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grammed cell death process, which
plays a pivotal role in development,
in tissue homeostasis and in several
human diseases. Fas (CD95/Apo-1)
is a member of the “death recep-
tors” family, a group of cell surface
proteins that trigger apoptosis upon
binding with their natural ligands. In
the immune system, intracellular
signal transduction triggered from
Fas splits into two different path-
ways. The proteolytic pathway is
mediated by a family of cysteine
proteases, the caspases, responsible
for the morphological changes oc-

complete this death program, an-
other series of events, involving a
lipid pathway, is necessary. Upon
Fas stimulation, a sequential activa-
tion of specific enzymes results in
the accumulation of ceramides and
GD3 ganglioside. GD3 directly in-
duces mitochondrial damage and
triggers the release of apoptogenic
factors, allowing efficient execution
of Fas-mediated apoptosis.
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Introduction

Programmed cell death, or apoptosis, is a tightly regu-
lated process which occurs at various physiological stag-
es in the life cycle of multicellular organisms. Morpho-
logically, apoptosis is characterized by several changes
including cell shrinkage, membrane blebbing, condensa-
tion of nuclear chromatin, fragmentation of chromo-
somal DNA and formation of membrane-enclosed vesi-
cles, called apoptotic bodies. Eventually apoptotic bod-
les are recognized and phagocytized by neighboring
cells to prevent inflammatory or immune reactions.

This type of cell death differs from necrosis, which
results in cell lysis followed by release of the cytoplas-
mic content, which triggers an inflammatory response.
Programmed cell death plays a key role both in develop-
ment and in homeostasis [12], being the most common
way to eliminate unwanted or harmful cells. Aberration
or disregulation of this process is the cause of many hu-
man disorders such as cancer, autoimmunity, and neuro-
degenerative diseases [28, 37].

Death receptors as mediators of apoptosis

The apoptotic process initiated from surface receptors
may be divided into three stages:

1. Interaction of the specific signal with the cell
2. Signal transduction within the cell, and
3. Execution of the death program

Mammals have evolved a family of surface receptor pro-
teins, the so-called “death receptors”, that trigger pro-
grammed cell death upon binding with their natural Ii-
gands [1]. Members of this family, such as Fas (CD95/
APO-1), TNF-R1, DR3 (APO-3), DR4 (TRAIL-R1)
and DRS (TRAIL-R2), are transmembrane proteins
sharing structural and functional homology. Each death
receptor contains cystein-rich domains in the extracellu-
lar portion and a motif, termed “death domain”, in the
cytoplasmic region. Death domains are involved in ho-
mophilic and eterophilic protein-protein interactions.
Associations between death domains occur upon recep-
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tor-ligand binding, and this interaction is necessary and
sufficient for apoptosis triggering (11, 35].

The best characterized death receptor is Fas, a cell
surface protein widely expressed on both lymphoid and
nonlymphoid cells {24]. Its natural ligand is FasL {32], a
homotrimeric molecule that belongs to the TNF family
of cytokines. Triggering of Fas plays an important role
in several physiological and pathological processes [23),
such as killing by cytotoxic T cells and by natural kKiller
cells, controlling T cell numbers during the immune re-
sponse, and maintenance of immune privilege in organs
such as the eye, the placenta and the testis. Fas is also
implicated in the failure of tumor cell clearance [15]
and in autoimmune diseases, such as Hashimoto’s thy-
roiditis [9] or autoimmune diabetes [31].

Signal transduction of Fas-mediated apoptosis

Stimulation of Fas occurs after binding with atrimeric
FasL molecule and leads to crosslinking of three recep-
tor molecules. This results in the clustering of intracellu-
lar death domains, inducing the recruitment of two sig-
naling proteins that, together with Fas, form the so-
called “death-inducing signaling complex” (DISC) {21].
One member of the DISC is the adapter protein
FADD (Fas-associated death domain). This protein is
directly recruited through binding of its own death do-
main to the death domain of Fas. Evidence for a key
role of FADD in Fas-induced apoptosis comes from
both knockout [39, 40] and transgenic mice [25]: dele-
tion of the wild type genes or expression of a dominant
negative mutant of FADD leads to complete resistance
upon Fas stimulation. FADD also contains a “death ef-
fector domain”, another motif involved in homophilic
and eterophilic interactions between proteins.

Upon Fas crosslinking, the death effector domain of
FADD allows the recruitment of procaspase-8, the sec-
ond signaling protein of DISC. Procaspase-8 binds to
FADD through its amino-terminal death effector do-
mains, and undergoes oligomerization. Procaspase-8 is
the zymogen form of caspase-8 (FLICE/MACH) (3],
which is an enzyme belonging to the family of caspases
[38], cysteine proteases that specifically cleave sub-
strates after aspartic acid residues. Recruitment to the
DISC and oligomerization then trigger maturation of
the proenzyme into the catalytic active form. Active cas-
pase-8 is in fact generated proteolytically by a self-
cleavage reaction, which leads to release of the active
subunits into cytosol [22).

Following DISC formation and caspase-8 activation,
Fas signaling splits into two different pathways, both de-
pendent on caspase-8 activation. One branch is the pro-
teolytic pathway mediated by the caspases cascade,
while a second pathway involves mediators of a lipidic
nature (Fig. 1).
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The caspases pathway

Presently, 14 members of the caspase family have been
described. Caspases can be classified as initiators or ef-
fectors, depending on their relative role in the apoptotic
process. Initiator caspases, for example caspase-8, are
involved in signaling and regulation of pro-apoptotic
stimuli, while effector members function in the execu-
tion of cell death, through ordinated disassembly of cell
structures [38]. Genetic and biochemical evidence sup-
ports a cascade model for caspase activation in Fas-me-
diated apoptosis. Downstream caspase-8 activation, the
proteolytic pathway, has been shown to involve activa-
tion of effector caspases such as caspase-3, caspase-6
and caspase-7. Notably, caspase-3 plays a fundamenta]
role in the execution of programmed cell death, as dem-
onstrated by knockout mice having lethal defects in the
extensive apoptosis that occurs during brain develop.
ment [16]. Caspase cascade then leads to cleavage of
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key cellular substrates, mainly resulting in the activation
of pro-apoptotic proteins and in the inactivation of anti-
apoptotic and structural proteins,

Besides activation of executioner procaspases, cas-
pase-8 directly cleaves a cytosolic protein, called Bid, a
pro-apoptotic member of the Bcl-2 family [27]. Cas-
pase-8 cleavage generates a truncated form of Bid,
which translocates from the cytosol to mitochondrial
membranes [17, 20], triggering mitochondrial inner
transmembrane potential (A¥m) collapse, the opening
of a large conductance channel, known as mitochondrial
permeability transition pore (PTPC), and cytochrome ¢
release. Mitochondrial changes are often associated
with the release of apoptosis-inducing factor (AIF) [34]
and the release and activation of mitochondrial caspases

[33], which ultimately trigger the fragmentation of chro-
mosomal DNA.

The lipid pathway

Another series of events, involving sphingomyelin hy-
drolysis and ceramide accumulation, is required for the
progressipn of apoptosis induced by Fas-FasL interach-
tion. Sphingomyelin is a major phospholipid of cellular
membranes [18]; hydrolysis of this molecule is catalyzed
by specific phospholipases, the sphingomyelinases,
which generate phosphocoline and ceramide [30, 36].
After Fas crosslinking, two different sphingomyelinases
are activated within the first 15 min [4, 5]: a neutral
sphingomyelinase (NSM) located at the cytoplasmatic
membrane [13] and an acidic sphingomyelinase [ASM]
mainly located in acidic membrane subdomains [19].
ASM also requires the upstream activation of PC-PLC,
a phosphatidylcholine-specific phospholipase C. How-
ever, DISC formation is required only for ASM activa-
tion and not for NSM, as demonstrated in Fas-resistant
cellular mutants expressing death domain-defective re-
ceptors [5]. The sequential PC-PLC/ASM activation
leads to the accumulation of ceramide, a diffusible mes-
senger sufficient to induce programmed cell death in he-
matopoietic cells [10, 14, 26]. The key role of ASM-de-
rived ceramide is also demonstrated in cells from indi-
viduals affected by Niemann-Pick disease (NPD), ge-
netically deficient in ASM activity, which do not under-

go normal Fas-mediated apoptosis. In these cells, an ef-
ficient Fas-dependent apoptotic program can be recon-
stituted by direct replacement of ASM [7].

ASM-derived ceramide is then targeted to the Golgi
apparatus and induces neosynthesis of the disialogan-
glioside GD3 [6], a glycosphigolipid containing two sial-
ic acid residues. GD3 ganglioside is able to induce A¥m
loss and apoptosis in intact cells [6], whereas other gan-
gliosides do not. Moreover, overexpression of GD3 syn-
thase (0-2, 8-sialyltransferase or ST8), which catalyzes
the synthesis of GD3 from GM3 ganglioside, can direct-
ly trigger cell death, while suppression of endogenous
STS substantially prevents ceramide- and Fas-mediated
apoptosis [6]. GD3 accumulation is impaired in ASM-
deficient cells from NPD patients, but reconstitution of
ASM activity in these cells restores both GD3 neosyn-
thesis and optimal Fas-dependent apoptosis [7], indicat-
ing that ASM-derived ceramide is utilized for biosyn-
thesis of GD3. Neosynthesized GD3 ganglioside then
localizes within mitochondrial membranes, where it is
able to induce the opening of PTPC, leading to release
of both cytochrome ¢ and AIF, and consequent DNA
fragmentation [29].

Conclusions

Accumulation of sphingomyelin-derived ceramides dur-
ing acute stress responses occurs in simple organisms
that lack caspases or bcl-2 family members [2, 8]. Since
lipid and glycolipid mediators travel almost exclusively
within cellular membranes, membrane-directed deliv-
ery of death messages through the lipid pathway may
represent an evolutionary ancient mechanism for the re-
cruitment of mitochondria to the cell death program.

In higher organisms, death receptor signaling in-
volves apoptotic effectors of both proteic and lipidic na-
ture, which converge at the mitochondrial level. Similar-
ly to proteic inducers of mitochondrial permeability
transition, GD3 ganglioside likely acts at the level of
PTPC to activate post-mitochondrial caspases and cell
dismantling.

Thus, different pathways, using mediators of differ-
ent nature, simultaneously converge on the mitochon-
dria to irreversibly commit the cell to apoptosis.
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