP? Gyrd-Hansen et al. implicated caspase-9, but not Apaf-1, in TNFαinduced LMP suggesting that caspase-9 had an Apaf-1-, and hence apoptosomal/mitochondrial independent function to cause LMP [START_REF] Gyrd-Hansen | Apoptosome-independent activation of the lysosomal cell death pathway by caspase-9[END_REF] . We however propose an apoptosome-and effector caspases-3/-7-dependent mechanism, which may result in the cleavage of particular substrates mediating LMP. Candidate substrates could include regulators of oxidative stress, sphingolipid, arachidonic acid and fatty acid metabolism, components of ion channels or pumps (for example calcium), hsp70, a protein shown to inhibit LMP, or the caspase-3 substrate NDUFS1, the p75 subunit of mitochondrial respiratory complex I, leading to the production of reactive oxygen species (ROS). [START_REF] Kagedal | Sphingosine-induced apoptosis is dependent on lysosomal proteases[END_REF][START_REF] Boya | Lysosomal membrane permeabilization in cell death[END_REF][START_REF] Zhao | Delayed oxidant-induced cell death involves activation of phospholipase A2[END_REF][START_REF] Foghsgaard | Cathepsin B mediates tumor necrosis factor-induced arachidonic acid release in tumor cells[END_REF][START_REF] Nylandsted | Heat shock protein 70 promotes cell survival by inhibiting lysosomal membrane permeabilization[END_REF][START_REF] Ricci | Disruption of mitochondrial function during apoptosis is mediated by caspase cleavage of the p75 subunit of complex I of the electron transport chain[END_REF] Recently, a global mapping of the topography and magnitude of proteolytic events in apoptosis has unveiled a surge of new caspase substrates, which can now be tested for their involvement in mediating LMP. [START_REF] Dix | Global mapping of the topography and magnitude of proteolytic events in apoptosis[END_REF] Our study shows that cathepsin B and L amplify death signaling induced by IL-3 deprivation or etoposide. Thus, these proteases still contribute to apoptosis after MOMP has occurred, although their involvement may vary in different cell types and with the death stimulus.

Whereas immortalized MEFs treated with TNFα/CHX were shown to require cathepsin B and L, but not cathepsin D for apoptosis amplification, the opposite was true when the cells were treated with staurosporine. [START_REF] Fehrenbacher | Sensitization of the lysosomal cell death pathway upon immortalization and transformation[END_REF] Similarly, primary neutrophils mainly rely on cathepsin D, but not cathepsin B or L for efficiently executing spontaneous apoptosis. [START_REF] Conus | Caspase-8 is activated by cathepsin D initiating neutrophil apoptosis during the resolution of inflammation[END_REF] We have shown that in response to UV irradiation, the mitochondrial signaling pathway leading to caspase-3/-7 activation is sufficient for apoptosis despite the fact that LMP and cathepsin release occur later on. In contrast, our results show that caspase-3 activation is delayed in cathepsin B-/-, L-/-and B/L DKO myeloid progenitors treated with etoposide or deprived of IL-3. In this case cytosolic cathepsin B and L may stimulate a positive feedback loop enhancing caspase-3 processing and activity. Alternatively, these proteases may further stimulate caspaseindependent processes such as necrosis. [START_REF] Golstein | Cell death by necrosis: towards a molecular definition[END_REF] To resolve this issue, we need to identify cytosolic cathepsin substrates mediating alternative death signaling pathways.

What role might cathepsin mediated amplification of apoptosis signaling play in vivo? Under normal circumstances, apoptosis and phagocytosis of dead cells is rapid. A delay in this process, such as is observed in the prolonged survival of cathepsin D deficient neutrophils, may exaggerate innate immune responses in experimental bacterial infection and in septic shock. [START_REF] Conus | Caspase-8 is activated by cathepsin D initiating neutrophil apoptosis during the resolution of inflammation[END_REF] Moreover, reduced keratinocyte apoptosis in cathepsin L deficient mice was found to result in periodic hair loss, [START_REF] Tobin | The lysosomal protease cathepsin L is an important regulator of keratinocyte and melanocyte differentiation during hair follicle morphogenesis and cycling[END_REF][START_REF] Reinheckel | The lysosomal cysteine protease cathepsin L regulates keratinocyte proliferation by control of growth factor recycling[END_REF] and cathepsin B deficient animals showed diminished liver damaged upon TNFα challenge. [START_REF] Guicciardi | Cathepsin B contributes to TNFα-mediated hepatocyte apoptosis by promoting mitochondrial release of cytochrome c[END_REF] Our study here reveals that, in order to fully understand a particular biological process such as the role of LMP and cathepsin in apoptosis, we need robust and physiologically relevant, experimental tools and an accurate kinetic analysis of the sequence of events involved. Recombinant mouse IL-3 was obtained from the supernatant of WEHI3B cells as described [START_REF] Ekert | Apaf-1 and caspase-9 accelerate apoptosis, but do not determine whether factor-deprived or drugtreated cells die[END_REF] and recombinant His-GFP-Annexin-V was produced according to Egger et al. [START_REF] Egger | Serine proteases mediate apoptosis-like cell death and phagocytosis under caspase inhibiting conditions[END_REF] Cell lines IL-3 dependent (Factor dependent myeloid (FDM) cells) were generated by co-culturing E14.5 fetal liver single cell suspensions with fibroblasts expressing a HoxB8 retrovirus in the presence of high levels of IL-3. [START_REF] Ekert | Apaf-1 and caspase-9 accelerate apoptosis, but do not determine whether factor-deprived or drugtreated cells die[END_REF] The cells were expanded in Dulbecco´s modified Eagle´s Medium (DMEM) supplemented with 10% fetal calf serum, 100 units/mL penicillin, 100 µg/mL streptomycin and 10% IL-3 from WEHI3B supernatant. FDMs bearing gene deletions for Bax, Bak or both (Bax/Bak DKO) have been described. [START_REF] Ekert | Cell death provoked by loss of interleukin-3 signalling is independent of Bad, Bim and PI3 kinase/AKT, but depends in part on Puma[END_REF] 

Materials and methods

Reagents

Apoptosis quantitation

Apoptosis was induced by etoposide (Sigma), UV irradiation (Stratalinker® UV Crosslinker 2400, 254 nm UV), FasL-Fc or IL-3 withdrawal (for FDMs). Quantitation of apoptotic cells was performed by FACS analysis of His-GFP-Annexin-V/propidium iodide stained cells as previously described. 46

Measurement of lysosomal membrane permeabilisation LMP

To measure lysosomal membrane integrity, healthy or apoptotic cells were stained with 

Immunofluorescence analysis

3T9 MEFs were grown on glass cover slips and fixed with 4 % paraformaldehyde in phosphate-buffered saline (PBS) containing 0,1 M PIPES (pH 6,8) for 30 min. Cells were permeabilized with 0,1 % Triton-X100 in PBS for 20 min and blocked with PBS containing 3 % bovine serum albumin (BSA) at room temperature for 1 h. After incubation with rat monoclonal anti-Lamp-1 (1:200) and rabbit polyclonal anti-Bak (1:150) at room temperature for 90 min, the cells were washed three times with PBS and treated with the AlexaFluor546conjugated goat anti-rat and the AlexaFluor488-conjugated goat anti-rabbit secondary antibody at dilutions 1:200 for 90 min. Cells were washed three times in PBS and in H 2 O, mounted onto slides using Mowiol (6 g glycerine, 2,4 g Mowiol, 6 mL H 2 O, 12 mL 0,2 M TRIS, pH 8.5, 0,1% DABCO) and stored in the dark at 4°C until observation.

Clonogenic assay

Clonogenic assays were done as previously described. [START_REF] Ekert | Apaf-1 and caspase-9 accelerate apoptosis, but do not determine whether factor-deprived or drugtreated cells die[END_REF] Briefly, 1 x 10 5 cells/mL were grown with or without IL-3 or in the absence or presence of 50 μM etoposide. At the various time points after apoptosis induction, known dilutions of culture were plated in 36 mm petri dishes in DMEM, 20% FCS, 10% IL-3 supernatant and 0.3% agar. After 21 days the number of colonies were counted and expressed as a percentage relative to the number of colonies generated per 1000 cells plated immediately before culture without IL-3 or with etoposide, that is, after washing and determining of cell number. For example, if a clone generated 200 colonies/1000 cells plated at day 0 and 50 colonies/1000 cells after culture without IL-3 or with etoposide for 1 day, the relative clonogenicity at day 0 and day 1 were 100% and 25% at day 1. In each independent experiment, at least 3 independent clones of each genotype were used.

Cellular fractionation and immunoblot analysis

For subcellular fractionation into cytosol and mitochondria, the cells were washed two times with PBS and incubated with twice the volume of MSH-Buffer (210 mM mannitol, 70 mM sucrose, 20 mM HEPES pH 7.5, 1 mM EDTA, 300 µM Pefabloc, 100 µM PMSF) for 45 min on ice. Cells were lysed using a 25G needle until 50% of the cells were trypan blue positive.

Cells were centrifuged for 5 min at 350 x g to pellet cellular debris and nuclei. The supernatant was centrifuged for 20 min at 16.000 x g to obtain the mitochondria. The resulting supernatant was subjected to 100.000 x g centrifugation for 45 min to obtain the cytosol. To obtain a crude membrane/lysosomal fraction for cathepsin Western blotting (containing all other organelles expect nuclei), the postnuclear supernatant was directly spun at 100.000 x g and the pellet resuspended in MSH buffer + 1% Triton. Equal amount of protein (100 μg) was resolved by 12-15% SDS-PAGE, transferred to PVDF membrane and blocked with 5% BSA in PBS containing 0,05% Tween 20 (v/v) for 1 h. After washing the membranes were incubated over night with goat anti-cathepsin B, D and L (each 1:5000) diluted in PBS-Tween containing 5% BSA. After further washings the PVDF membrane was incubated with the corresponding horse radish peroxidase (HRP)-conjugated rabbit anti-goat secondary antibody (1/5000) and visualized by enhanced chemiluminescence (ECL, PIERCE).

Immunoprecipitations

The fractions from the LYSISO1 purification were lysed in MSH buffer containing 1% CHAPS and subjected to immunoprecipitations using the conformation specific anti-Bax 6A7 and anti-Bak NT antibodies specifically detecting active Bax and Bak in their native states, respectively. 100 μg of protein was incubated 1 mg of anti-Bax 6A7 or anti-Bak NT on ice for 1 h, followed by the addition of 50 μL of 50% (w/v) Protein A Sepharose. The antibodyantigen complexes were captured on Sepharose beads on a rotating wheel at 4 °C for 90 min. The beads were centrifuged and washed 3 x in 20 volumes (1 mL) of MSH and then dissolved in hot SDS-sample buffer under non-reducing conditions (to keep the immunoglobulins intact). The immunoprecipitates were analyzed by anti-Bax NT and anti-Bak NT Western blotting using ECL detection as described above

Caspase and cathepsin assays

Caspase-3/7 activity was measured in the cytosol of healthy and apoptotic cells by using the fluorogenic substrate Ac-DEVD-AMC (7-amino-4-methylcoumarin, Alexis Biochemicals), as described. [START_REF] Egger | Serine proteases mediate apoptosis-like cell death and phagocytosis under caspase inhibiting conditions[END_REF] Cathepsin B/L-specific activity was measured in the cytosol of healthy and apoptotic cells. 10 µL cytosol was mixed with 85 µL assay buffer (200 mM sodium acetate, 1 mM EDTA, 0,05 % Brij, pH 5.0) in the presence or absence of inhibitors for cathepsin B/L (z-FA.fmk, CA074, JMP-OEt, E-64d) or cathepsin D (pepstatin A). 5 µL of the cathepsin B/L substrate z-FR-AMC (25 µM) was added and incubated at 37°C for 30 min before fluorescence was measured in a microtiter fluorescence reader (Ex: 380 nm, Em: 460 nm).

Lysosomal purification

3 x 10 8 cells per sample were grown to 90% confluency, treated with 50 µM etoposide and harvested by trypsinization. All subsequent steps of the lysosomal isolation were performed according to manufacturer's description (LYSISO1). In brief, cells were centrifuged at 600 x g for 5 min, resuspended in 2,7 packed cell volume of 1 x extraction buffer and homogenized in a glass dounce homogenizer. The degree of breakage was checked under the microscope using trypan blue until 80 -85% of the cells were broken. Nuclei were removed by centrifugation at 1.000 x g for 10 min. The postnuclear supernatant was centrifuged by 20.000 x g for 20 min and the resulting pellet, containing the crude lysosomal fraction, resuspended in a minimal volume of 1 x extraction buffer (0,4 ml per 10 8 cells). To enrich for lysosomes the suspension was further purified by density gradient centrifugation at 150.000

x g for 4 h on a multi-step OptiPrep gradient according to manufacturer's description. 0,5 mL fractions were collected starting from the top of the gradient. Each fraction was assayed for protein concentration, acid phosphatase activity and amount of Lamp-1, Bax, Bak and Cox IV proteins by Western blotting.

Acid phosphatase enzymatic assay

Phosphatase activity was assayed with the help of the acid phosphatase assay kit from Sigma, according to manufacturer's instruction. In brief, prewarmed (37°C) substrate The data represent the means of three independent experiments ± S.E.M., p< 0.02. 

  /b) and apoptosis (Figure S4a/b) were strongly delayed in caspase-9-/-and Apaf-1-/-cells. Next, we investigated the effector caspase requirement for apoptosis and LMP by exposing MEFs deficient in caspases-3 and -7

  /b) or IL-3 deprivation (Figure 6a/c) as compared to wt cells. No major difference in apoptosis sensitivity between wild-type and knock-out cells was noted in cathepsin D-/-FDMs (Figure 6) or when the cells were exposed to UV (Figure 6a/d) indicating that the lysosomal contribution to apoptosis is restricted to certain cathepsin isoforms and apoptotic stimuli. Detailed kinetic analysis revealed that the slower apoptosis rate of cathepsin B-/-and L-/-FDMs nicely correlated with delayed caspase-3 activation. While in wt or cathepsin D-/-FDMs maximal caspase-3 activity peaked at 24 h after IL-3 deprivation or etoposide treatment and declined thereafter, cathepsin B-/-and L-/-FDMs exhibited maximal caspase-3 activity only after 36 -48 h (Figure 6b/c).

  DMEM, penicillin, streptomycin and FCS were purchased from Gibco/Life Technologies. Z-FR-AMC and Z-FA.fmk from Calbiochem, pepstatin A from Fluka, E-64d from Biomol GmbH, and CA074, etoposide and the LYSISO1 lysosomal isolation kit from Sigma-Aldrich. Polyclonal goat antibodies against cathepsin B, D and L were obtained from R&D Systems, Germany, rat monoclonal to Lamp-1 (clone 1D4B) from Abcam, Cambridge, UK, rabbit polyclonal anti-Bax NT and the conformation specific anti-Bak (NT) antibody from Upstate, Millipore GmbH, Germany, polyclonal rabbit anti-caspase-3 (9661 and 9662) from Cell Signaling, monoclonal mouse anti-beta actin (C4) from MP Biomedical, mitochondrial anti-COX IV and anti-COX V from Molecular Probes and the conformation specific anti-Bax antibody (6A7) from BD Biosciences. The secondary AlexaFluor546-conjugated goat anti-rat and the AlexaFluor488conjugated goat anti-rabbit secondary IgG antibodies were obtained from Invitrogen, the horseradish peroxidase (HRP) conjugated anti-goat from Sigma-Aldrich, Germany, and the HRP-conjugated anti-rabbit and anti-mouse IgG antibodes from Jackson ImmunoReserach (UK). Acridine Orange was bought from Invitrogen and TMRE, LysoTracker Green and Red DND 99 from Molecular Probes. Recombinant murine FasL-Fc was kindly provided by Pascal Schneider, Lausanne. JMP-OEt was a gift from Matt Bogyo, Stanford University, CA, USA.

  either 10 µM AO for 10 -15 min or 75 nM LysoTracker Red DND 99 for 45 min at 37°C, and washed several times in PBS to reduce background. Both dyes accumulate in intact acidic compartments. For qualitative immunofluorescence analysis, the cells were cytospun and viewed on glass coverslips under a Axiovert Zeiss fluorescence microscope. Lysosomal membrane permeabilisation was quantified by measuring the reduction of red or green fluorescence using a FACSCalibur TM from BD Biosciences. The FlowJo software was used to analyze the flow cytometry measurements.

  solution and reaction components (sample and citrate buffer) were mixed in a 96 well plate and incubated at 37°C for 10 min. The reaction was stopped by adding 0,2 mL of stop solution (0,5 N NaOH) to each well and the absorption was measured at 405 nm. Acid phosphatase activity measured in triplicates (a blank reaction as well as standard solution was run in parallel) and calculated according to following equation: DF: dilution factor of the original sample; Time: time of incubation at 37°C in min; Venz: volume of enzyme sample added to assay in mL; 0.05: concentration (µM/mL) of 4nitrophenol in standard solution; 0.3: total assay volume including stop solution (mL)Statistical analysisData was expressed as mean values ± S.E.M. Statistical evaluation was determined by twotailed Student's t test. A value of P < 0.05 was considered to be statistically significant. All statistical analysis was carried out with the program SigmaPlot for Windows, Version 10.0 (Systat Software Inc., Chicago, USA).
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 1 Figure 1. Removal of IL-3 triggers a Bax/Bak-dependent LMP and cytosolic

Figure 2 .

 2 Figure 2. Etoposide, UV and FasL trigger a dose and time-dependent LMP

Figure 3 .

 3 Figure 3. Cathepsin D and B proteins and B/L activity appear in the cytosol

  

  

  

  

  

  

  

  

  

  

  In addition, FDMs were generated from C57Bl6 mice bearing deletions for Apaf-1 (kindly provided by A. Strasser)

	and from FVB mice that were either wt or deficient for cathepsin B, L or D. 3T9 mouse
	embryo fibroblasts (MEFs) from wild-type C57BL/6 mice or mice deficient of Apaf-1, caspase-
	9, Bax, Bak or both (Bax/Bak DKO) were obtained from A. Strasser, WEHI, Melbourne. SV40
	T antigen transformed MEFs deficient of both caspase-3 and -7 (caspase-3/-7 DKO) were
	kindly provided by R. Flavell, Yale, USA. MEFs deficient of cathepsin L, B or both were
	isolated from the respective FVB knock-out mice. All MEFs were 3T9 immortalized and
	cultured in DMEM including 10% fetal calf serum, 100 units/mL penicillin and 100 µg/mL
	streptomycin as previously described .46
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Abbreviations

AO (Acridine Orange), FDM (factor dependent monocytes), IL-3 (Interleukin-3), DKO (double knock out), Lamp-1 (lysosomal associated membrane protein-1), LMP (lysosomal membrane permeabilization), MEFs (mouse embryonic fibroblasts), PI (propidium iodide), MOMP (mitochondrial outer membrane permeabilization), TMRE (tetramethylrhodamine ethyl ester perchlorate), ROS (reactive oxygen species), z-FR-AMC (z-Phe-Arg-7-amino-coumarin), z- Differential centrifugation of lysates of FDMs untreated (control) or treated with 50 μM etoposide for 16 h (ca. 50% cell death), using the lysosomal purification kit from Sigma.

Each fraction was assayed for protein concentration and acid phosphatase activity (a) as well as anti-Lamp-1, anti-Bax, anti-Bak and anti-COX IV (mitochondrial marker) Western blotting (b, WB). In addition, the fractions were immunoprecipitated with conformation specific anti-Bax (6A7) and anti-Bak (NT) antibodies and the immunoprecipitates were tested for active Bax and Bak by anti-Bax and anti-Bak Western blotting, respectively (b, IP). Note that fractions 1 -3 with the highest lysosomal acid phosphatase activity are positive for Lamp-1, but not for Bax. Although Bak is present in these fractions, it is not in an active form, and the fractions appear to be slightly contaminated with mitochondria based on anti-COX IV immunoreactivity. (c) Anti-Bak (green) and anti-Lamp-1 (red) immunofluorescence analysis of MEFs exposed to 50 μM etoposide or 600 J/m 2 UV for 16 h and viewed under a Zeiss Axiovert fluorescence microscope, magnification 400 x (Ctrl) and 630 x (etoposide, UV). Note that there is only litte, if any overlap (yellow) of anti-Bak and anti-Lamp-1.