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GENERAL INTRODUCTION 

GENERAL INTRODUCTION 

The work described in this thesis involves multiple aspects of both apoptosis and 

sphingolipid research. The goal of this introductory chapter is to provide sufficient 

background information for the subsequent research chapters. For a more extensive 

overview of the literature, the reader is referred to excellent recent reviews throughout 

the text. 

Apoptosis 
Apoptosis, or programmed cell death, is a genetically determined cell death program 

characterized by the active participation of the dying cell. While Kerr and Wyllie were 

the first to describe this form of cell death which is morphologically and biochemically 

different from necrosis {Kerr, 1972), the molecular mechanisms underlying apoptosis 

induction and execution were identified only recently. During development, cell death 

is important to maintain tissue homeostasis and to eliminate unwanted cells. 

Uncontrolled proliferation or inadequate apoptosis can result in the disruption of the 

integrity of the organism. A shift in the balance of proliferation and cell death is the 

cause of a variety of human diseases such as cancer, AIDS, autoimmune disorders and 

neurodegenerative disorders like Alzheimers' disease {Thompson, 1995). 

Apoptotic cell death occurs in two phases, an initial commitment or induction 

phase followed by an execution phase. During the induction phase, apoptotic stimuli 

use their 'private' induction signaling pathways to trigger the pre-existing but inactive 

execution machinery. The execution phase is characterized by a number of biochemical 

and morphological changes including cell shrinkage, membrane blebbing and 

condensation and fragmentation of the nucleus. The execution of apoptosis culminates 

with the disassembly and packaging of dying cells into so-called "apoptotic bodies" that 

are rapidly recognized and engulfed by phagocytes. Efficient clearance of apoptotic 

bodies protects surrounding tissue from exposure to harmful cell contents leaking from 

dying cell and avoids an inflammatory response characteristic of accidental cell death or 

necrosis. 

Apoptosis and cancer 

Cancer progress is the result of unbalance between the rate of cell proliferation and the 

rate of cell death. Cells with damaged DNA or an aberrant cell cycle are normally 

eliminated via an apoptotic process to avoid the risk of neoplastic transformation. 

Knock-out studies consistently show that disruption of genes involved in the activation 

of apoptosis, such as p53, Bax, E2F, renders animals susceptible to tumorigenesis {for 

review see Wang,!999). Over half of human cancers have mutations in pS3, a 

transcription factor that is important for apoptosis induction under genotoxic stress. 

Aggressive tumor development, corresponding to a decrease in apoptosis, was observed 

in the absence of functional p53 {Symonds, 1994). Many oncogenic viruses encode 
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proteins that functionally inactivate p53, including simian virus 40 large T antigen, 

adenovirus E1 B 55 kDa protein and HPV E6 protein (Wang, 7999). As wil l be discussed 

below in more detail, a number of other viral proteins can interfere directly with the 

apoptotic signaling machinery such as death receptor signaling or caspase activation. 

Tumorigenicity is often associated with the activation of several anti-apoptotic events 

such as overexpression of the endogenous anti-apoptotic Bcl-2 family members Bcl-2 

and Bcl-XL. Another example is the upregulation of survivin, an endogenous caspase 

inhibitor belonging to the inhibitors of apoptosis family (lAPs) (Ambrosini,1997). Other 

oncogenes, for example c-myc and E2F-1, may stimulate carcinogenesis by promoting 

apoptosis {Hermeking,1994; Wu,1994; Qin,1994). One explanation for this finding is 

that abnormal entry into the cell cycle triggers apoptosis and that excessive apoptosis at 

an inappropriate time may favor selection of a genetic alteration that is associated with 

tumorigenesis. Apoptosis induction resulting from the deregulated expression of 

oncogenes whose expression drives cell proliferation, such as Myc or the adenoviral 

protein E1, was shown to require a functional p53. Activation of c-Myc in fibroblasts 

expressing wild-type p53 induces cell cycle reentry and apoptosis, preceded by p53 

stabilization and accumulation. In contrast, p53 "'" mice are refractory to c-Myc induced 

apoptosis {Hermeking,1994; Wagner, 1994) and re-introduction of p53 into cells 

expressing c-Myc induces apoptosis (Wang, 7993). Thus, in addition to an obligatory role 

for p53 in DNA damage-induced apoptosis, it is also implicated in apoptosis triggered 

by 'contradictory signaling' upon deregulated cell proliferation. 

Apoptosis signaling pathways 

Caspases 

Caspases, the mammalian homologues of the Ce/egans death protease CED-3, 

constitute a large family of proteins which are key enzymes in the apoptotic machinery 

(for review see Alnemri, 1996; Nicholson, 1997; Thornberry,1998; Wolf, 1999). Caspases 

are cysteine proteases that cleave substrates after aspartate residues. They exist as 

inactive proenzymes in most cells but achieve full protease activity upon their 

proteolytic cleavage into a large and a small catalytic subunit, which according to x-ray 

crystallographic analyses, can assemble into an active tetramer with two active sites. 

Mature caspases can often process their own precursors as well as other caspases in 

vitro, which suggest that caspases may function in a complex cascade. Alternatively, 

caspases can be activated by other proteases such as granzyme B, an aspartate-specific 

serine protease that is stored in the lytic granules of cytotoxic lymphocytes and capable 

of activating casp-3 in target cells (Martin,1996a). Other proteinases, such as calpain or 

cathepsin D have been implicated in apoptosis but it is unclear whether they act via 

caspase activation. 
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GENERAL INTRODUCTION 

Caspases can be grouped into two classes on the basis of their primary structures: those 

containing a large N-terminal prodomain (class I) or those with a short or no prodomain 

(class II) (Kumar,)999). The prodomains of class I caspases are involved in protein-

protein interactions and mediate recruitment of the procaspase to their site of activation. 

Two types of prodomains have been identified: casp-8 and -10 contain two tandem 

death effector domains (DED), whereas casp-1, -2, -4, -5 and - 9 have a caspase 

recruitment domains (CARDs; Hofmann,1997) (see Table I). Class II caspases (casp-3, -6 

and -7) are predominantly activated by upstream class I or "inducer' caspase activity 

and are commonly referred to as "effector" caspases. Effector caspases are regarded as 

the true executioners of apoptosis as they cleave a large number of cellular proteins 

(leading to either their inactivation or activation) which orchestrate the apoptotic 

morphology [Green,!998). 

Catalytic mechanism and Caspase Inhibitors 

Active caspases function as tetramers which consist of two heterodimers of a large 

(approximately 20 kDa) and a small (approximately 12 kDa) catalytic subunit. The large 

subunit contains the active site cysteine within a conserved QACXG motif which forms a 

catalytic diad with a histidine in the same subunit (Nicholson, 1996). The heterodimers 

each contain an active site composed of residues from both the small and the large 

subunits. In each active site, a positively charged S, site interacts with the negatively 

charged P, aspartate in the substrate. Between the different caspases, the S2-S4 substrate 

binding sites vary significantly and explain the varied substrate specificity in the P2-P4 

region of the substrate. The optimal tetrapeptide recognition sequence was determined 

for 10 caspases using a combinatorial chemistry approach, which for most enzymes, 

closely mimicked those observed in macromolecule substrates (Thornberry, 1997). 

Based on the sequence preferences, the caspases can be grouped into three different 

subclasses. These groups broadly correlate with their function; group I contains the 

cytokine processors (casp-1, -4, -5), group II casp-2 and the apoptotic executioners casp-

3 and - 7 and group III the apoptotic initiators casp-8,-9 and -10 , and casp-6. However, 

it should be noted that when caspases are grouped according to the presence of a 

prodomain, as mentioned above a characteristic of initiator caspases, casp-2 is 

recognized as a true initiator caspase whereas casp-6 appeared an apoptotic executioner 

(see Table I). 

The understanding of the tetrapeptide substrate specificity of the different 

caspases has allowed the design of selective tetrapeptide caspase inhibitors. Several 

classes of irreversible and reversible caspase inhibitors for cysteine proteases exist. 

Reversible inhibitors include aldehydes, ketones and nitriles, whereas irreversible 

inhibition is observed for peptides with the general structure peptide-CO-CH2-X, where 

X is a halide ion (e.g. fluoromethylketone), -N2 , -OCOR, or -OR (Nicholson, 1996). 

When selected tetrapeptide-aldehydes were tested against 10 human caspases, the 

optimal inhibition sequence was found to closely parallel the preferred substrate 
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sequence (Thornberry,1997) (table I). For instance, the in vitro activity of the effector 

caspases was efficiently inhibited by a peptide based on the sequence DEVD, 

corresponding to the cleavage site in poly(ADP-ribose) polymerase (PARP), one of the 

substrates cleaved during the execution phase of apoptosis. In contrast, the broad 

specificity caspase inhibitor z-VAD-fmk was found to a competitive and irreversible 

inhibitor of all caspases tested. 

Viral caspase inhibitors 

Many viruses have developed strategies for promoting cell survival by targeting 

conserved steps in the cell death program of the host cell. The cowpox virus serpin 

crmA can inhibit procasp-8 and -10 (Ray, 1992; Komiyama,1994; Zhou,!997a). As wil l 

be described in more detail, the viral protein vFLIP can specifically inhibit procasp-8 and 

- 1 0 (Thome, 1997). The bacoluvirus protein p35 is another viral inhibitor and has 

inhibitory activity against most members of the caspases family. No cellular homolog of 

p35 has been identified 

Baculovirusal DNA also encode IAP (inhibitors of apoptosis) proteins (reviewed 

by Deveraux, 1999a). lAPs constitute a family of suppressors of apoptosis with apparent 

homologs in mammals, flies, worms and yeast. To date, six human lAPs have been 

identified (c-IAP-1, clAP-2, XIAP, NAIP, survivin and BRUCE) which share one or more 

BIR (baculoviral inhibitory repeat) domains. Structure-function studies revealed that at 

least one BIR domain is required for suppression of apoptosis (Takahashi,1998). In 

addition, some lAPs contain a C-terminal RING motif and a CARD domain. Although 

the mechanism employed by lAPs to block apoptosis is still under debate, direct binding 

of lAPs and inhibition of certain caspases is the most obvious (Deveraux, 1997; Roy, 

1997; Deveraux, 1999a,b). Gene knock-out studies have not been reported to date and 

the in vivo role of lAPs is unclear. However, NAIP was suggested to play an important 

role in some human hereditary moto neuron degenerative disease, spinal muscular 

atrophy (ASM) (Liston, 1996). 

Caspase substrates 

Following an apoptotic stimulus, pro- and anti-apoptotic proteins are probably the first 

caspase substrates. These events generally contribute to the propagation and/or 

amplification of the signal. For instance, with procaspase activation a proteolytic cascade 

is initiated. As wil l be discussed later in more detail, casp-8 cleaves the pro-apoptotic 

Bcl-2 family member Bid to release a C-terminal fragment that translocates to the 

mitochondria to induce the release of cytochrome c. The effector casp-3 cleaves Bcl-2 

and Bcl-XL, destroying the anti-apoptotic action of these proteins. During the execution 

phase, many other cellular proteins are cleaved by caspases, which either causes their 

activation or inactivation (Wolf, 1999). Proteolysis of these substrates frequently effect the 

apoptotic phenotype. For example, gelsolin is activated to regulate changes in the actin 

cytoskeleton (Kothakota, 1997). DNA fragmentation is induced when casp-3 

proteolytically inactivates ICAD, the inhibitory subunit normally complexed to the 
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DNAse CAD (Enari,1998). Caspases also cleave structural proteins such as lamin, fodrin 

and NuMa and thereby promote nuclear dismantling and packaging. Yet another class of 

caspase substrate are enzymes involved in signal transduction, cellular repair or 

biosynthesis of macromolecules. It is conceivable that proteolysis of these proteins turns 

off survival signals and disturbs the overall cellular homeostasis. 

Table I. Caspase characteristics* 

Z y m o g e n 

Inducer caspases 

Caspase-2 

Caspase-8 

Caspase-9 

Caspase-10 

Execution caspases 

Caspase-3 

Caspase-6 

Caspase-7 

Prodomain 

CARD 

DED 

CARD 

DED 

-
-
-

Adapter 

protein 

RAIDD 

FADD 

Apaf-1 

FADD 

-
-
-

Tetrapept ide 

preference13 

DXXDC 

(LA//D)EXDd 

( IML)EHD 

unknown 

DEXD 

(V/T/DEXD 

DEXD 

Cytokine processors 

Caspase-1 

Caspase-4 

Caspase-5 

Caspase-11 

Caspase-12 

Caspase-13 

Caspase-14 

CARD 

CARD 

unknown 

unknown 

unknown 

unknown 

unknown 

CARDIAK 

unknown 

unknown 

unknown 

unknown 

unknown 

unknown 

(WAVF)EHD 

(WAVF)EHD 

(W/Y/F)EHD 

unknown 

unknown 

unknown 

unknown 

Invertebrate caspases 

CED-3e CARD 

DCP-1' 

DrlCE' 

DREDD' DED 

DRONC' CARD 

CED-4 DEXD 

unknown 

unknown 

unknown 

unknown 

aadapted from Wolf and Green (1 999) 
b the tetrapeptides are listed in the P„-P, direction; proteolysis occurs after the P, aspartate. 
CX denotes subsites with broad amino acid specificity 
d when more than one amino acid is listed, each amino acid possibility is listed in order of 

preference. 
eC.e/egans caspase 
1 D. melanogaster caspase 
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Caspase activation 

A key question in apoptosis induction is how proforms of inducer caspases become 

activated, as this event irreversibly initiates a cascade of downstream effector caspase 

activity. There are currently two well-characterized caspase-activating cascades which 

control apoptosis induction: procasp-8 which is recruited and activated at the 

cytoplasmic tail of activated death receptors and procasp-9 which multimerizes at the 

adaptor molecule Apaf-1 upon the release of mitochondrial cytochrome c (Fig 1; for 

review see Budihardjo,1999). Subsequently, activated casp-8 or casp-9 proteolytically 

activate effector caspases. In addition to direct effector caspase activation by casp-8, 

death receptor stimulation also triggers the release of cytochrome c and casp-9 activation 

via casp-8-mediated Bid processing. It was proposed that the Bid-induced cytochrome 

c/Apaf-1 /casp-9 pathway acts as an amplification loop to generate a more effective and 

widely distributed activation effector caspases (Li,1997; Kuwana,1998). 

FADD 

death receptors 

D — Bid 
caspase-8 

other stimuli 

/ 
Bax? 

/ 

^ V P f ^ J mitochondrion 

| | - Bcl-2 
cyt c/Apaf-1/dATP 

I 
caspase-9 

effector caspases (-3,-6,-7) 

\ 
cleavage of cellular proteins — • 1-

Figure 1. Schematic model of apoptosis signal transduction pathways. Two pathways are 
indicated that converge on the activation of 'effector' caspases, substrate cleavage and apoptotic 
cell death. Upon death receptor ligation, the adaptor protein FADD and procaspase-8 are 
recruited to the receptor tail, in which the aggregated procaspase is proteolytically activated at 
Asp residues via cross-cleavage. Casp-8 on its turn cleaves and activates downstream effector 
caspases. In the other pathway, various forms of cellular stress such as serum starvation or DNA 
damage trigger mitochondrial release of cytochrome c, possibly via the pro-apoptotic Bcl-2 family 
member Bax. In the presence of cytochrome c, procaspase-9 is recruited to Apaf-1 where it is 
activated to cleave effector caspases, similar to casp-8. Bcl-2 or Bcl-XL prevent cytochrome c 
release and thus interfere with the mitochondrial pathway to effector caspase activation. Death 
receptors also signal to the mitochondria via caspase-8-mediated cleavage of Bid, producing a C-
terminal active fragment that translocates to the mitochondria. It has been proposed that the 
mitochondrial pathway serves to amplify casp-8 function and that only in cells where this 
amplification loop is important, Bcl-2 or Bcl-XL can prevent death receptor-induced apoptosis. 
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Death receptor-induced Caspase activation 

Cell surface death receptors belong to the tumor necrosis factor (TNF) receptor 

superfamily of Type I transmembrane cell surface receptors. Mammalian death receptors 

include CD95/Apo-1/Fas, TNFR1, DR-3 and the TRAIL (TNF-related apoptosis-inducing 

ligand) receptors DR-4 and -5 and DR-6 {reviewed by Colstein,1997; Ashkenazi,1998). 

The extracellular domains of these receptors are characterized by a conserved cysteine-

rich repeat. The cytoplasmic tail of death receptors contains a so-called death domain 

(DD) of 68 amino acids which is required for apoptotic signaling. Thus far, activation of 

casp-8 via ligation of the CD95 receptor has been most extensively investigated. Upon 

their ligation, CD95 receptors multimerize and recruit the adaptor molecule FADD (Fas-

associating protein with death domain) (Ch/nnaryan, 7 995; Boldin,1995), which also 

contains a DD. In addition, FADD contains a DED (death effector domain) which 

recruits procasp-8 via homophylic interactions with DEDs on pro-casp-8 (Fig 1) (Boldin, 

1996). Upon the formation of this multiprotein complex, also called the DISC or death 

inducing signaling complex, procasp-8 becomes autoproteolytically activated {Medema, 

1997). This initial activation is accomplished by the residual activity (1%-2% of the fully 

active enzyme) of the proform. When multiple procasp-8 molecules are brought into 

close proximity, this activity is sufficient to produce active casp-8 via auto- or cross-

cleavage (Martin, 1998; Muzio, 1998; Yang, 1998). A second protein, termed Daxx, was 

shown to bind to the DD of CD95 to activate a distinct cascade involving the Jun-

terminal kinase (INK) pathway {Yang,1997a). Daxx overexpression enhanced CD95-

induced apoptosis downstream of the activated CD95 receptor is activated, suggesting 

that it acts cooperatively with the FADD pathway. 

Caspase activation by mitochondrial factors 

A different but related mechanism to activate inducer caspases involves the release of 

cytochrome c from mitochondria. Using a classical biochemical approach to identify 

factors required for casp-3 activation, the mitochondrial protein cyt c and two cytosolic 

proteins, Apaf-1 and procasp-9, were identified (Liu 1996,1997). It has been shown that 

mitochondrial cyt c is released from mitochondria of cells undergoing apoptosis via a 

number of different stimuli. In the presence of dATP and cytochrome c, the 1:1 complex 

of Apaf-1 and procaspase-9 is able to activate caspase-9 (Zou,1997;1999). Upon cyt c 

and (d)ATP binding, the CARD domain in Apaf-1 is likely to undergo a conformational 

change which allows it to recruit procasp-9 by a homophilic interaction involving 

CARDs (reviewed by Adams, 1996). In this multiprotein complex, also called the 

"apoptosome", procasp-9 becomes proteolytically activated, probably in a similar 

fashion of multimerization and autoprocessing as discussed above for casp-8 in the DISC 

(Srinivasula,1998). Once activated, casp-9 is released form the complex to cleave and 

activate downstream caspases such as casp-3, -6 and - 7 . Addition of exogenous 

cytochrome c to cytosol can trigger apoptotic programs in a cell-free apoptosis system 

(Liu, 1996; Kluck,1997), and microinjection of cytochrome c to cytosol also results in 

induction of apoptosis (Li, 1997). Some studies however suggest that cytochrome c does 
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not have to be released into the cytosol to exert its function but that the Apaf-1/procasp-

9 complex gains access to cyt c upon disruption of the outer membrane to become 

activated in the intermembrane space (Adachi, 1998). The essential roles of Apaf-1 and 

caspase-9 have been confirmed by knockout experiments in mice (Cecconi,1998; 

Hakem,1998; Kuida,1998; Yoshida,1998). Mice lacking the Apaf-1 gene or casp-9 gene 

fail to activate casp-3 and show an excessive number of neurons in their brains and 

defects in facial features, because of a defect in apoptosis. In addition, Apaf-l/casp-9 

interaction is shown to be an essential component of p53-regulated apoptosis 

{Soengas,1999). Recent studies using cyt c-deficient cell lines derived from early 

embryos showed that these cells are resistant to apoptosis induction by UV radiation, 

serum withdrawal or staurosporine, whereas the deficient cells showed increased 

sensitivity to TNFa-induced death {Li,2000). 

Regulation of death receptor signaling 

Death receptor-induced caspase activation is specifically inhibited by a family of viral 

proteins, FADD-like ICE-inhibitory proteins (vFLIPs) {Thome,1997; Hu, 1997a; 

Berlin,1997) and their cellular counterpart c-FLIP (lrmler,1997; Coltsev, 1997; 

Hu,1997b; Shu, 1997; lnohara,1997; Srinivasula, 1997). vFLIP contains two DEDs 

which interact with the adaptor molecule FADD and inhibit the recruitment of 

procaspases to the receptor tail by competing for binding to the DED of FADD. 

Interestingly, there are two splice variants of cFLIP, FLIP-long and FLIP-short. FLIP-short 

is structurally related to vFLIP, whereas FLIP-long contains an additional caspase-like 

domain and is very similar to procasp-8. Importantly however, FLIP-long is catalytically 

inactive due to mutations in several conserved active site residues. Both FLIP variants 

interact with FADD, procasp-8 and procasp-10 and potently inhibit apoptosis induced 

by all known human death receptors (Irmler, 1997) but not by chemotherapeutic drugs, 

gamma-radiation (Kataoka, 1998; Tepper,1999) or perforin/granzyme B (Kataoka,1998). 

High levels of FLIP-long are detected in melanoma cell lines and malignant melanoma 

tumors, implicating FLIP as an important regulator of apoptosis {Irmler, 1997). 

Procaspase-8 activation can also be directly inhibited by a cytokine response modifier A 

(crmA), a serpin protease inhibitor from cowpox virus that specifically blocks the 

autoprocessing of procasp-8 and -1 {Zhou, 1997a). 

Another regulatory mechanism of death receptor-induced apoptosis is through 

the expression of decoy-receptors. Decoy receptors, which either completely lack the 

cytoplasmic domain or contain truncated variants, specifically sequester ligands away 

from their functional receptors {reviewed by Ashkenazi, 1999). Decoy receptors related 

to TRAIL were identified first {Marsters,1997) and compete for TRAIL ligand with the 

functional TRAIL receptors DR4 and DR5. Recently, a membrane-bound Fas/CD95 

decoy receptor that lacks the death domain was found to be expressed on thymocytes 

(Jenkins,2000). Yet an additional level of death receptor regulation was identified with 

the discovery of the protein called silencer of death domains (SODD) {Jiang, 1999). 

SODD can bind to the death domain of TNF-R1, thereby blocking downstream 
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signaling. Ligand binding triggers the release of SODD and allows the binding of 

adaptor molecules such as TRADD and FADD. SODD was suggested to prevent 

spontaneous signaling of death receptors and it is conceivable that down-regulation of 

SODD-like proteins by yet unknown stimuli can induce ligand-independent signaling 

(Tschopp,1999). 

DNA-damage induced apoptosis 

Apoptosis induction by DNA damaging regimens or other inducers of cellular stress 

requires de novo protein synthesis, which in most cases is mediated by the transcription 

factor p53 {Gottlieb, 1996; Ko,1996; Levine, 1997). Thymocytes and fibroblasts from 

p537' mice are resistant to apoptosis induction by y-radiation or DNA damaging anti

cancer drugs (Lowe, 1993; 1993). However, DNA damage can induce apoptosis in 

proliferating lymphoid cells independent of p53 (Strasser, 7 994). In these cases, other 

transcriptional activators are responsible for the upregulation of pro-apoptotic genes. 

The p53 protein is normally expressed at low levels in a latent inactive form. Upon 

exposure to stress conditions such as hypoxia, DNA damage or reduction in nucleotide 

triphosphate levels, p53 is modified post-translationally with subsequent accumulation 

of active protein (Gottlieb, 1996; Levine, 1997; Prives, 1998). This then leads to the 

induction of growth arrest, presumably to allow sufficient time for DNA repair, or 

apoptosis which eliminates abnormal cells. Its ability to induce cell cycle arrest and 

apoptosis is due in part to its function as a sequence-specific transcriptional activator. 

p53 can transactivate a number of target genes including, among many others, p21, Bax, 

GADD45, and cyclin G (Gottlieb, 1996; Levine, 1997; Wang,1999). p21 upregulation 

leads to cell cycle arrest by inhibiting cyclin-dependent kinase function (El-Deiry, 1993; 

Xiong, 1993; Brugarolas; 1995). Bax transgenic thymocytes exhibit accelerated 

apoptosis in response to DNA damaging anti-cancer drugs although Bax overexpression 

could not restore apoptosis sensitivity of p53 deficient mice (Brady,1996). Bax 

deficiency resulted in increased drug-resistance and oncogenic transformation, due to 

attenuated p53-dependent apoptosis (McCurrach,1997). How the pro-apoptotic Bax 

family member induces apoptosis is still unknown but it probably involves interaction 

with other members of the Bax/Bcl-2 family (Oltvai, 1993; Chao,1998). Cyclin G has 

been less well characterized but recent studies indicate that it too has pro-apoptotic 

activity (Okamoto, 1999). It should be mentioned that there are some studies which 

indicate that p53-induced apoptosis does not necessarily require transcriptional 

activation (Caelles,1994; Wagner, 1994). 
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Regulation of the Apaf-1/cyt c pathway by Bcl-2 family members 

Members of the Bcl-2 family of proteins are known regulators of cytochrome c release 

from mitochondria (Yang,1997b; Kluck,1997). Overexpression of anti-apoptotic Bcl-2 

family members, such as Bcl-2 or Bcl-XL, inhibit cyt c release induced by a variety of 

apoptotic stimuli, whereas pro-apoptotic members like Bid or Bax can promote cyt c 

release (reviewed by Adams, 1998; Kroemer,1997; Chao,1999). All members contain at 

least one of four conserved motifs known as Bcl-2 homology domains (BH1 to BH4), 

and most family members contain a C-terminal transmembrane anchor sequence (see 

Fig 2) which allows them to be associated with cellular membranes including the outer 

membrane of the mitochondria, the nuclear envelope and the endoplasmic reticulum 

(Krajewski,1993). Pro- and anti-apoptotic family members can heterodimerize and seem 

to titrate each other's function, suggesting that their relative concentration determines 

the ultimate cell fate. 

Genetic studies in C.elegans have contributed much to the understanding of key 

components in the cell death machinery. In the development of the worm, 131 of the 

1090 somatic cells undergo programmed cell death using a common genetic pathway. 

Two genes, ced-3 and ced-4, are required for cell death whereas a third gene, ced-9, 

represses the death pathway (reviewed by Liu, 1999). Mutant studies revealed that ced-9 

is an upstream negative regulator of ced-3 and ced-4. CED-9 is a structural homolog of 

Bcl-2, CED-3 is a caspase homolog and CED-4 is the worm homolog of Apaf-1. CED-

4/Apaf-1 activation commits cells to apoptosis, and CED-3/caspases mediate the 

execution process. CED-9/Bcl-2 can bind to CED-4/Apaf-1, which may directly inhibit 

CED-3/casp-9 activation by CED-4/Apaf-1. An equivalent ternary complex was found to 

be present in mammalian cells involving Apaf-1, the mammalian death protease 

caspase-9, and Bcl-XL (Pan, 1998). Recently, the C.elegans protein EGL-1 was identified 

as a component of the cell death pathway upstream from CED-3 and CED-4 (Conradt, 

1998). EGL-1 is a pro-apoptotic Bcl-2 family member, which binds to and acts via CED-

9. A death signal may induce the interaction of EGL-1 with CED-9, preventing it from 

neutralizing CED-4/Apaf-1. 

Anti-apoptotic Bcl-2 family members 

Bcl-2 (for B cell lymphoma 2) was discovered by virtue of the chromosomal 

translocation t(14;18) and subsequently shown to be a unique oncogene that inhibits 

apoptosis and cell cycle progression, unlike the classical oncogenes which promote 

proliferation. Bcl-XL and Bcl-2 reside on the cytoplasmic face of the mitochondrial outer 

membrane, endoplasmic reticulum (ER) and nuclear envelope through their C-terminal 

hydrophobic domain. Although deletion of this domain does not abrogate Bcl-2 survival 

function, all four BH1 domains are present and required for their anti-apoptotic activity. 
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Figure 2. Structure-function relations of Bcl-2-related proteins (adapted from Kroemer,1997). 

The overall domain structure is indicated for different members of the Bcl-2 family. BH1 to BH4 

are conserved Bcl-2 homology domains. The pro-apoptotic Bax subfamily resembles the anti-

apoptotic Bcl-2 family members but lacks the BH4 domain. The other Bik- and Bid-like members 

are only related through their BH3 and TM domains. Also indicated are the helices oc1 to a.7 

identified in the structure of Bcl-XL, in which cc5 and a6 form a hydrophobic core. Arrows 

indicate Ser and Thr residues phosphorylated in Bcl-2. 

The mitochondrial pathway can be inhibited by overexpression of the anti-apoptotic 

protein Bcl-2 (or the related Bcl-XL) which prevents the release of mitochondrial 

cytochrome c (Kluck,1997; Yang, 1997b). Bcl-2 overexpression protects against 

apoptosis induced by various stimuli, such as gamma- and UV-radiation, 

glucocorticoids, cytokine withdrawal, reactive oxygen species, or cytotoxic (anti-cancer) 

drugs (Adams, 1998). 

Whether the mitochondrial pathway is required for death receptor-induced 

apoptosis is very controversial and seems to be strongly cell type-dependent : whereas 

overexpression of Bcl-2 or Bcl-XL in various cultured cell lines was shown to inhibit 

CD95- or TNFct-induced apoptosis {Scaffidi,1998; Johnson,1999; laatela,1995; our 

studies), it had no impact on cell death in primary lymphoid cells (Strasser,1995; 

Memon,1995; Huang,1999) or other cultured cells (Scaff/d/, 7 998; Huang,1999; 

Cross,1999). Bid-deficient mice were largely resistant to an intravenous injection with 

anti-CD95 antibody, which normally results in a rapid death due to acute liver failure 

(Yin,1999). On the other hand, Bidv" thymocytes or mouse embryonic fibroblasts 

showed a delayed apoptotic response to CD95 or TNFa {Yin, 1999). 
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Knock-out studies in the pathway downstream of cytochrome c release also argue 

against a crucial role for the Apaf-1/casp-9 pathway in death receptor-induced apoptosis. 

Casp-97" cells are completely sensitive to CD95 or TNF-R1 stimulation (Kuida, 1998; 

Hakem,1998) and Apaf-1v" embryonic fibroblasts are only partially protected against 

CD95-induced death (Ceccon/,/998). 

Pro-apoptotic Bcl-2 family members 

Two pro-apoptotic subfamilies exist which differ markedly in their homology to Bcl-2. 

The Bax subfamily members contain BH1, BH2 and BH3 domains and are most 

homologous to Bcl-2. In contrast, the BH3 subfamily only possess the BH3 domain. The 

BH3 domain is required for the pro-apoptotic activity of 'BH3-only' proteins but seems 

of less importance for the Bax family members. It was reported that the BH3 domain 

alone can induce cytochrome c release and caspase activation in a cell-free Xenopus 

oocyte system, suggesting that this domain mediates apoptotic damage to the 

mitochondria (Cosulich,1997). The pro-apoptotic BH3-family member Bid was identified 

as a casp-8 substrate and the crucial mediator of cytochrome c release induced by death 

receptors (Li,1998; Luo,1998). Upon cleavage by casp-8, the C-terminus of Bid, 

including its BH3 domain, translocates to the mitochondria and triggers cytochrome c 

release. Mutations in the BH3 domain did not affect its translocation but abrogated its 

interaction with Bcl-2 or Bax (Luo,1998) and dramatically reduced its capacity to induce 

cytochrome c release (Wang, 1996). Translocation of full-length Bid to the mitochondria 

was also observed upon staurosporin treatment, suggesting that Bid processing is not an 

absolute requirement (Desagher,1999). In addition to casp-8, other caspases such as 

casp-3 can also cleave Bid, indicating that death receptor independent stimuli can use 

Bid to amplify their apoptotic signal (Luo, 1998). 

Bax was identified by virtue of its association with Bcl-2 and its overexpression 

enhances cell death in response to a wide range of stimuli. Similar to Bid, Bax was 

shown to translocate from the cytosol to the mitochondria during apoptosis. At least part 

of its activity is exerted by triggering cytochrome c release but the mechanism by which 

this occurs is unclear. Several events at the Bax protein level have been observed, 

including conformational changes, dimerization and membrane integration. Recently, it 

was reported that following binding to Bid, Bax oligomerizes and subsequently 

integrates in the outer mitochondrial membrane where it induces cytochrome c release 

(Eskes,2000). Bcl-2 and Bcl-XL were able to prevent Bax oligomerization and insertion, 

confirming earlier observations that both anti-apoptotic proteins could counteract Bid-

induced change in Bax conformation by direct binding to Bax (Desager,1999). Bax 

localization and membrane insertion would be compatible with the hypothesis that Bax 

forms a membrane channel. 
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Mechanism of action 

The precise molecular mechanism employed by either pro- or anti-apoptotic Bcl-2 

family members remains elusive and several possible mechanisms for Bcl-2 family 

function have been suggested. Initial work on the role of mitochondria during apoptosis 

induction showed that certain signs of mitochondrial damage, such as loss of 

mitochondrial transmembrane potential (Ai|/J, were early markers of a commitment to 

cell death (Zamzami,1996; Marchetti,1996). Functional experiments indicated that the 

mechanism of the pre-apoptotic Ai|/m loss involves the so-called permeability transition 

(PT) {for review see Kroemer,1997). PT involves the sudden permeability increase of the 

inner mitochondrial membrane to solutes <1500 Da and causes uncoupling of the 

respiratory chain with collapse of Av|/m and termination of ATP synthesis, outflow of 

matrix calcium and mitochondrial release of apoptogenic proteins {Kroemer,1997). A 

multiprotein complex, called the permeability transition pore complex (PTPC) is the 

structure proposed to be involved in the control of PT. The PTPC contains several 

constitutive mitochondrial membrane proteins, including the transmembrane protein 

adenine nucleotide transporter (ANT) (Marzo, 1998a) and the soluble matrix protein 

cyclophilin D {Crompton,1998). Intriguingly, Bcl-2 is an inhibitor of PT both in isolated 

mitochondria and in cells (Zamzami,1996) and it has been speculated that regulation of 

PT by Bcl-2 family members is a central checkpoint of the apoptotic cascade 

[Kroemer,1997; Marzo,1998a). This is supported by the observation that 

pharmacological PT inhibitors such as cyclosporin A or bongkrekic acid are capable of 

inhibiting apoptosis induced by Bax (Juergensmeier,1998; Pastorino,1998), 

glucocorticoids, radiation or etoposide (Marchetti, 7996). In addition, the pro-apoptotic 

family member Bax was shown to bind to the PTPC and cooperate with ANT to increase 

the mitochondrial membrane permeability and to trigger cell death {Marzo,1998b; 

Narita,1998). It is unknown how the opening of the transition pore leads to outer 

membrane permeability, but disruption of (local) electrostatic and/or osmotic gradients, 

which induces the swelling of mitochondria and release of intermembrane proteins such 

as cytochrome c or AIF, has been suggested (Kroemer,1997). On the other hand, it has 

been observed that mitochondrial depolarization occurred considerably later than cyt c 

translocation and caspase activation, and was not necessary for DNA fragmentation 

(Bossy-Wetzel, 1998). This indicates that loss of A\\im is not a prerequisite for cyt c 

release. Recently, it was shown that mitochondria also contain procaspase-2 and - 9 , 

which were released and activated upon induction of PT pore opening in a Bcl-2 

inhibitable fashion (Susin, 1999a). 

The three-dimensional (NMR) structure of Bcl-XL (Muchmore,1996) revealed 

structural similarities to the channel-forming domains of the bacterial toxins colicins and 

diphteria toxins. In accordance with a channel function, Bcl-XL, Bax and Bcl-2 were 

shown to form ion channels in vitro using synthetic lipid membranes (Schendel,1997; 

Minn,1997; Schlesinger,1997). Bax channel forming activity could be inhibited by Bcl-2 

(Antonsson,1998), which would be consistent with the negative regulatory effect of 

heterodimerization. However, channel forming activity has not yet been shown in vivo. 
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A direct link between a channel function of Bcl-2 family members and the release of 

apoptogenic proteins from the mitochondria has not been established. It was proposed 

that the relative ratios of pro- and anti-apoptotic members could influence the flow of 

ions. Subsequent alterations in osmotic pressure may result in rupture of the outer 

membrane and subsequent cytochrome c release Wander Heiden, 1997; Shimizu, 

1998). 

The co-localization of Bcl-2 with Ca2+ pumps and channels on ER, nuclear 

membrane as well as the mitochondrial membrane has raised the possibility for a role 

of Bcl-2 in the maintenance of Ca2+ homeostasis in these compartments. Modulation of 

Ca2+ stores in the ER (He, 1997; Kuo,1998), nucleus {Marin, 1996) or mitochondria 

(Zhu,1999) by Bcl-2 have been reported. It was proposed that Bcl-2 enhances 

mitochondrial Ca2+ load and enables cells to maintain a stable Ai|/m upon exposure to 

the apoptotic stimuli Bik and staurosporine, which were shown to promote loss of Avj/m 

and cause depletion of the mitochondrial Ca2+ store {Zhu,1999). Depletion of 

intracellular Ca2+ stores by either ionomycin or thapsigargin-induced apoptosis could be 

inhibited by Bcl-2 overexpression. However, as Bcl-2 did not affect the ability of these 

agents to mobilize stored Ca2+, it was concluded that Bcl-2 does not prevent apoptosis 

by regulating intracellular Ca2+ homeostasis {Reynolds, 1996). 

Novel insight into the mechanism of cyt c release and the inhibition by anti-

apoptotic Bcl-2 family members was provided by Shimizu et al., who reported that Bcl-2 

family proteins target directly the voltage-dependent anion channel (VDAC) to regulate 

apoptotic release of cyt c: pro-apoptotic members such as Bax and Bak stimulate VDAC 

activity to allow the passage of cyt c, whereas anti-apoptotic members inhibit the 

channel (Shimizu, 1999). VDAC is an abundant outer mitochondrial membrane protein 

and constitutes the permeability transition pore together with adenine nucleotide 

translocator and other molecules, which regulates mitochondrial membrane 

permeability (Bernardi,1994). A study using liposomes containing VDAC revealed that 

the BH4 domain of anti-apoptotic Bcl-2 family members is sufficient to close voltage-

dependent anion channel and inhibit apoptotic mitochondrial changes and cell death 

(Shimizu, 2000). 

The apoptotic morphology 

The evolut ionary conserved execution phase of apoptosis is characterized by a number 

of morphological changes including membrane blebbing, cell shrinkage, chromatin 

condensation and DNA cleavage. It ultimately results in the formation of 'apoptotic 

bodies' whose surfaces express potent triggers for phagocytosis, ensuring the elimination 

of damaged cells without damaging neighboring cells, without spreading damaged DNA 

and without eliciting an inflammatory response. 
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Cell shrinkage and membrane blebbing 

The first step in most cells undergoing apoptosis is to detach from the extracellular 

matrix and to reorganize focal adhesions. This process is most dramatic in cells with firm 

matrix attachments and stress fibers, which adopt a more 'rounded' morphology. The 

initial phase of apoptotic body formation starts with overall cell shrinkage, losing up to 

30% of its initial volume, and condensation of chromatin. At the same time, dramatic 

blebbing of the plasma membrane can be observed (zeiosis) and small vesicles appear at 

the cell surface which are shed into the surrounding environment (Kerr,1972). It is not 

very well understood how and why cells bleb. A model was proposed involving 

contraction of the cortical actin ring and at the same time the focal weakening of the 

membrane-actin linkages, resulting in bleb extrusions in certain areas of weakness (Mills, 

1999). Our data presented in Chapter 6 suggest that the plasma membrane content of 

the sphingolipid sphingomyelin may also contribute to membrane blebbing. 

Phosphatidylserine exposure 

In normal cells, plasma membrane phospholipids are asymmetrically distributed with 

the choline-containing phospholipids phosphatidylcholine (PC) and sphingomyelin (SM) 

residing primarily in the outer leaflet whereas the amino-phospholipids 

phosphatidylserine (PS) and phosphatidylethanolamine (PE) are sequestered in the inner 

leaflet. This asymmetry is maintained primarily by the amino-phospholipid translocase, a 

P-type ATPase which continuously transports PS and PE to the inner leaflet (reviewed by 

Zachowski,1993; Zwaal,1997). During apoptosis, this asymmetry is rapidly lost in a 

process of lipid 'scrambling', resulting in the appearance of PS at the cell surface 

(Martin, 1995). PS is recognized by macrophages and serves an important role in the 

recognition and clearance of apoptotic cells (Schrok, 1985; Fadok,1992). A candidate PS 

receptor on the surface of activated macrophages that selectively allows the PS-

dependent uptake of apoptotic cells was recently identified (Fadok,2000). Loss of 

plasma membrane phospholipid asymmetry is regarded to be the result of the 

coordinated inhibition of the amino-phospholipid translocase and the activation of a bi

directional, phospholipid-aspecific scrambling activity, possibly mediated by an enzyme 

of the phospholipid scramblase (PLscramblase) family (Verhoven, 1995; Bratton, 1997). 

Whereas the requirement of upstream caspase activity has been shown (Martin, 1996b; 

Vanags, 1996; Chapter 6), the molecular mechanism underlying PS exposure remains to 

be elucidated. 

Nuclear changes 

Chromatin condensation, nuclear segmentation and DNA fragmentation are probably 

the most recognized markers of apoptosis (Nagata,2000). Recent studies have provided 

substantial insight into the mechanisms that mediate DNA fragmentation. A cytosolic 

protein, named DNA fragmentation factor (DFF) that mediates DNA fragmentation of 

isolated nuclei was purified (Liu,1997). DFF is a heterodimer of 40 and 45 kDa subunits 

and exhibits high homology to murine CAD (caspase-activated deoxyribonuclease) and 
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ICAD (Enari,1998). Under normal conditions, ICAD/DFF45 remains complexed with 

CAD/DFF40 to inhibit its DNase activity. Apoptotic stimuli that activate the effector 

casp-3 can cleave ICAD/DFF45, allowing CAD/DFF40 to enter the nucleus and degrade 

chromosomal DNA (Enari,1998). Activated DFF40 by itself can induce chromatin 

condensation and DNA fragmentation, suggesting that human DFF40/55 and mouse 

ICAD/CAD represent a direct link between caspase activation and DNA fragmentation 

(Liu,7997). On the other hand, another interesting pathway leading to nuclear changes 

was discovered which is caspase-independent. Upon apoptosis induction, the apoptosis 

inducing factor (AIF) translocates from the mitochondrial intermembrane space to the 

nucleus where it causes chromatin condensation and large scale DNA fragmentation 

(Susin,1999b). Interestingly, microinjection of AIF into the cytoplasm of intact cells can 

also induce loss of mitochondrial membrane potential and PS exposure in a caspase-

independent fashion (Susin,1999b). In a recent report, Bcl-2 was shown to inhibit the 

mitochondrio-nuclear translocation of AIF. Interestingly, ATP depletion was sufficient to 

induce AIF translocation, although this resulted in a necrotic phenotype without any 

sign of DNA fragmentation (Daugas,2000). 

Sphingolipids 

Each cellular membrane of vertebrate organisms consists of proteins and a complex 

mixture of 50 out of about 500 different membrane lipids. The major lipid classes 

include the glycero(phospho)lipids, cholesterol and the (glyco)sphingolipids. In addition 

to their important structural role, many lipids are recognized to serve a crucial role in 

transmembrane signal transduction and regulation of cellular processes. The most 

classical example is that of the phosphoinositide pathway, in which an activated 

phospholipase C hydrolyzes the membrane glycerophospholipid Plns(4,5)P2 to generate 

the second messengers diacylglycerol (DAG) and lns(1,4,5)P3, which in their turn exert 

their downstream effect via release of Ca2+ and activation of protein kinase C 

(Nishizuka,1984). 

In the past decade, a similar role as second messenger was proposed for a 

number of sphingolipids, including ceramide, sphingosine and sphingosine phosphate 

(Hannun,1996; Kolesnick,1999). Ceramide (Cer) was specifically implicated in 

processes like apoptosis, cell cycle arrest and terminal differentiation. Primarily based on 

the effects of short-chain Cer analogs, various potential downstream targets of Cer have 

been proposed but none of them have been rigorously proven to date. These include a 

Cer-dependent protein kinase (CAPK) (Mathias, 1991) and a Cer-dependent protein 

phosphatase (CAPP) (Dobrowsky,1993). CAPK was later suggested to be identical to the 

kinase suppressor of Ras (KSR) (Zhang,1997) but this finding could not be confirmed by 

other laboratories. Recently, cathepsin D was found to bind specifically to a Cer-affinity 

column and it was proposed that acid-SMase derived Cer activates this endosomal acidic 

protease (Heinrich,1999). The effects of exposure to cell-permeable Cer analogs or 
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exogenous sphingomyelinases are very diverse and frequently cell type specific. The 

effects range from apoptosis induction, stress, cell-cycle arrest and activation of the JNK-

pathway to cell survival, proliferation and differentiation (reviewed by Hannun,1996). 

However, short chain Cer analogs or bulk amounts of natural Cer species produced by 

exogenous sphingomyelinase do not necessarily reflect the role of endogenous Cer; cell 

permeable analogs may reach subcellular sites that are normally inaccessible to 

ceramides produced in lipid bilayers and removal of most of the cellular sphingomyelin 

by exogenous sphingomyelinase wil l dramatically affect the overall architecture of the 

plasma membrane. Therefore, experiments based on the artificial elevation of Cer levels 

should be interpreted with caution {Hofmann,1998). 

Sphingolipid Structure and Biosynthesis 

Sphingolipids comprise a large class of membrane lipids that contain sphingosine or 

related sphingoid bases, an amide-linked fatty acid of varying chain length and various 

head groups at the C1 position. The biochemical pathways for glycosphingolipid 

synthesis are well established. Biosynthesis of sphingolipids takes place in the 

endoplasmic reticulum (ER) and the Golgi apparatus. Cer, the precursor of all 

sphingolipids, is synthesized on the cytosolic face of the ER {Mandon, 1992), starting 

with the condensation of palmitoyl-CoA and L-serine. The last step involves 

dehydrogenation of dihydroCer to Cer [Michel,!997). Activation of de novo Cer 

synthesis was reported to be responsible for Cer accumulation upon apoptosis induction 

by daunorubicin (Bose,1995), but others have come to opposing results using the same 

stimulus Oaffrézou, 1996). 

After its synthesis in the ER, Cer is transported to the Golgi for conversion to 

sphingomyelin (SM) or glycosphingolipids. A SM synthase activity that transfers the 

phosphocholine headgroup from PC onto Cer was localized predominantly to the 

lumenal side of the c/s-Golgi {Futerman,1990; ]eckel,1990) whereas some activity has 

also been found on the plasma membrane {Van Helvoort,1994). The Golgi enzyme is 

regarded to be involved in the bulk SM synthesis from de novo generated Cer, while it 

was speculated that plasma membrane SM synthase activity is responsible for SM 

resynthesis from Cer produced at the plasma membrane. 
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higher gtyco-
sphingolipids 

Figure 3. The central position of ceramide in sphingolipid metabolism (see text for details). 

Glycosphingolipid synthesis starts in most cases with the addition of a glucose molecule 

to Cer to yield glucosylceramide (GlcCer), catalyzed by glucosylceramide synthase 

(GCS) (for review see lchikawa,1998). GCS is a resident type III integral membrane 

protein on the cytosolic side of the cis/medial Golgi membrane (Futerman, 799 7; 

leckel,1992) and the human cDNA was cloned (lchikawa,1996). GlcCer is the common 

precursor of more than 300 glycosphingolipids (GSLs) which are believed to play 

important roles in a variety of cellular processes, ranging from cell recognition, growth, 

development and differentiation. Since all enzymes involved in the biosynthesis of 

higher GSLs are localized on the lumenal side of the Golgi apparatus, GlcCer must 

translocate across the Golgi membrane for further glycosylation {Lannert,1994). The 

other monohexosylceramide, galactosylceramide, is formed on the lumenal side of the 

ER (Sprong,1998) and serves as a precursor for a few other simple glycolipids. 

Galactosylceramide is the major constituent of myelin and is also highly enriched in 

many epithelial cells, where it is thought to play an important role in lipid and protein 

sorting. 

Intriguing questions regarding the role of GlcCer in cellular processes were 

raised by the observation by Cabot's laboratory that GlcCer accumulation is associated 

with multidrug-resistant (MDR) cells (Lavie,1996). Based on subsequent studies using 

either a GCS overexpression or antisense approach in human breast cancer cells, it was 

proposed that the increased capacity for Cer glycosylation conferred resistance to 

apoptosis induction by adriamycin or TNFa by decreasing the intracellular, 'cytotoxic' 
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Cer levels {Liu 1999;2000). However, our data (Chapter 8) indicate that GCS 

overexpression in Jurkat cells only glycosylates de novo synthesized Cer and does not 

attenuate Cer accumulation when it is derived from SM hydrolysis. 

Sphingolipid turnover 

Intracellular Cer levels are governed by the relative rates of Cer production and those of 
Cer conversion to other sphingolipid metabolites. These pathways will be discussed 
below. 

Sphingomyelinases 

In addition to its de novo biosynthesis, Cer can be derived from SM by the action of a 

sphingomyelinase (SMase) with the concomitant release of the phosphocholine head 

group. At least 5 types of SMases have been described so far which differ in pH 

optimum, ion dependence and subcellular localization : acid SMase (aSMase), 

membrane-bound neutral Mg2+-dependent SMase (nSMase), cytosolic neutral Mg2+-

independent SMase, Zn2+-stimulated SMase and alkaline SMase (reviewed by 

Levade,1999). The most extensively studied enzymes are aSMase and nSMase, both of 

which have been considered as 'signaling' enzymes. The aSMase cDNA has been 

cloned (Quintern,1989) and encodes a lysosomal enzyme with a main function in the 

metabolic degradation of SM. The human Niemann-Pick disease is a lysosomal storage 

disorder due to inactivating mutations in the aSMase gene. Studies using Niemann-Pick 

disease (NPD) cells and aSMase knock-out mice suggested the requirement for aSMase 

in Cer formation and apoptosis induction upon ionizing radiation (Santana,7996). In 

Chapter 3 we show that aSMase is dispensable for CD95-induced Cer production (and 

apoptosis induction). By contrast, others using the same NPD cells, have reported that 

aSMase-deficiency causes defective apoptosis signaling upon CD95 ligation (De Maria, 

1998). 

For long, no molecular tools were available to investigate the role of nSMase. 

Whereas advanced purification of rat brain nSMase was reported {Liu, 1998), its 

purification to homogeneity proved to be difficult. Recently, the cDNA's encoding a 

putative Mg2+-dependent nSMase in mouse and human (nSMasel) were identified and 

cloned based on homology searches with the bacterial neutral sphingomyelinase 

{Tomiuk,1998). The initial functional characterization of human nSMasel by 

overexpression studies showed no significant differences with respect to Cer production 

or effector caspase activity in response to TNFa {Tomiuk, 1998). To evaluate the 

contribution of nSMasel to CD95-induced Cer production and apoptosis sensitivity, we 

have transduced Jurkat cells with a wild-type or an inactive nSMasel (Chapter 7). 
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enzyme substrate(s) 

catabolic enzymes 

acid sphingomyelinase SM 

neutral SM 
sphingomyelinase 

neutral/alkaline Cer 
ceramidase 

product(s) subcellular localization 

Cer + lysosomes, endosomes 
phosphocholine 
Cer + ER, plasma membrane 
phosphocholine 

sphingosine + mitochondria 
fatty acid 

acid ceramidase Cer 

glucosylceramidase glucosylCer 

sphingosine + lysosome 
fatty acid 

Cer + glucose endosomes, lysosomes 

biosynthetic enzymes 

i-serine palmitoyl
transferase 

dihydroceramide 
desaturase 

SM synthase 

glucosylceramide-
synthase 

ceramide galactosyl-
transferase 

/.-serine + 
palmitoylCoA 

dihydroCer 

Cer + 
phosphatidylcholine 

3-keto-dihydro-
sphingosine 

Cer 

SM + DAG 

Cer + UDP-glucose glucosylCer 

Cer + UDP-galactose galactosylCer 

ER (cytosolic face) 

ER (cytosolic face) 

c/s/med/a/-Golgi (lumen), 
plasma membrane 

cis-Golgi (cytosolic face) 

ER (lumen) 

Table II. Characteristics of enzymes involved in Cer metabolism. Cer, ceramide; DAG, 

diacylglycerol; ER, endoplasmic reticulum SM, sphingomyelin. 
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Ceramidases 

Ceramidases (CDase) hydrolyze the N-acyl linkage between a fatty acid and the 

sphingoid base in Cerand are ubiquitously found in various mammalian tissues. Several 

CDase activities responsible for the breakdown of Cer have been detected and 

depending on their pH optimum for catalysis, have been classified as acidic, neutral or 

alkaline. Acidic CDase is localized in lysosomes and is responsible primarily for 

catabolism of Cer (Bernardo, 7995). A cDNA encoding this enzyme has been identified 

in humans (Koch, 1996) and mouse (Li,1998). A genetic deficiency in an acid CDase is 

thought to underlie Farber's disease, in which Cer accumulates in the lysosomes 

(Chen, 1981). Whereas it had been suggested that Cer formed within or accumulated in 

lysosomes triggers apoptosis, cells derived from Farber disease patients appear equally 

sensitive to a number of apoptotic stimuli. In addition, retroviral-mediated gene transfer 

of an acid ceramidase to Farber fibroblasts led to a complete metabolic correction of the 

Cer catabolic defect but did not alter the apoptotic response (Ségui,2000). These 

findings indicate that stress-induced apoptosis is not mediated by endolysosomal Cer. 

On the other hand, neutral and alkaline CDases have been implicated in signal 

transduction and cell regulation (Coroneos,1995; Nikolova,1997). Both the alkaline 

CDase inhibitor D-e-MAPP and the acid CDase inhibitor N-oleoylethanolamine (OE) 

have been used to artificially elevate Cer levels. D-e-MAPP induced growth suppression 

and cell cycle arrest (Bielawska,1996). However, OE but not D-e-MAPP caused 

apoptosis in trophoblasts (Payne,1999). A murine neutral CDase that was recently 

cloned (Tani,2000) also catalyzed the reverse reaction by the condensation of fatty acid 

and sphingosine to form Cer, which was also observed for the alkaline CDase cloned 

from Saccharomyces cerevisiae (Mao,2000). 

Glucosylceramidase 

Breakdown of complex glycosphingolipids derived from the plasma membrane takes 

place by the stepwise removal of carbohydrate moieties in the lysosomes after 

endocytosis (for review see Sandhoff,1996). In these catabolic pathways, portions of the 

hydrophilic headgroup are sequentially removed by a number of neuramidases, 

galactosidases and glucosidases in combination with crucial sphingolipid activator 

proteins (SAPs) to finally to produce Cer, which is deacylated to sphingosine (reviewed 

by Fürst,1992). Sphingosine can leave the lysosome to re-enter the biosynthetic pathway 

or it can be further degraded. The inherited deficiency of both lysosomal hydrolases and 

activator proteins give rise to sphingolipid storage diseases. Glucosylceramidase 

catalyzes the hydrolysis of GlcCer to Cer (Ginns,1984). It is active as a monomer and 

requires saposin C (SAP-C) for physiological activity (Ho,1971). Mutations in this gene 

are responsible for Gaucher disease, the most common human lysosomal storage 

disease characterized by GlcCer accumulation (Desnick,1982). The full length cDNA 

and genomic sequences for glucosylceramidase have been isolated and characterized 

(Sorge,1985). 
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Scope of this thesis 

The work described in this thesis was initiated by the interesting observation that the 

cross-resistance to CD95- and DNA damage-induced apoptosis of certain Jurkat variant 

clones could be bypassed by exposure to exogenous, short-chain Cer species or 

bacterial sphingomyelinase. At that time, relatively little was known about the signal 

transduction pathways underlying apoptosis induction in general. The possibility was 

raised that Cer, analogous to diacylglycerol, could play a crucial second messenger role 

in apoptosis signaling. The aim of the studies described in this thesis is to investigate the 

role of endogenous Cer production during apoptosis induced by death receptor ligation 

or DNA damage. Using various methods developed to accurately monitor Cer 

production, we document that Cer formation is a relatively slow event, paralleling 

kinetics of nuclear fragmentation (Chapter 2). A role for acid sphingomyelinase in Cer 

production and apoptosis signaling in lymphoid cells was ruled out using Niemann-Pick 

disease cells (Chapter 3). Based on the molecular ordering of Cer production relative to 

caspase activation and alterations at the mitochondria, we conclude that Cer does not 

serve as a signaling molecule in the induction of apoptosis but that it may act during the 

execution phase of apoptosis (Chapter 4). In Chapter 5, we explore at which level in the 

apoptotic signaling mechanism the cross-resistant variant cells have a molecular defect. 

Next, we provide evidence that Cer formation is directly linked to phosphatidylserine 

exposure, another lipid event characteristic of the execution phase, and that Cer 

production contributes to the apoptotic morphology via the depletion of its precursor, 

plasma membrane sphingomyelin (Chapter 6). Chapter 7 describes the effect of 

overexpression of a putative human neutral sphingomyelinase in Jurkat cells on Cer 

production and apoptosis. In an attempt to attenuate Cer accumulation, we have 

overexpressed ceramide glucosyltransferase (Chapter 8). In Chapter 9 the results of all 

chapters are discussed and viewed against recent findings. 
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