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SUMMARIZING DISCUSSION 

SUMMARIZING DISCUSSION 

The research presented in this thesis was aimed at evaluating the relevance of ceramide 

(Cer) production in the process of apoptosis. The leukemic T cell line Jurkat was chosen 

as the main model system, since this line efficiently undergoes apoptosis in response to 

death receptor stimulation, as well as treatment with DNA damaging anti-cancer 

regimens (chemotherapeutic drugs and y-radiation). All experiments were performed in a 

single cell clone, since Jurkat lines are phenotypically heterogeneous. In the field, a 

hypothesis had been formulated that Cer can serve as second messenger in apoptosis 

signaling. This was based on the apoptosis-inducing effects of short-chain Cer species, as 

well as the observation that many apoptotic stimuli give rise to elevation of intracellular 

Cer levels. We wanted to test this hypothesis, since we found that wildtype Jurkat clones 

produced Cer in response to CD95 stimulation and treatment with anti-cancer regimens, 

whereas apoptosis-resistant variant clones did not. Moreover, the resistance to apoptosis 

in these variant Jurkat clones could be bypassed by exogenous Cer. This raised the 

possibility that their resistance was due to a failure to produce Cer. 

However, during the past four years of extensive research we have found no 

indication that endogenous Cer is instrumental in apoptosis induction. Rather, Cer 

accumulation observed in our model cell line in response to death receptor stimulation 

and treatment with DNA damaging anti-cancer regimens takes place in the effector 

phase of apoptosis, downstream from inducer caspase activation and mitochondrial 

cytochrome c (cyt c) release. Importantly, we offer a mechanistic explanation for Cer 

accumulation in this phase of the apoptotic process: it appears to be the resultant of loss 

of plasma membrane phospholipid asymmetry, a hallmark of the apoptotic execution 

phase. Moreover, we have provided experimental evidence that the significance of Cer 

production lies in the removal of its precursor, SM, from the plasma membrane. Altered 

physical properties of the plasma membrane after SM depletion allow for membrane 

blebbing and possibly for efficient generation of apoptotic bodies. Implications of this 

model were recently discussed by Green (Green, 2000). 

Apoptosis induction by artificially elevated Cer levels 

The hypothesis that Cer can serve a signaling role in apoptosis is based on the 

cytotoxicity observed when intracellular Cer levels are artificially elevated. Because 

naturally occurring long-chain hydrophobic Cer species are hardly membrane 

permeable, many investigators (including ourselves, see Chapter 2) have used short-

chain analogs (C2 or C6) to study the role of Cer in apoptosis. To underscore the 

specificity of Cer action, most studies include the use of dihydro(DH)-C2-Cer, which 

lacks the 4-trans double bond. However, as has become apparent during the course of 

our studies, it is highly questionable whether short-chain cell permeable analogs 

sufficiently mimic the endogenously produced Cer species. 
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An issue addressed extensively in Chapter 8 involves the difference in subcellular 

distribution: whereas short-chain exogenously added Cer could reach the Golgi complex 

to be glycosylated by GCS, Cer produced in the plasma membrane in response to 

apoptotic stimuli could not. In contrast to natural Cer species, which strongly favor a 

lipid environment, short-chain Cer analogs are relatively soluble in aqueous 

environments. Once administered to cells, they can reach (targets within) intracellular 

membranes and it is therefore evident that effects observed with short-chain Cer are 

difficult to relate to potential effects of endogenous Cer. In several studies, Cer was 

proposed to signal to the mitochondria and to induce the release of cyt c (for example 

see Ghafourifar,1999 and references therein). This was primarily based on the fact that 

C2-Cer (but not DH-C2-Cer) can induce cyt c release, loss of A ^ and apoptosis, which is 

inhibitable by Bcl-2. In some cases, C2-Cer was found to induce release of cyt c from 

isolated mitochondria. A recent paper describing how Cer affects mitochondrial function 

reported major differences between the effects of short- versus long-chain Cer; C2-Cer 

caused an almost complete collapse of A*Fm whereas DH-C2-Cer and C,6-Cer had 

negligible effects (Di Paola,2000). It was concluded that short-chain Cer induces 

perturbation of the membrane structure, leading to an increase of inner mitochondrial 

membrane permeability. We have also shown that C2-Cer-induced apoptosis is 

dependent on mitochondrial events, as it was prevented by Bcl-2 overexpression 

(Chapter 5). On the other hand, we demonstrated that the endogenous Cer response 

occurs in most cases downstream of the mitochondria (Chapter 4), which once more 

emphasizes that Cer analogs are not representative of natural Cer in their activity. 

The mechanism by which exogenous Cer triggers apoptosis is unclear. As 

mentioned above, direct interaction of Cer with mitochondria, triggering the release of 

pro-apoptotic mitochondrial factors and activation of caspases, has been proposed. 

However, as the cellular uptake of Cer is usually saturated after 1 to 2 h, such a direct 

link with the apoptotic machinery is expected to result in apoptosis at much earlier 

timepoints than what is usually observed (8-16 h). A more plausible mechanism is 

suggested in a number of studies showing that Cer-induced apoptosis is markedly 

inhibited by actinomycin D and cycloheximide, demonstrating the requirement for 

mRNA and protein synthesis (Pruschy,1999; Vento,1998; Gewies,2000). This would 

explain the lag-time between Cer uptake and Cer cytoxicity. We also have evidence that 

Cer-induced apoptosis depends on de novo protein synthesis (J. Borst; unpublished 

results). It can easily be envisioned that newly expressed pro-apoptotic gene products 

mediate Cer toxicity, analogous to the events involved in DNA damage-induced 

apoptosis. Such a mechanism is consistent with the protective effect of Bcl-2 

overexpression and the ability of C2-Cer to induce cyt c release. Furthermore, it is 

strongly supported by the observation that Cer-induced apoptosis of mouse embryo 

fibroblasts requires a functional p53 {Pruschy,1999). Others reported that p21, a cdk 

(cyclin-dependent kinase) inhibitor, was upregulated during Cer-induced apoptosis in 

hepatocarcinoma cells, while p53 was not elevated under the same condition 

{Oh,1998). A follow-up study provided strong evidence that p21 promotes Cer-induced 
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apoptosis via enhanced Bax expression (Kang, 7 999). Taken together, there is 

accumulating evidence that the cytotoxic action of cell permeable Cer may involve 

upregulation of pro-apoptotic proteins, probably via the induction of cellular stress, 

rather than direct activation of a pro-apoptotic (protein) target. 

How short-chain Cer leads to cellular stress is unclear. However, there is good 

evidence that Cer interferes with lipid biosynthesis. Ridgway et al. showed that exposure 

of CHO cells to C2-Cer inhibited [3H]-serine incorporation into SM and GlcCer by 80-

90% after only 2 h, while labeling of PS and PE was inhibited to a lesser extent 

(Ridgway, 1995a). Esterification of cholesterol was inhibited by 95% (Ridgway,!995b). 

These results were confirmed and extended in subsequent studies using other cell types, 

which also showed that DH-C2-Cer had no effect on lipid metabolism 

(Bladergroen, 1999; Allan,2000). It is of interest to note that the antineoplastic and 

apoptotic phospholipid l-O-octadecyl-2-O-methyl-rac-glycerophosphocholine (ET-18-

OCH3) and its analog hexadecylphosphocholine (HexPC) also inhibit phospholipid 

biosynthesis. Supplementing cells with lysoPC or overexpressing the targeted enzyme 

(CTP:phosphocholine cytidylyltransferase) completely reversed the cytotoxic effects of 

both compounds, providing compelling evidence that inhibition of PC biosynthesis 

initiates apoptosis (Baburina,1998; Boggs,1998). Likewise, data from our laboratory 

indicate that C2-Cer toxicity can be overcome by addition of lysoPC (A. van der Luit; 

unpublished results). It is conceivable that interference with general (plasma) membrane 

phospholipid homeostasis and turnover causes cellular stress, possibly via altered 

membrane integrity. 

Exposure of cells to bacterial SMase, leading to breakdown of outer leaflet SM 

and accumulation of Cer, induces apoptosis in some but not all cell types. Besides 

exogenously added Cer, this tool is often used to artificially elevate intracellular Cer 

levels and mimic endogenously produced Cer. Also here, a major delay is observed 

between Cer accumulation, often more than 10-fold higher than observed during 

apoptosis, and the onset of apoptosis. SMase-induced apoptosis was shown to require 

wildtype p53, indicating that its cytotoxic action may be similar to that of short-chain 

Cer (Pruschy,1999). Up to 80% of total cellular SM resides in the outer leaflet of the 

plasma membrane and is accessible to SMase treatment. Depletion of the majority of SM 

may have membrane-toxic side effects, or, analogous to the effects of Cer on lipid 

biosynthesis, induce an aspecific form of cellular stress. We and others have shown that 

plasma membrane SM depletion is accompanied by cholesterol efflux. It is possible that 

these conditions induce (local) impairment of the membrane permeability barrier. 

Resulting abnormal ion fluxes and/or changes in membrane potential could well be the 

hazardous factor. 
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Mechanisms of endogenous Cer production 

A large variety of apoptotic stimuli induce the accumulation of endogenous Cer. As 

mentioned above, this Cer has been implicated as a regulatory molecule in apoptosis, 

based on the cytotoxic effects of exogenous Cer analogs. To establish the contribution of 

endogenous Cer to the apoptotic response, it is important to assess the mechanism of 

Cer production, since this could provide a means to specifically abrogate Cer production 

and evaluate its consequences for the apoptotic response. 

Cer can be generated from SM by either a neutral or acid sphingomyelinase 

(aSMase) activity. Alternatively, it can be the result of enhanced de novo biosynthesis. 

The kinetics of Cer production are expected to be determined by the different 

mechanisms to generate Cer and their means of activation. Death receptors (CD95 and 

TNF receptor-1) have been reported to activate acid SMase, giving rise to rapid (2-10 

min) Cer formation {Cifone,1994; Schutze, 1992). In addition, neutral SMase activity 

was reported to increase rapidly upon TNFa treatment (Wiegmann, 1994), or late 

following CD95 ligation (Tepper,1995). Using two novel assays to quantitate Cer levels, 

we determined that Cer formation in Jurkat cells upon CD95 ligation virtually coincides 

with nuclear fragmentation, a hallmark of the execution phase of apoptosis. No early rise 

in Cer could be detected (Chapters 2 and 4). Also in CD95-stimulated B-lymphoblasts 

we only observed a slow and sustained Cer response. Moreover, using a B cell line from 

a aSMase-deficient Niemann-Pick disease patient and its reconstituted counterpart, 

involvement of aSMase in CD95-induced Cer formation and apoptosis was excluded 

(Chapter 3). In accordance with this, it was recently reported that thymocytes and 

activated T or B cells of aSMase-deficient mice are equally sensitive to CD95-induced 

apoptosis as wildtype cells {Lin,2000). Moreover, aSMase-deficient mice showed no 

immunological symptoms observed in animals with defects in either CD95 receptor or 

ligand, such as Ipr or gld mice. 

A number of other investigators have similarly detected only a late phase of Cer 

production upon CD95 ligation (Tepper,1995; Sillence,1997; Watts,!997; 1999). Yet, 

other studies, using the same stimulus and cell type, report the existence of an acute, 

transient Cer response that is followed by a second, more dramatic rise in Cer levels 

{Cifone, 1994; Gulbins,1995; Cuvillier,2000). One of these studies showed that early Cer 

generation was rapidly followed by an increase in sphingosine, presumably as a result of 

acid ceramidase activity (Cuvillier,2000). This raised the possibility that in certain cell 

systems, the early Cer response is masked by its immediate turnover to sphingosine. In 

Chapter 2, we tried to uncover possible rapid Cer formation in CD95-stimulated Jurkat 

cells using a ceramidase inhibitor (D-MAPP), but this did not unveil an acute Cer 

response. The HPLC method we developed to quantitate Cer levels is also highly 

sensitive to detect sphingosine (see Chapter 10), but it did not indicate increased 

sphingosine levels in total lipid extracts after short periods of CD95 stimulation. In 

addition, no NBD-hexanoic acid formation (indicative of ceramidase action) was 

observed when Q-NBD-SM was presented to cells prior to CD95 stimulation (see 

Chapter 6). Rapid hydrolysis of Q-NBD-SM to Q-NBD-Cer and subsequently to 
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sphingosine would have resulted in the accumulation of fluorescent free fatty acid, 

which is not further metabolized by the cells (AH Merrill Jr., pers. commun.). Taken 

together, our biochemical analyses do not provide evidence for rapid CD95-induced 

Cer formation and immediate conversion to sphingosine. A possibility which remains to 

be explored is that Cer, as it is being formed, is converted back to SM. 

Cer formation in response to DNA damaging anti-cancer drugs and radiation has 

also been reported to involve various mechanisms and kinetics. y-Radiation-induced Cer 

formation and apoptosis were suggested to depend on acid SMase activity, based on 

experiments with a B cell line derived from a Niemann-Pick disease (NPD) patient and 

aSMase7' lung tissue. (Santana,7 996). Daunorubicin treatment of U937 or HL-60 cells 

gave rise to a biphasic activation of neutral SMase at approximately 10 and 60 min 

following stimulation (Jaffrézou, 1996). However, others reported that daunorubicin-

induced Cer formation in U937 (human) or P388 (murine) leukemia cells was detectable 

by 4 h and resulted from de novo synthesis (Bose,1995). In case of etoposide treatment 

of Molt-4 cells, Cer formation was slow and involved the de novo pathway {Perry, 

2000). Given our observation that CD95-resistant variant Jurkat cells displayed cross-

resistance to etoposide and y-radiation, we analyzed Cer responses to these DNA 

damaging stimuli in wildtype Jurkat cells. In Chapter 4, we report that these stimuli give 

rise to significant Cer formation, but, as for CD95 stimulation, the response was slow 

and coincided with the onset of nuclear fragmentation. We used the same human B 

lymphoblastoid line from a NPD patient as used by Santana et al. (Santana, 7996) and 

De Maria et al. (De Maria,1998) and found that it was equally sensitive to etoposide-

and radiation-induced apoptosis as its aSMase -reconstituted counterpart. In addition, the 

same type of slow Cer response was observed in both cell lines (our unpublished 

results). Our data with regard to CD95-, etoposide- and radiation sensitivity of this line 

differ from those reported by Santana and De Maria, who found that these cells are 

apoptosis-resistant. The explanation for this apparent controversy must be due to the fact 

that the NPD cells employed (MS1418) are phenotypically unstable. Upon prolonged 

culturing periods, cells spontaneously regain apoptosis-sensitivity (while maintaining 

aSMase deficiency, which is due to a point mutation). All experiments should therefore 

be carefully controlled and include mock-transfected and aSMase-transfected cells that 

have been kept in culture for the same period of time. Our experiments have been 

performed in that way and our results therefore exclude a requirement for aSMase in 

CD95-, etoposide- and y-radiation-induced Cer production and apoptosis in this 

lymphoid cell type. 

A recent study by Hannun's laboratory showed that etoposide treatment of Molt-

4 human leukemia cells induced an increase in Cer due to increased de novo synthesis, 

presumably via activation of serine palmitoyltransferase. Like in our studies, effector 

caspase activation was independent of Cer formation. However, inhibition of de novo 

Cer synthesis reduced the uptake of trypan blue by etoposide-treated cells, suggesting a 

role for newly synthesized Cer in effecting membrane damage (Perry,2000). Possibly, 

the increase in Cer biosynthesis may influence the synthesis and sorting of other lipids 

131 



CHAPTER 9 

(and proteins), and may thus affect the plasma membrane structure. A connection 

between sphingolipid biosynthesis and transport to the plasma membrane was 

previously suggested when inhibition of de novo Cer synthesis reduced plasma 

membrane targeting of the nicotinic acetylcholine receptor (Roccamo,1999). 

We also investigated the possible contribution of de novo Cer biosynthesis in 

CD95-, etoposide- and y-radiation-induced apoptosis in Jurkat cells. Cer accumulation 

upon all three stimuli remained unaffected upon inhibition of de novo synthesis by 

fumonisin B1. In addition, Cer formation was accompanied by SM hydrolysis. Having 

ruled out involvement of aSMase, we concluded that SM breakdown by a neutral SMase 

activity must be responsible for Cer production in our cell system (Chapter 6). We did 

not detect increased nSMase activity of stimulated Jurkat cell lysates when measured in 

vitro, which could indicate that the substrate availability to a constitutively active 

nSMase regulates the SM to Cer conversion. 

The cloning of the first human gene (nSMasel) encoding a protein with neutral 

SMase activity (Tomiuk,1998) provided the first tool to specifically address the role of 

nSMase in Cer production. We evaluated the role of nSMasel, but found no effect on 

SM or Cer metabolism when wildtype or inactive nSMasel was stably overexpressed in 

Jurkat cells (Chapter 7). Moreover, overexpressed nSMasel associated with intracellular 

membranes (ER and Golgi) and was not found at the plasma membrane. Based on these 

results, we concluded that nSMasel is not involved in plasma membrane SM hydrolysis 

to Cer. During the course of our experiments, other investigators came to essentially the 

same conclusions (Sawai, 7999; Fensome, 2000; Tomiuk,2000). Many questions were 

raised about the physiological function of this nSMase activity in cells, the subcellular 

localization and regulatory mechanisms that control the enzymatic activity. Sawai et al. 

even questioned whether nSMasel acts as a SMase in vivo. 

All biochemical studies mentioned suggest that there should exist other neutral 

SMases besides nSMasel. Subsequent to nSMasel, Stoffel and co-workers cloned a 71 

kDa nSMase (nSMase2) using an improved data base search method {Hofmann,2000). 

nSMase2 was found to be brain-specific and localized to the Golgi complex. A Mg2 +-

dependent nSMase from rat brain was purified to homogeneity {Bernardo,2000). Amino 

acid sequencing of tryptic digests showed no apparent homologies to any known 

protein and specific antibodies recognized a 97-kDa protein. Bovine brain nSMase 

shared many properties with the rat brain enzyme from Hannun's laboratory {Liu, 1998), 

although the molecular mass of the rat nSMase was estimated around 60 kDa. The 

purification of nSMase from bovine brain should soon result in cloning of the cDNA. 

Only when the enzyme(s) responsible for agonist-induced Cer production have been 

cloned, more pertinent evidence for possible roles of nSMase-generated Cer in cellular 

processes can be obtained. 
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Role of Cer in the apoptotic process 

Few studies directly implicate Cer in apoptosis-induction by straightforward genetic 

approaches. As discussed above, aSMase-generated Cer has originally been implicated 

in both CD95- and y-radiation-induced apoptosis. However, its requirement for CD95-

induced apoptosis has recently been excluded. In addition, our work excludes a 

requirement for Cer formation in CD95-, etoposide- and y-radiation-induced apoptosis in 

lymphoid cells. Gulbins et al. found that intravenous injection of submaximal doses of 

anti-CD95 antibody into aSMase7" mice failed to induce massive hepatocyte apoptosis 

that is normally observed. Requirement for aSMase was not absolute, as higher doses of 

antibody bypassed the resistance. It was proposed that CD95 ligation induces rapid 

secretion of aSMase, which would act on outer leaflet SM to generate Cer in close 

proximity to the CD95 receptor. These lipid changes would locally alter the membrane 

structure and induce a further clustering of receptors, leading to enhanced transmission 

of the signal at relatively low antibody concentrations. At higher antibody 

concentrations, clustering by the antibody is sufficient to convey the apoptotic signal 

(Gulbins, pers. comm.). It remains to be established how aSMase is secreted and, 

moreover, how it can be active at the cell surface where the pH is not acidic. 

Since the nSMase involved in Cer formation in response to CD95 stimulation, 

etoposide treatment or y-irradiation of Jurkat cells is molecularly undefined, no tools 

were available to abrogate the Cer response by genetic means to evaluate its 

contribution to the apoptotic response. However, the use of different Jurkat cell 

transfectants and various caspase inhibitors allowed us to conclude that Cer is produced 

downstream of inducer caspase activity and, in case of DNA damage, fully dependent 

on the release of mitochondrial cyt c (Chapter 4). Thus, based on this molecular 

ordering, the Cer response can not be instrumental in either inducer caspase activation 

or signaling to the mitochondria but is associated with the apoptotic execution phase. 

Furthermore, we noted that Cer formation and loss of mitochondrial transmembrane 

potential were independent of effector caspase activity and could therefore be 

dissociated from nuclear changes. 

Subsequently, we found that Cer formation is a direct consequence of loss of 

phospholipid asymmetry in the plasma membrane, a typical hallmark of the apoptotic 

execution phase (Chapter 6; Green,2000). The mechanism by which apoptotic stimuli 

induce phospholipid scrambling is not clear. Upstream caspase activity is required. A 

link with mitochondrial alterations was suggested by the strict coregulation of ATm 

disruption and PS exposure. In all conditions in which apoptosis is prevented, (e.g. upon 

Bcl-2 overexpression) the A ^ remains stable and PS cannot be detected on the cell 

surface (Castedo, 1996). Apoptosis induction usually triggers the release of mitochondrial 

cyt c. However, in some cell types, Bcl-2 overexpression does not protect against death 

receptor-induced apoptosis, indicating that cell death is not always dependent on 

mitochondrial changes. It can be envisioned that, also in cell types where Bcl-2 does not 

inhibit apoptosis, mitochondrial factors are required to effect the alterations in the 

plasma membrane. Given the possibility that a calcium-responsive phospholipid 
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scramblase mediates the actual lipid scrambling, calcium released from mitochondrial 

stores could serve a regulatory role. Another possible mediator may reside in apoptosis-

inducing factor (AIF), which is released from mitochondria in a Bcl-2-inhibitable fashion 

and induces PS exposure upon microinjection [Susin,1999). 

We found that the conversion of plasma membrane SM to Cer during the 

execution phase of apoptosis contributed to the apoptotic cell surface morphology. Raji 

cells defective in lipid scrambling and Cer production did not display the dynamic 

membrane blebbing, whereas nuclear and mitochondrial alterations did occur normally. 

Moreover, the depletion of SM and not Cer production appeared to be of relevance, 

since exogenously supplied SM could inhibit the apoptotic morphology in Jurkat cells 

Chapter 6). Although it was indicated by our studies that Cer does not play a role in the 

induction phase of apoptosis, we still considered it of interest to abrogate Cer formation 

in order to examine possible effects on the ultimate apoptotic phenotype. As an 

alternative approach to modulate the Cer response, we have overexpressed GCS with 

the idea to force Cer glycosylation (Chapter 8). This approach was earlier undertaken by 

Cabot's laboratory and appeared effective in the attenuation of the Cer response of MCF-

7 cells to chemotherapeutic drugs as well as TNFa. Moreover, it protected cells against 

the cytotoxicity of these stimuli. Stable GCS overexpression in Jurkat cells had the 

expected effect on basal sphingolipid levels (increased GlcCer) but did not diminish Cer 

accumulation upon CD95, etoposide or y-radiation. We have shown that these stimuli 

generate Cer from plasma membrane SM and therefore conclude that GCS, which 

resides in the Golgi, can not target the pool of Cer that is formed in the plasma 

membrane. Consistently, the artificial release of Cer from plasma membrane SM by 

bacterial SMase is not accompanied by a rise in GlcCer, whereas cell permeable Cer is 

rapidly glycosylated. What has emerged from these findings is that only de novo 

synthesized Cer molecules (and cell permeable Cer analogs) have access to GCS. Thus, 

if the de novo pathway is responsible for Cer generation in the MCF-7 cells which were 

used by Cabot et al., this may well explain why GCS conferred resistance against 

apoptosis in that cell type but not in the Jurkat cells. Our finding that GCS only converts 

de novo generated Cer clearly demonstrates that Cer formed in the plasma membrane 

does not spontaneously exchange between other intracellular membranes. Other studies 

have also indicated that the exchange of natural Cer between lipid membranes is a very 

slow process, requiring days {Chatelut, 1998; Simon,1999). This obviously raises 

important questions regarding a (rapid) inter-membrane signaling role for Cer, suggested 

by the model in which Cer, presumably formed at the plasma membrane, serves to 

signal to the mitochondria. Moreover, it implies that possible Cer targets have to diffuse 

(either from cytosol to membrane or within the membrane) to the site of Cer generation 

to have a direct interaction. Alternatively, Cer may diffuse laterally towards a membrane-

bound target within the same membrane. Yet another possibility would involve the 

transport of Cer to other subcellular sites with the aid of a transport-protein. 
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Common aspects in apoptosis signaling by CD95, etoposide and y-radiation 

It has been proposed that DNA-damaging stimuli upregulate CD95 ligand expression 

and therewith induce apoptosis via the CD95 pathway (Fr/esen, 7996). Such a trivial 

explanation for the observed cross-resistance was ruled out by our laboratory showing 

that FLIP-transfected Jurkat cells were resistant to CD95-induced apoptosis, yet fully 

sensitive to etoposide- and radiation-induced apoptosis (Chapter 5). To explore the point 

of convergence of the signaling pathways, we analyzed a representative cross-resistant 

clone and its apoptosis-sensitive counterpart with respect to caspase activation, release 

of mitochondrial cyt c and Cer formation. All three stimuli failed to induce cyt c release, 

effector caspase activation and Cer production in resistant cells (Chapter 5). It is 

important to note that the lack of Cer production does not explain their resistance 

because our previous study indicated that cyt c release, defective in resistant cells, is 

upstream of Cer formation (Chapter 4). Unlike Bcl-2 overexpressing cells, the resistant 

cells were sensitive to exogenous Cer-induced apoptosis, indicating that they have no 

intrinsic defect in the release of cyt c. Experiments using purified mouse liver 

mitochondria and recombinant caspase-8 indicated that cytosols of wildtype, but not of 

resistant Jurkat cells, can be activated to induce cyt c release from isolated mitochondria 

(our unpublished data). Taken together, the mechanism underlying the cross-resistance 

is not related to defective Cer production but involves a cytosolic factor, downstream of 

caspase-8, which signals to the mitochondria. 

Concluding remarks 

Four years ago, the signal transduction events involved in apoptosis induction were 

largely unknown. During the course of this project, the caspase family has emerged as 

crucial inducer and executioner of cell death and, unexpectedly, the mitochondria 

turned out to play a key role in the regulation of apoptosis. The question as to whether 

Cer production, in addition to caspase activation, is an essential event for the 

commitment to apoptosis has developed into a highly controversial area of research. As 

has been extensively described in this thesis, we have found no evidence for a signaling 

role for Cer in death receptor- or DNA damage-induced apoptosis of lymphoid cells. 

However, we could provide a plausible explanation for the observation that Cer 

accumulates with slow kinetics in cells that have been triggered to undergo programmed 

cell death. The molecular identification of and genetic interference with the enzymes 

responsible for the various Cer responses observed in different cell systems are expected 

to establish how Cer may or may not contribute to various aspects of the apoptotic 

process in the near future. 
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