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Abstract
CD95 (APO-1/Fas) is a prototype death receptor characterized
by the presence of an 80 amino acid death domain in its
cytoplasmic tail. This domain is essential for the recruitment of
a number of signaling components upon activation by either
agonistic anti-CD95 antibodies or cognate CD95 ligand that
initiate apoptosis. The complex of proteins that forms upon
triggering of CD95 is called the death-inducting signaling
complex (DISC). The DISC consists of an adaptor protein and
initiator caspases and is essential for induction of apoptosis.
A number of proteins have been reported to regulate formation
or activity of the DISC. This review discusses recent
developments in this area of death receptor research.
Cell Death and Differentiation (2003) 10, 26–35. doi:10.1038/
sj.cdd.4401186
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Introduction

The phenomenon of apoptosis was first described by C Vogt
in 18421 and rediscovered several times in the decades to
follow on the basis of a characteristic morphology. During the
last decade many of the molecular mechanisms of apoptosis
signaling and morphology were examined and elucidated.
Clearly, the discovery of diverse apoptosis pathways involving
signals primarily via the death receptors (extrinsic pathway) or
the mitochondria (intrinsic pathway) using caspases as
effector molecules has dominated the field. Lately, a more
sophisticated view of signaling pathways has arisen which
leads to the observation that cell death can occur even in the
absence of caspases. In this short review, we discuss the

signaling pathways initiated by the CD95(APO-1/Fas) death
receptor which has served as the paradigm for death receptor
family signaling.

The CD95 receptor

CD95 is the best-characterized member of the tumor necrosis
factor (TNF) superfamily of receptors. Its main and best-
known function in signaling is the induction of apoptosis.2

CD95 receptors are expressed on the surface of cells as
preassociated homotrimers.3,4 A similar association was
described for several members of the TNF receptor super-
family, including the TNF receptor itself, CD40 and the TNF-
related apoptosis-inducing ligand (TRAIL) receptor I.5 These
interactions were found to be mediated by a domain in the N-
terminus, within the first of the cysteine-rich domains.3,4 This
association was described by binding of in vitro generated
proteins to cells transfected with CD95, and by the use of
chemical crosslinking reagents that allowed visualization of
the associated homotrimers present on the cell surface.3,4

Additionally, the use of the fluorescence resonance energy
transfer technique, in which the emission wavelength of one
spectral variant of the green fluorescent protein (GFP) is used
to excite a second spectral variant of GFP when the two are in
close proximity (approximately 100 Å), supported these
observations. Using this method, Siegel et al.4 demonstrated
that a deletion or mutation in certain regions of the first
cysteine rich domain of CD95 led to the disruption of these
interactions. They termed this domain PLAD (for preligand
binding assembly domain). Functionally, disruption of the
association mediated by this domain led to reduced apoptotic
potency of agonistic anti-CD95 antibodies or CD95L.
Although the precise molecular role of this preassociation is
not known, the physiological importance of the domain has
been characterized. Mutations in this domain have been
shown to result in the autoimmune disorder ALPS,4 indicating
the importance of preassociation for physiological signaling.
This finding gains additional importance as heterotrimeriza-
tion is required for efficient CD95 signaling. Heterozygous
mutations in the CD95 gene, found in ALPS patients, could
therefore act as dominant negative mutations, interrupting
signaling, because CD95 receptors only function as trimers;6

in fact, a single mutant protein could significantly disrupt
signaling by CD95. It has been suggested that for efficient
signaling superclustering of CD95 may be required,7 a
molecular configuration that would be especially susceptible
to disruption by a single mutant protein.

The key components of the CD95 death-inducing
signaling complex (DISC)

Preassociation of CD95 was observed to be independent of
the expression of the intracellular domain of CD95.4 The exact
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molecular mechanism of the initiation of signaling through
CD95 awaits further investigation; however, the general
aspects of this initiation are well known. More than 6 years
ago we reported formation of a complex of proteins that
assembles at the activated CD95 receptor. This complex
formed at the receptor in apoptosing cells and, thus, we
termed this structure the DISC.6 CD95 contains a protein–
protein interaction domain in its cytoplasmic region termed the
death domain (DD), a characteristic region of the death
receptor subfamily of the TNF receptor superfamily which
includes CD95, TNF receptor I (TNF-RI), DR3/APO-3/
TRAMP, TRAIL receptor 1/DR4, TRAIL-R2/DR5, and DR6.8

When the preassociated receptor is ligated, CD95 becomes
competent to form the DISC. In the DISC, the adaptor
molecule Fas-associated DD containing protein (FADD) is
bound to CD95 through homotypic interaction of its DD with
the DD of CD95.6,9 In addition to its DD, FADD contains
another protein–protein interaction domain at its N-terminus,
termed the death effector domain (DED). This domain is
required for the recruitment of caspases containing these
DED domains to the DISC. Both the DD and DED enable
proteins containing the same domains to interact with one
another. FADD has been shown to interact with several
proteins through its DED, including caspase-8, one of the two
known DED-containing caspases.10,11 Caspases are cysteine
proteases which cleave after a loosely specific series of four
amino acids and which absolutely require the presence of an
aspartate in the P1 position of their substrate.12 These
proteases are responsible for performing the labor of
apoptosis. Various caspases are involved in both the initiation
of the apoptotic process and the execution of the final
apoptotic program. The apoptotic caspases therefore perform
different roles. The effector caspases, which include cas-
pases 3, 7, and 6 are responsible for most of the cleavage of
proteins characteristic of apoptosis and are responsible for
the cleavage of the proteins which induce the major
morphological changes observed during programmed cell
death.12 The initiator caspases transduce the first signals of
apoptosis. Caspase-8, the main initiator caspase in CD95
signaling, is expressed as two isoforms, caspase-8/a and -8/
b, which are both recruited to the activated CD95 receptor.13

These two molecules, FADD and caspase-8 are the key
components of the CD95 DISC (Figure 1). Caspase-8 resides
primarily in the cytoplasm, or as recently observed, on the
mitochondria,14,15 as an inactive zymogen, and is recruited
into the DISC upon binding of FADD. Once caspase-8
associates with FADD, the high local concentration of
caspase-8 is believed to lead to its autoproteolytic cleavage
and activation.16,17 Aside from its two DED, caspase-8
contains a protease domain consisting of two subunits.
Following the autoproteolytic cleavage of the enzyme,
caspase-8 is released from the DISC as an active hetero-
tetramer containing two p18 and two p10 subunits. So far, only
DED-containing subunits of procaspase-8 have been re-
ported to be part of the DISC. However, lately Lavrik et al.
(Lavrik I, Krueger A, Schmitz I, Baumann S, Krammer PH,
Kirchhoff S, submitted for publication) described that in
human leukemia cell lines and in primary human T cells all
cleavage products of procaspase-8 remain bound to the
DISC, including the p10 and p18 subunits of caspase-8. This

implies that the active tetramer p102–p182 of caspase-8 is
formed at the DISC. Thus, a modified model of initiation of
CD95-mediated apoptosis is proposed, in which procaspase-
8 activation and complete maturation into the caspase-8
heterotetramer occurs at the DISC. The active tetramer p102–
p182 is only then released into the cytosol to propagate the
apoptotic signal (see Figure 1).

Yet another component of the DISC observed in the first
description of this complex6 is Cap3. Sequence comparison
revealed the complete identity of the Cap3 N-terminal DEDs
with those of caspase-8.10 Cap3 is thus a splice product of
caspase-8 whose function is presently unknown, but which
may serve to establish the correct conformation of the DISC.

Other components of the DISC

Caspase-10
A second caspase has recently been shown to associate with
FADD through the homotypic association with its DED, and to
be activated in the DISC. Caspase-10 was cloned several
years ago as a homologue of caspase-8 and is the only other
caspase known to contain tandem DED. Association with
FADD has been demonstrated in vitro, as has the ability of
caspase-10 to induce apoptosis when overexpressed. Re-
cently, caspase-10 was shown to be associated with the
DISC.18–21 Kischkel et al. and Wang et al. demonstrated
that caspase-10 is expressed, recruited to the DISC and
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Figure 1 The DISC and its components. Upon binding of CD95L to CD95 the
DISC assembles. FADD, procaspase-8/10 and c-FLIP have been shown to be
key components of this structure. A number of signaling proteins have been
reported to bind to the DISC or to CD95 directly. Btk, has been shown to interact
with CD95 in DT-40 cells;98 Daxx, was identified to bind to the DD of CD95;43 the
ERM protein ezrin could be coimmunoprecipitated with CD95.119 FAP-1, binds to
the three C-terminal amino acids of human CD95;50 FLASH, was shown to
enhance formation of the DISC;54 Raf-1 and TRAF-1/2 were shown to bind to the
DISC likely through binding to c-FLIP;41 RIP, binds to CD95 directly likely
involved in caspase-independent CD95-mediated necrosis;57 Sentrin, UBC9, are
two proteins of the ubiquitin pathway that were found to be associated with
CD95;120–122 SHP-1, was shown to bind to a phosphotyrosine containing motif in
the DDs of death receptors.100 For details see text.
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proteolytically activated. It is also processed by drug-induced
dimerization in vitro, a feature identical to that of caspase-8.21

The substrate specificity of caspase-10 may be different than
caspase-8, however, making it attractive to speculate that the
two caspases may play different roles in signaling through the
CD95 receptor19 (Figure 1). Another study has implicated the
lack of functional caspase-10 in one form of the autoimmune
disease ALPS type II.22 This finding suggests that caspase-10
may indeed have a role in apoptosis signaling. The lack of a
caspase-10 orthologue in the mouse has complicated the
study of this caspase, however, though functional expression
appears to be important in the human system.

c-FLIP
A viral cell death inhibitor v-FLIP (viral-FLICE-like inhibitory
protein) was identified as a protein, expressed by
g-herpesviruses, capable of blocking CD95-mediated apop-
tosis through association with the receptor in the DISC.23–25

This protein contains two tandem DED, which are highly
homologous to the N-terminus of caspase-8. Two cellular
homologues of the viral protein were subsequently identi-
fied,26–33 termed c-FLIPS (short) and c-FLIPL (long). c-FLIPS

contains only the tandem DEDs and is quite similar to v-FLIP
(Figure 1). c-FLIPL contains not only the tandem DEDs, but
also a protease-like domain, homologous to caspase-8, in
which several amino acids important for protease activity are
mutated, including the cysteine at the active site. This inactive
homologue was found to be cleaved in the DISC by caspase-
8,34 and has been reported to be either an inhibitor of
apoptosis signaling or an inducer of apoptosis (presumably by
oligomerizing caspase-8 and inducing its autoproteolytic
activation).21 The inhibition of apoptosis was shown to be
through the recruitment to and cleavage in the DISC, but
because c-FLIPL is not an active protease, the cleavage is not
reciprocated, resulting in the generation of two p10 subunits
(one from caspase-8, the other from c-FLIPL) followed by no
further cleavage and, therefore, an inactive caspase-8
molecule.35 c-FLIPL was shown to be downregulated in T
cells following treatment with IL-2 and was suggested to be
responsible for the CD95 apoptosis sensitivity of long-term-
activated peripheral mouse T cells.36,37 In contrast, we
recently reported that CD95 sensitivity in peripheral human
T cells is regulated by a mechanism that does not involve any
changes in the expression levels of c-FLIPL.34

A large number of studies concerning the function of c-FLIP
have been published, implicating c-FLIP in numerous aspects
of apoptosis. c-FLIP-deficient mice display a phenotype
similar to that of caspase-8-deficient animals, and the mice
are not viable past day E10.5.38 This has complicated the
study of this molecule in vivo, but does underscore its
apparent importance, particularly in development. Recently,
c-FLIP has been implicated in signaling alternative pathways,
linking the CD95 receptor to the NF-kB, JNK, and MAPK
pathways. Several studies have shown that c-FLIP is involved
in the transmission of the NF-kB pathway, by association with
TRAF2.39,40 One study found that c-FLIP recruited not
only TRAF1 and 2 but also RIP and Raf-1, which activated
the extracellular signal regulated kinase (Erk) pathway.41

These studies link the CD95-signaling pathway to survival

pathways in addition to its well-known role in apoptosis.
Several of these molecules are well-established mediators of
TNF receptor signaling (reviewed in Wallach et al.42), though
their role in CD95 signaling is still controversial. These
studies, however, raise the interesting possibility that through
c-FLIP, CD95 may be induced to signal in pathways that are
distinct from those leading to the apoptosis of the cell. The
physiological role of CD95 in these pathways is by no means
clear, and requires further investigations to determine its
significance.

Alternative CD95-associated molecules

Several other proteins have been shown to be recruited to the
DISC by direct interaction with DISC proteins. The role of
many of these proteins is presently unclear.

Daxx
Daxx was identified as a CD95 binding protein which could link
the receptor to the JNK-signaling pathway.43 Overexpression
of Daxx led to apoptosis, and Daxx was shown to interact with
the C-terminal portion of CD95, containing the DD. It was
suggested that Daxx induces CD95-mediated apoptosis
through an alternate pathway which involves JNK activation
followed by activation of an unknown caspase. The physio-
logical role of Daxx is not known, as Daxx has not been shown
to directly associate with the DISC. It is interesting that Daxx
was recently also shown to be an integral part of nuclear PML
bodies44–46 and PML-deficient mice have a defect in CD95-
mediated apoptosis.47 At present, the molecular basis for this
cytosolic/nuclear connection in the CD95 pathway is un-
known. Furthermore, Daxx-deficient mice display a pheno-
type of extensive apoptosis and embryonic lethality rather
than the expected hyperproliferative disorder, making this
promiscuous protein even more enigmatic.48,49

FAP-1
FAP-1, or Fas-associated phosphatase-1, was identified in a
yeast two-hybrid screen as a phosphatase that associates with
the C-terminal end of the CD95 receptor.50 Indeed, only the
final three amino acids of the CD95 receptor were shown to be
necessary for the binding of one of the FAP-1 domains. In this
study, it was suggested that this phosphatase was a negative
regulator of CD95 signaling. In addition, other data suggest
that FAP-1-transfected cells are resistant to CD95-mediated
apoptosis and that the activation of caspase-8, and thereby
caspase-3, is inhibited in these cells.51 Additionally, down-
regulation of FAP-1 has been suggested to contribute to the IL-
2-induced sensitivity of activated T cells since a decrease in
FAP-1 mRNA in cells by competitive RT-PCR was found.52 It is
interesting to note that the three amino acids in human CD95
involved in binding to FAP-1 are not found in mouse CD95.53

The physiological role of the binding of FAP-1 to human CD95
has therefore not been sufficiently established.

FLASH
The protein FLICE-associated huge protein (FLASH)
was also suggested to associate with the CD95 receptor,54
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and was shown to be recruited to the DISC of the
activated receptor and actually required for the activation
of caspase-8 at the DISC, but recent studies have cast
serious doubt on the validity of these data and subsequent
claims.55

RIP
RIP was described as a DD-containing protein which could
interact with the CD95 receptor.56 The role of this kinase,
however, is not clear. A recent study implicates RIP in the
initiation of a caspase-8-independent death-signaling path-
way through the CD95 receptor57 resulting in necrotic cell
death. It was suggested that RIP binds to the CD95 receptor,
phosphorylates an unknown protein and leads to CD95
mediated, necrotic death of the cell. This pathway was
suggested to occur in primary human T cells treated with the
caspase inhibitor zVAD-fmk, which in this study resulted in
equal levels of cell death in comparison to untreated cells
upon induction of AICD.

The role of all these molecules in cell death is suggestive,
but they require much more investigation before their
functions are fully characterized.

FAF1
Fas(CD95)-associated protein factor, FAF1, which specifi-
cally interacted with the cytoplasmic domain of wild-type
Fas(CD95) but not the lprcg-mutated Fas(CD95) protein, was
isolated again, in a yeast two-hybrid screen. When FAF1 was
transiently expressed in L cells, CD95-induced apoptosis was
potentiated.58 Confirmation of these effects under native
conditions are awaited.

Dap3
Dap3 was discovered in a special screen involving IFN-g-
induced cell death in HeLa cells. Inactivation of the Dap3 gene
by antisense RNA protected the cells from this type of death. A
dominant negative form of Dap3 also protected cells from
CD95-induced apoptosis. Thus, Dap3 appears to act as a
positive mediator of the CD95 death signal downstream of the
DISC through an as yet unknown mechanism.59 Recently, the
function of Dap3 as a regulator of the DISC was challenged60

since Dap3 is an established mitochondrial ribosomal
protein.61

Regulation of activation of caspase-8 in the DISC

Effector caspases characterized by short prodomains are
activated through cleavage by initiator caspases such as
caspase-9 or caspase-8, both of which carry long prodo-
mains. The mechanism of how initiator caspases are
activated at the top of the caspase cascade is not well
established. We showed that in most cells caspase-8 is
activated by recruitment to the DISC, suggesting that this
would bring the caspase molecules in close proximity
triggering an autoproteolytic activity of the protease.16 Forced
dimerization using different systems then suggested activa-
tion of caspase-8 through ‘induced proximity’ involving two
active enzymes.62–64 Recently, it was demonstrated that

procaspase-8 in the DISC gains enzymatic activity prior to its
processing suggesting that dimerization induces a conforma-
tional change in the zymogen that results in the formation of
the active sites.21 It also became clear that c-FLIPL, widely
regarded as an inhibitor of the DISC, acts as an activator of
caspase-8 by forming a heterodimer with procaspase-8 within
the DISC.21 To date the role of c-FLIPL in apoptosis remains
controversial. In most reports, c-FLIPL has been described as
antiapoptotic, largely because of its ability to inhibit apoptosis
at high levels of ectopic expression.26,28,30,32,33 However, in
cell lines in which the level of endogenous c-FLIPL has been
determined, it is approximately 1% of that of endogenous
procaspase-8.21,34 Since this ratio is so disproportionate it is
unclear what role c-FLIPL plays in these cells. In addition,
mice deficient in c-FLIP (lacking both c-FLIPL and c-FLIPS)
were recently generated. Embryonic fibroblasts (MEFs)
derived from these mice (through an in vitro selection process
for cell growth) were shown to be more sensitive to CD95-
induced apoptosis than the wild-type MEFs. This observation
has been widely accepted as a validation of the inhibitory role
of c-FLIPL in apoptosis. However, inconsistent with these
results, c-FLIP�/� mice showed developmental defects that
strikingly resembled those of caspase-8�/� or FADD�/�

mice.38 These mice died between E10.5 and E11.5 with a
failure in heart formation and hemorrhage suggesting a
function of c-FLIPL that is similar to caspase-8 and FADD.
Recent data suggest that c-FLIPL may play a more complex
role in caspase activation and apoptosis than as a dedicated
inhibitor. We have not found a single cell in which c-FLIPL is
not part of the DISC regardless of the CD95 apoptosis
sensitivity of the cells (Scaffidi et al.34 and unpublished
results). Furthermore, transient overexpression of c-FLIPL

could induce as well as inhibit apoptosis, and this proapoptotic
function required the c-FLIPL protease-like domain.26,27,29–31

However, it remained undetermined whether c-FLIPL could
promote apoptosis at endogenous expression levels and how
this might be possible in the absence of a genuine protease
activity. Using an in vitro caspase activation system based on
controlled dimerization that closely resembles caspase
activation in the DISC, it has recently become clear that the
activation of procaspase-8 is potently enhanced by c-FLIPL

upon procaspase-8/c-FLIPL heterodimerization. The c-FLIPL

protease-like domain associates efficiently with the procas-
pase-8 protease domain and this interaction leads to induction
of enzymatic activity of the caspase-8 zymogen. According to
this model only one partner (procaspase-8) of this hetero-
dimer forms an active site sufficient to start the caspase
cascade (Chang DW, Peter ME and Yang X, submitted for
publication). This scenario is highly reminiscent of the recently
published structure of the procaspase-9 homodimer,65 in
which also only one active site was found. Interestingly, even
though the cow pox serpin crmA is known to be a potent
inhibitor of the mature caspase-8,66 it could not block the
processing of caspase-8 in the DISC,16 nor could it inhibit the
first cleavage event of procaspase-8 in the dimerization
system.62 The different effects of crmA on the activation of
procaspase-8 versus the activity of mature caspase-8 provide
further evidence that the caspase-8 activity within the c-
FLIPL:procaspase-8 intermediate is different from that of the
mature enzyme.
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c-FLIPL, depending on its expression level, can therefore
either activate caspase-8/10 in the DISC (at low concentra-
tions) or block it (at high concentrations).21 Thus, even an
increase of c-FLIPL expression does not necessarily mean
that cells are more resistant to CD95-mediated apoptosis. The
situation is different for c-FLIPS, which seems to have only
antiapoptotic activity similar to the v-FLIP proteins. In this
context, both restimulated and costimulated T cells which
became CD95 apoptosis resistant were shown to specifically
upregulate c-FLIPS and, thus, displayed strongly reduced
caspase-8 activity.67,68

Differences in the formation of the DISC defines
two different CD95 apoptosis cell types

Following activation in the DISC caspase-8 can initiate the
apoptotic program. We recently described two pathways of
CD95 apoptosis signaling dependent on the quantity of
production of caspase-8 at the DISC.69 In Type I cells, a high
production of caspase-8 at the DISC can process the effector
caspase, caspase-3, directly, leading to its activation and to
ultimate apoptosis of the cell. In Type II cells, however, only a
small amount of caspase-8 is produced in the DISC. The DISC
in these cells is formed quite poorly, little FADD is recruited
and little active caspase-8 induced. Apoptosis in these cells is
dependent, at least in part, on the cleavage of the BH3 domain
containing Bcl-2 family member BID,70,71 whose cleavage
results in a proapoptotic fragment termed tBID (t for
truncated). This fragment induces the proapoptotic functions
of the mitochondria by causing aggregation of Bax or Bak
(reviewed in Korsmeyer et al.72). This is followed by the loss of
– among many other factors – cytochrome c from the
mitochondrial intermembrane space. The adaptor APAF-1,
cytochrome c and dATP then form a large protein complex,
the apoptosome, a sort of submitochondrial DISC, where
caspase-9 as initiator caspase is activated.73 Caspase-9 then
activates caspase-3 resulting in apoptosis of the cell. Another
hallmark of CD95-mediated apoptosis in Type II cells is the
effect of the expression of the antiapoptotic members of the
Bcl-2 family. Expression of either Bcl-2 or Bcl-xL renders Type
II cells resistant to CD95-mediated apoptosis.69 Type I cells
however, cannot overcome the production of the large
amounts of caspase-8 produced at the DISC and are,
therefore, not protected from CD95-mediated apoptosis even
by the expression of very high levels of Bcl-2 or Bcl-xL.69 The
physiological importance of the two-pathway model has
recently been validated by the description of mice which
forcibly express members of the apoptosis pathway, or which
are deficient in various molecules involved in apoptosis. Mice
deficient in BID have thymocytes, which are not protected
from CD95-mediated apoptosis by the loss of this molecule,
whereas their hepatocytes are protected from CD95-induced
apoptosis.74 Bax/Bak doubly deficient mice demonstrate
resistance to CD95-mediated apoptosis in their hepatocytes
as well, whereas their thymocytes and T cells are affected
similarly to control mice.75,76 The hepatocytes of mice
expressing Bcl-2 as a transgene are also protected from
CD95-induced apoptosis, whereas Bcl-2 transgenic T cells and
thymocytes are not protected from apoptosis by CD95.77–79

Thus, thymocytes and T cells are Type I and hepatocytes are
Type II cells.

Inhibiting CD95 signaling

Several modes of inhibition of caspase signaling through
CD95 have been characterized in detail. The cowpox virus
expresses a serpin-like protease inhibitor, crmA. This
caspase inhibitor has been shown to potently inhibit activity
of caspase-1, primarily involved in inflammatory cytokine
processing, as well as caspase-8.80 The inhibition of caspase-
8 by this viral inhibitor has been linked to the inhibition of the
apoptosis of virally infected cells. Another mechanism of
inhibition of CD95 signaling by viral infection is by forced
internalization and/or degradation of the CD95 molecule from
the cell surface. Removal of CD95 leads to the loss of
apoptotic potency, and to the survival of the cell. This mode of
receptor inhibition was described for the adenoviral protein
RID (E3/10.4K–14.5K) causing internalization and degrada-
tion through a lysosomal pathway, inhibitable by bafilomycin
A. This reagent blocks the transition of endosomes into
lysosomes and, thereby prevents degradation of the recep-
tor.81,82

Protein kinase C (PKC) was recently also shown to be a
CD95 apoptosis regulator. PKC represents a family of serine/
threonine kinases some of which can be activated by phorbol
esters like PMA.83 Activation of PKC by PMA inhibited
apoptosis84–86 while inhibition sensitized the cells to induction
of apoptosis.87,88 In addition, CD95 triggering inhibited PKC
activity.89 By testing different cell lines it was demonstrated
that activation of PKC protected type II but not type I cells from
CD95-mediated apoptosis because of reduced cleavage of
Bid.90 In addition, Bad was shown to be phosphorylated and
inactivated in a PKC-dependent manner by p90RSK.91 Thus,
PKC may exert its antiapoptotic function mainly by inactivation
of proapoptotic Bcl-2 family members. However, it was also
shown that PKC inhibited oligomerization of CD95.92 Recently
it was shown that activation of PKC reduced recruitment of
FADD to the DISC. One study reported that this effect is
specific for Type II cells93 consistent with our data.90 Another
study, however, suggested reduced recruitment of FADD to
the DISC in both Type I and Type II cells.94 The reason for the
discrepancy is currently unknown.

Finally, the role of tyrosine phosphorylation in CD95-
mediated apoptosis is not clear. Although tyrosine phosphor-
ylation has been described upon CD95 triggering95 and CD95
has even been reported to bind the scr kinase fyn,96 another
study reported that CD95-mediated apoptosis is independent
of src kinases.97 However, Bruton’s tyrosine kinase (Btk), a
member of the Tec family of tyrosine kinases, has been shown
to play a dual role in apoptosis. While enhancing radiation-
induced apoptosis, it inhibits CD95-mediated death in B
cells.98 Subsequently, it was shown by the same group that
Btk interacts with CD95, preventing recruitment of FADD and
caspase-8.99 The molecular targets of Btk at the DISC,
however, remain unknown.

Recently, it was reported that DD containing receptors
possess a conserved phosphotyrosine-containing motif within
the DD that can mediate inhibitory function via binding of the
src homology domain 2 (SH2) containing phosphatase
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(SHP-1), SHP-2 and SH2-containing inositol phosphatase
(SHIP).100

Ligand-independent DISC formation

Activation of CD95 receptor signaling has been described in
the absence of deliberate CD95L-mediated stimulation. In
these stimulations, for example, induced by the drug
thymidine kinase/ganciclovir (TK/GCV)101 or by exposure to
ultraviolet light (UV),102 CD95L-independent activation of the
DISC and apoptosis of the cells occur. TK/GCV was
demonstrated to lead to aggregation of the CD95 receptor
and recruitment of FADD, forming an active DISC capable of
recruiting and activating caspase-8. Additionally, this activity
was inhibited by the expression of a dominant negative form of
FADD and by the caspase-8 selective inhibitor zIETD-fmk, in
a manner similar to ligand-induced apoptosis.101 UV light was
also shown to induce aggregation of the CD95 receptor
capable of recruiting FADD, leading to the apoptosis of the
cell.102 Whether this is a physiologically relevant pathway in
apoptosis of UV exposed cells is questionable, however,
though expression of a dominant negative form of FADD did
decrease apoptosis of cells, suggesting that these cells may
utilize the CD95L independent CD95 pathway to apoptosis.
However, expression of dominant negative FADD did not fully
block apoptosis, suggesting that other apoptotic mechanisms
may be functioning.102 Clearly, the role of DNA damage in this
system is critical, though CD95 aggregation and DISC
formation were suggested to be a possible secondary, though
not mutually exclusive pathway involved in UV-induced
apoptosis. An additional case of CD95 DISC-mediated
apoptosis in the apparent absence of demonstrable CD95L
was observed in germinal center B cells. Also in this case, a
mechanistic explanation is further awaited.103

CD95 clustering and internalization

Recently, stimulation-induced clustering of CD95 was de-
scribed.104–106 Ligation of CD95 with soluble ligand or
agonistic antibody resulted in aggregation of the receptor
followed by its internalization into an endosomal pathway
(Figure 1).106 This occurred in a variety of cell lines including
one that did not subsequently undergo apoptosis because of
the protective expression of Bcl-xL.15 Clustering and interna-
lization were dependent on the actin cytoskeleton as treatment
of cells with latrunculin A, an inhibitor of the formation and
stability of actin filaments, led to inhibition of this phenomenon.
Further, treatment with this drug led to inhibition of CD95-
mediated apoptosis, implicating the actin filament network in
induction of CD95-mediated apoptosis. Additionally, clustering
and internalization of CD95 were dependent on activation of
caspases, specifically, of caspase-8.106 This is the first study
to implicate the involvement of caspases in the internalization
of surface receptors. Other studies have implicated the
involvement of ceramide released by acid sphingomyelinase,
enriched in lipid rafts in the clustering of CD95 and subsequent
apoptosis.105 It was also shown that ceramide is essential for
the efficient signaling of CD95 and that signaling is preceded
by capping of CD95.104 Recently, another study suggested
that CD95 acts in lipid rafts,107 a finding which could not be

confirmed by others.108 The reason for these differences is
currently unknown and requires further studies. In the study by
Algeciras-Schimnich et al., the clustering and internalization of
CD95 were also independent of lipid rafts suggesting that
these structures are not required for signaling in certain
cells.106 The physiological implications of CD95 internalization
are not yet known, but it was suggested that this phenomenon
could play a role in the protection of cells from receiving an
apoptotic signal from neighboring cells which have a CD95
receptor that has bound soluble CD95L, and may play a role in
the evasion of some tumor cells from CD95-mediated
apoptosis. Alternatively, it could also be involved in signaling
by promoting formation of the DISC.

CD95 and costimulation

The CD95 receptor has recently been implicated in the
stimulation of T cells. It has been known for some time that the
CD95 receptor can transduce activation signals to T cells.109

This study has gained support, recently, with reports on the
requirement for active caspases in T cell proliferation. Some
of the first indications for this possibility arose with the
observations that T cells from mice deficient in or expressing a
transgene for the dominant negative form of FADD had a
defect in proliferation.110,111 Additionally, mice expressing a
Bcl-2 transgene had a deficiency in proliferation.112 Two
recent studies have suggested that activation of caspases
occurs following stimulation through the T cell receptor and
that treating cells with caspase inhibitors leads to a loss of
proliferative capacity that was not because of apopto-
sis.113,114 Furthermore, one study determined that T cells
stimulated with suboptimal levels of anti-CD3 and CD95L
responded with more proliferation than cells stimulated with
anti-CD3 alone, and that treatment of cells with a CD95-Fc
fusion which blocked CD95 signaling led to a decrease in the
proliferative response of T cells.114 These studies implicate
CD95 in the costimulation of T cells and suggest that there
may be a role for caspases in other nonapoptotic pathways.
Perhaps in cells in which the balance between proliferation
and apoptosis is tipped toward proliferation, caspases are
important in aiding this proliferative pathway by cleavage of
certain substrates that may inhibit progression through the cell
cycle. Indeed, one study implicating activation of caspases in
proliferation described the cleavage of a protein that inhibits
cell cycle progression, Wee1, an inhibitor of the Cdc2 cyclin-
dependent kinase which is required for the G2/M transition.115

Thus, caspase activity induced by stimulation through the
CD95 receptor under certain circumstances may also play a
critical, nonapoptotic, and, indeed, proliferative role. The
exact pathway that is initiated in CD95 costimulated T cells
requires further study. Additionally, the stimulation of memory
T cells results in significantly less apoptosis than in naı̈ve T
cells.116 In this study, TCR transgenic mice were used to
produce memory cells which were much less susceptible to
CD95-mediated apoptosis than activated naı̈ve T cells. This
resistance was found to be because of the increase in c-FLIP
expression in these restimulated cells, at least in part. This
study suggests that CD95 signaling is regulated differently in
restimulated T cells compared to naı̈ve T cells. Additionally,
it was demonstrated that the regulation of c-FLIP was
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dependent on the cell cycle status of the T cells.37 In T cells
stimulated through the TCR, this study found that T cells in the
G1 phase expressed high levels of c-FLIP, whereas in S
phase c-FLIP levels were lower. These results may help to
explain the observation that T cells are more susceptible to
TCR-mediated apoptosis in the S phase of the cell cycle.117

Another study using T cell clones and the cell line Jurkat found
that in these cells no difference in apoptosis susceptibility
dependent on the cell cycle could be observed.118 The
differences in these studies are likely because of the model
system used.

Conclusion

For over 100 years, programmed cell death, apoptosis, was
defined by the morphology of the dying cell. This has
dramatically changed since the discovery of molecules, which
determine the complex death-signaling pathways. Thus, it
became apparent that apoptosis is a general biological
phenomenon like cell proliferation and activation. In fact, it is
clear now that death is an essential feature of a regulated
process of cellular life. Finally, the multitude of molecules
discovered that are essential for the apoptotic process may
make it possible to apply molecular intervention strategies
wherever death is dysregulated.
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