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Abstract

CD?95 is a member of the death receptor family and is well-known to promote apoptosis. However, accumulating evidence
indicates that in some context CD95 has not only the potential to induce apoptosis but also can trigger non-apoptotic signal
leading to cell survival, proliferation, cancer growth and metastasis. Despite extensive investigations focused on alterations
in the expression level of CD95 and associated signal molecules, very few studies, however, have investigated the effects of
post-translational modifications such as glycosylation, phosphorylation, palmitoylation, nitrosylation and glutathionylation
on CD95 function. Post-translational modifications of CD95 in mammalian systems are likely to play a more prominent
role than anticipated in CD95 induced cell death. In this review we will focus on the alterations in CD95-mediated signaling
caused by post-translational modifications of CD95.
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Abbreviations pSTAT3 Phosphorylated STAT3

DR Death receptor SHP-1 Src homology domain 2 (SH2)-containing
TNF-R  Tumor necrosis factor receptor tyrosine phosphatase-1

CD95 Cluster of differentiation 95 NO Nitric oxide

FADD Fas-associated protein with death domain
c-FLIP  Cellular FLICE inhibitory protein

DISC Death-inducing signaling complex

DD Death domain

DED Death effector domain

Introduction

Apoptosis is a form of programmed cell death that elimi-

MOMP  Mitochondrial outer membrane nates damaged and excessive cells to maintain tissue homeo-

permeabilisation stasis. There are two key ways of apoptosis induction: the
Bid BH3 interacting-domain death agonist extrinsic and the intrinsic pathway [1, 2]. The intrinsic path-
tBid Truncated Bid way is initiated via UV- or gamma-irradiation, growth factor
ERK Extracellular signal-regulated kinase withdrawal and genotoxic stress. This leads to mitochondrial
NF-xB Nuclear factor kB outer membrane permeabilisation (MOMP), which is fol-
CD95L  CD95 ligand lowed by the release of several pro-apoptotic factors from
CRD Cysteine-rich domain the mitochondria resulting in the initiation of the cell death
NK Natural killer cascade. The extrinsic cell death pathway is triggered by
EGFR Epidermal growth factor receptor stimulation of the death receptors (DRs). Six DR family
EGF Epidermal growth factor members have been characterized so far: TNF-R1, CD95
pEGFR  Phosphorylated EGFR (FAS/APO-1), DR3, TRAIL-R1/DR4, TRAIL-R2/DRS,
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and DR6 [3]. Among the DR family, CD95 is one of the
best-characterized members [4]. CD95 is present on the sur-
face of most cell types. In particular, pancreas, kidney liver,
heart, thymus, lymphoid tissue and mature T cells express
high levels of CD95 on their cell surface. On the contrary,
expression of CD95 ligand (CD95L) is highly restricted to
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natural killer (NK) cells and activated T cells [5]. CD95L
can be either present in the membrane-bound form, or can
be cleaved off from the membrane by metalloproteinases and
released in a soluble form [6].

CD95 comprises the N-terminal extracellular (aa 1-170),
transmembrane (171-198) and C-terminal intracellular
parts. The extracellular part of CD95 is characterized by the
presence of three cysteine-rich domains (CRDs), while the
intracellular part of CD95 contains so called Death Domain
(DD) [3]. The presence of a DD in the intracellular region
is a key feature of all members of DR family that plays a
major role in the assembly of macromolecular complexes
and subsequent signal transduction [3]. Activation of CD95
is triggered by binding of CD95L or agonistic antibodies to
the extracellular region of CD9S5 in the vicinity of CRD2 and
CRD3. This leads to conformational changes of CD95 in
the transmembrane and intracellular domains that allow the
recruitment of Fas-associated death domain protein (FADD).
Subsequently, procaspase-8a/b, -10a/d, or c-FLIP|  are
recruited to form the death-inducing signaling complex
(DISC) [7]. In the assembly of the DISC, FADD plays a
central role by serving as a major link between DR trig-
gering and procaspase-8 activation. DD of FADD binds to
DD of CD95, while the death effector domain (DED) of
FADD interacts with DEDs of procaspase-8a/b, -10a/d, or
c-FLIP; ;5/r [8, 9]. Activation of procaspase-8 at the CD95
DISC occurs via dimerization at the DED filaments. DED
filaments at the DISC are formed via interactions of DEDs
of procaspase-8 upon its recruitment to FADD [10, 11]. The
structural mechanisms of DED filament assembly and func-
tion are only starting to be uncovered. Procaspase-8 activa-
tion leads to apoptosis by activating downstream proteins
[12] (Fig. 1).

Upon activation in the DED filaments, procaspase-8a/b
undergoes autocatalytic processing which involves two
steps. At the first auto-proteolytic cleavage step p43/p41 and
p12 subunits are generated followed by the formation of the
subunits p18, p10 and the prodomains p26/p24 [13]. In addi-
tion, there are less abundant cleavage products formed at the
DED filaments that include the C-terminal procaspase-8a/b
cleavage product p30 and the N-terminal elongated pro-
domain (CAP3) [14-16]. The generated active caspase-8
heterotetramer p10,—p18, is disseminated into the cytosol
leading to the activation of downstream effector caspases-3
and -7 [13, 17].

Two distinct CD95 signaling pathways have been
described. Type I cells show a high level of DISC formation
and caspase-8 activation upon CD95 stimulation. In Type 11
cells, however, because of the low level of DISC generation
amplification of the apoptotic signal is required. To this end,
the BH3 interacting-domain death agonist (Bid) is cleaved
by procaspase-8 to generate truncated Bid (tBid). This leads
to MOMP and a subsequent release of proapoptotic factors
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from the mitochondria. The release of cytochrome C from
mitochondria results in apoptosome formation followed by
activation of procaspase-9, which in turn activates down-
stream effector caspases leading to amplification of the
apoptotic signal [18, 19].

CD95 has not only the potential to induce apoptosis but
can also trigger non-apoptotic signals [20]. In certain cell
types CD95 may induce migration, proliferation or cytokine
production. In particular, CD95 has been shown to be impli-
cated in neuronal regeneration, liver regeneration and anti-
gen-stimulated T cells proliferation [5, 21-24]. As a receptor
with pleiotropic functions CD95 has also been described to
activate nuclear factor kB (NF-xB) transcription in tumour
cell lines [14, 19, 20, 25-27]. A cancer-promoting function
of CDO5 is recognized, though the proliferative potential of
CD95 has been neglected for quite a while [28-30].

The induction of life and death signals via CD95 requires
intricate regulation of the macromolecular complexes
assembled at CD95. In particular, CD95 requires a confor-
mational change in its DD for the efficient recruitment of
FADD, procaspase-8, -10 and c-FLIP, followed by DED
filament assembly [31]. Despite intensive studies the key
molecular mechanisms of DISC formation and DED chain
assembly that define induction of apoptotic to non-apoptotic
signals are not fully understood. However, apart from several
reported mechanisms that are largely based on protein—pro-
tein interactions, post-translational modifications of CD95
may play an important role in defining the molecular details
of induction of apoptotic or non-apoptotic pathways. Indeed,
post-translational modifications of CD95 might modulate the
strength of interaction of CD95 with CD95L and adaptor
proteins, define the degree of its oligomerization and pro-
mote or inhibit the possibility for conformational changes of
CD95 leading to DED filament activation. Recently, several
post-translational modifications of CD95 have been identi-
fied. Among a large number of regulatory mechanisms of
apoptosis, post-translational modifications such as glyco-
sylation, palmitoylation, phosphorylation, nitrosylation, and
glutathionylation may play a key role in the determination of
DR signaling activation and in particular of CD95 [32, 33].

Hence, in this review we will focus on the modulation
of signaling attributed to post-translational modifications in
CD9s.

Post-translational glycosylation of CD95

Protein glycosylation is an enzyme-directed and site specific
complex process affecting the folding, stability, subcellular
localization and biological activity of proteins [34]. Gly-
cosylation profiles of proteins also influence the immune
response, cell signaling pathways and cell-cell recogni-
tion of various cell types [34, 35]. Aberrant glycosylation
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Fig.1 CD95-induced apoptotic pathway and modulation of CD95
signaling by glycosylation and phosphorylation. Upon activation of
CD95 with CD95L or agonistic antibodies, the death-inducing sign-
aling complex (DISC) is formed. Activation of caspase-8 occurs at
DED filaments formed at the DISC, which provide a platform for
procaspase-8 dimerization. The subsequent autocatalytical cleav-
age of procaspase-8 generates active caspase-8 heterotetramer with
two p18 and two pl2 subunits. Caspase-8 activates downstream cas-

of proteins is often connected with the development and
progression of several diseases such as immune deficien-
cies, neurodegeneration and cancer [34, 35]. Sugar moieties
can be attached to proteins either through a bond between
N-acetylglucosamine (GlcNAc) and asparagine referred to as
N-linked or through a link between N-acetylgalactosamine
(GalNAc) and the hydroxyl groups of serine or threonine
referred to as O-linked [36]. There is ample evidence linking
apoptosis and glycosylation. Glycans have been shown to
control the secretion or expression of cell surface receptors.
They may also control the interactions between receptors
and their ligands [37, 38]. In particular, glycosylation of
CD95 might have several key regulatory functions. Translo-
cation of CD95 to the plasma membrane is a prerequisite for
ligand association and transduction of apoptotic signaling

Cell Proliferartion | Cell Migration

pase cascade including caspase-3 (casp3). CD95 is N-glycosylated
at two sites, N118 and N136, in the extracellular domain. Further-
more, CD95 is phosphorylated at Y232 and Y291, which are local-
ized within the DD of the receptor. Phosphorylation at Y291 activates
the pro-survival signals. Furthermore, the phosphorylated form of
CD95 at Y291 was reported to interact with epidermal growth factor
receptor (EGFR) leading to the generation of a complex consisting of
CD95, EGFR, Yes-1, Src, and STAT3

[37]. Furthermore, glycosylation may crucially control the
interactions between CD95 and its ligand as well as define
the degree of CD95 oligomerization, the latter playing an
important role in the regulation of CD95 response. Finally,
there is increasing evidence that the molecular architecture
of CD95/CD95L complexes plays a key role in the induction
of downstream signaling. The conformation of CD95 and
CD95L in these complexes might be largely fine-tuned by
glycosylation. Accordingly, the delineation of CD95 glyco-
sylation is essential for getting insights into CD95-mediated
signaling.

CD95 is a glycoprotein modified with both O- and
N-linked glycans in its extracellular domain [37, 39]. The
extracellular domain of CD95 contains two N-glycosyla-
tion sites at positions N118 and N136 [40], whereas in
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the intracellular domain of CD95 two other glycosylation
sites were predicted: a potential site of N-glycosylation at
the position N223 and an O-glycosylation site [40]. Native
CD95 has a molecular mass of about 35 kDa, but after
post-translational modifications, mature CD95 is mostly
expressed as glycosylated proteins of about 45-52 kDa [28,
41]. Due to the difference in glycosylation pattern CD95
can appear in several glycoforms depending on the particu-
lar cell type [40]. Because of the proximity of the N-glyco-
sylation sites, N118 and N136, to its ligand binding sites,
it is conceivable to expect that N-glycans may influence
the biological activity of CD95 [40]. Therefore, the role of
N-glycosylation in the binding of CD95L, and subsequently
its contribution to the stabilization of the DISC structure,
DISC-DISC interactions and oligomerization of procas-
pase-8 at DISC are very important topics.

There have been several studies addressing these ques-
tions. In particular, in T cells it has been shown that defects
in CD95 glycosylation block CD95 oligomerization result-
ing in the abrogation of the signal [42]. Furthermore, inter-
estingly, a difference in CD95 glycosylation pattern between
Type I and Type II cells has been reported. Type I cells,
such as T lymphoma cells Hut78 as well as B lymphoblas-
toid cells SKW6.4 and BJAB have two major glycoforms of
CD95 with different molecular mass, while Type II cells like
Jurkat and CEM cells, mostly have one major CD95 form
[40]. Higher amounts of DISC in Type I cells than Type II
cells may indicate that the stronger DISC formation may be
attributed to the presence of specific carbohydrate structures
at CD95 in Type I cells.

In many cell types CD95 was reported to be sialylated
on the N-linked oligosaccharide residues [39, 43]. CD95-
sialylation has been described both to inhibit and promote
CD95 apoptotic activity. In particular, a2-6 sialylation of
CD95 has been reported to inhibit DISC formation and sup-
press CD95 internalization but does not interfere with bind-
ing of the agonistic anti-CD95 antibodies [44]. Desialyla-
tion of CD95 using Vibrio cholera neuraminidase in various
human B and T cell lines increases the sensitivity of these
cells towards CD95-induced apoptosis [39, 43]. Contrary to
these findings Shatnyeva et al. reported that CD95 desialyla-
tion in B lymphoblastoid SKW6.4 and T leukemia Hut78
cells by Vibrio cholera neuraminidase reduces DISC forma-
tion without affecting CD95 surface expression and its bind-
ing affinity to anti-APO-1 antibodies [40]. Taken together,
these reports strongly suggest that sialylation/desialylation
of CD95 contributes to the regulation or modulation of
CD95 signaling. However, association between the degree
of CD95 sialylation and the strength of CD95 signaling still
has to be uncovered. Furthermore, discrepancies between
different studies should be addressed in the future studies.

Taken together, glycosylation of CD95 seem to play a key
role in CD95 signaling control. However, further studies are
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required to address the role of glycosylation in life and death
decisions at CD95. Finally, an important issue will be the
analysis of CD95 glycosylation in different cell types and
the correlation of glycostructure to the strength of CD95L-
induced pro- and anti-apoptotic signals. These studies are
highly relevant for deciphering the mechanisms of sensitiv-
ity and resistance of cancer cells towards apoptosis.

Phosphorylation of CD95

Protein phosphorylation is carried out through protein
kinases by adding a phosphate group to the target protein at
serine, threonine, or tyrosine residues. Phosphorylation of
membrane receptors is one of the key mechanisms in signal
transduction. Similar to other membrane proteins human
CD?95 is predicted to have several serine, threonine, or tyros-
ine phosphorylation sites in its intracellular domain [40].
The particular attention in CD95 phosphorylation network
has been given to CD95 phosphorylation at tyrosines Y232
and Y291, which are localized within the DD of the recep-
tor [45] (Fig. 1). It has been reported that tyrosine phos-
phorylation in the DD of CD95 blocks the pro-apoptotic
signal by inhibiting FADD recruitment, DISC formation and
apoptosis. Especially, phosphorylation at Y291 is reported
to turn CD95 into a pro-survival state [46]. In particular,
Src- and Yes- induced CD95 DD phosphorylation leads to
inhibition of apoptosis and promotes cell proliferation and
migration in breast, colon and ovarian cancers [45, 46]. Fur-
thermore, CD95 phosphorylation is described to promote
neuron regeneration and promote tumor growth in glioblas-
toma [47-50]. In addition, CD9S5 phosphorylation at Y291
has been shown to mediate autophosphorylation of epider-
mal growth factor receptor (EGFR) leading to the interac-
tion between CD95 and EGFR and formation of a complex
that consists of CD95, EGFR, Yes-1, Src, and STAT3 [45]
(Fig. 1). In this complex, the phosphorylated form of CD95
serves as a hub for the recruitment of EGFR, STAT3 and
Yes-1. Interestingly, once the cells are activated by epider-
mal growth factor (EGF) phosphorylated CD95 is reported
to translocate to the nucleus, where it promotes the nuclear
localization of phosphorylated EGFR (pEGFR), phospho-
rylated STAT3 (pSTAT3), and the expression of cyclin D1
resulting in proliferation and migration of the cells [45].
Furthermore, the negative charge caused by phosphoryla-
tion at Y291 has been shown to promote clathrin-mediated
endocytosis of CD95 upon CD95L binding [46].
Phosphorylation of DR is a reversible process. Dephos-
phorylation of CD95 by Src homology domain 2 (SH2)-con-
taining tyrosine phosphatase-1 (SHP-1) has been recently
shown to positively regulate CD95-mediated apoptosis
and negatively regulate survival and proliferation of cells
[51-54]. In particular, in colorectal cancer cells SHP-1 has
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been reported to act as a pro-apoptotic modulator based on
the removal of phosphate groups in the DD of CD95 [46,
51]. However, SHP-1 activity might depend on cellular con-
text, and species. For example, SHP-1 deficiency in mice did
not alter CD95-mediated apoptosis in the lymphoid organs
but in human hepatocytes and thymocytes in the absence of
SHP-1 apoptosis mediated by CD95 has been reported to be
abrogated [51, 52, 55].

Contrary to the abovementioned investigations, other
studies revealed that a phosphorylation of CD95 DD is criti-
cal for targeting of the CD95/EGFR complex to the plasma
membrane, DISC formation and apoptosis induction [56,
57]. In human Huh7 hepatoma cells it has been shown that
the presence of phosphate groups at Y232 and Y291 is not
a prerequisite for CD95 association with EGFR but that
these phosphate groups in DD are essential for targeting of
the EGFR/CD95 complex to the plasma membrane, sub-
sequent DISC formation and apoptosis induction [56, 57].
Eberle et al. have reported that the EGFR/CD95 complex is
assembled in the cytosol and subsequently targeted to the
cell membrane [56]. At the cell membrane EGFR/CD95
complex is reported to act as a platform for DISC assembly.
Replacement of tyrosine with phenylalanine at positions 232
and 291 has revealed that phosphorylation of CD95 is not
essential for the EGFR/CD95 association, whereas CD95
mutants failed to be targeted to the plasma membrane, to
recruit FADD and caspase-8 and to induce apoptosis [56].
The possible explanation of the discrepancy concerning
the role of phosphorylation in DDs of CD95 could be the
different cell types used in the different studies which asks
for a cell type-specific analysis of DR phosphorylation in
future investigations. Another point, which has to be clari-
fied in future studies is CD95 presence in different cellular
compartments, as the larger part of the CD95 cellular pool
has been reported to be targeted to the plasma membrane.
Hence, the mechanisms of cellular localization of CD95
have to be further unraveled. Although there are some con-
tradictory results, phosphorylation seems to be the important
point in the CD95 signaling network defining whether a pro-
survival or an apoptotic signal is initiated at CD95.

Taken together, phosphorylation of DD of CD95 seems to
present an important regulatory node for signal regulation.
Indeed, the changes in the conformation of CD95 DD that
are induced by phosphorylation might inhibit the recruit-
ment of adaptor proteins like FADD and therefore define
the signaling outcome. However, it is important to note that
CD95L-mediated FADD recruitment occurs very fast, e.g.
within seconds after CD95 stimulation [7, 14]. Accordingly,
if one assumes that both alternative processes, phosphoryla-
tion of DD by tyrosine kinases and FADD recruitment to
DD, occur in parallel then the balance between apoptotic
versus anti-apoptotic signaling should directly depend on the
binding affinity of FADD versus tyrosine kinases to the DD

of CD95, and the abundance of these proteins. This further
highlights the necessity of getting a quantitative understand-
ing of the CD95 phosphorylation network in different cell
types, which would undoubtedly unveil further details of
life/death decisions at CD95.

Palmitoylation of CD95

Palmitoylation is the covalent attachment of a 16-carbon sat-
urated fatty acid, palmitate, to sulfhydryl groups of cysteine
residues located at intracellular regions of transmembrane
proteins [5, 58]. Due to the hydrophobic character of pal-
mitic acid, the features of the protein are profoundly influ-
enced by binding of this hydrocarbon derivate. In particular,
depending on the hydrophobic or hydrophilic character of
the surrounding membrane lipids or proteins, interactions of
a palmitoylated protein with surrounding molecules can be
promoted or constrained. In this way palmitoylation influ-
ences protein properties such as interactions with specific
membrane domains, trafficking between cellular compart-
ments or stability [59, 60].

Similar to other transmembrane proteins CD95 has
been shown to be reversibly palmitoylated. Palmitoylation
occurs in the intracellular region at cysteine 199 in human
CD95 and cysteine 194 in murine CD95. Palmitoylation of
CD95 at cysteine 199 has been shown to be essential for
the oligomerization of CD95 and the subsequent assem-
bly of CD95 microaggregates at the cell membrane [32].
CDO95 microaggregates are reported to promote caspase-8
activation, receptor internalization and apoptosis induction
(Fig. 2). In this way, this modification seems to be crucial
for the proper anchoring of CD95 at the plasma membrane
and induction of downstream signals.

Palmitoylation at Cys199 has also been reported to medi-
ate CD9S5 translocation within the cell membrane to lipid
rafts [61]. Lipid rafts are characterized by the presence of
high amounts of sphingolipids and cholesterol, which sup-
ports the translocation of the proteins with hydrophobic
groups to the lipid rafts [62]. There has been a number of
reports that CD95 translocation to lipid rafts plays an impor-
tant role in induction of CD95-mediated apoptosis [32, 61,
63-66]. Interestingly, a constitutive residence of CD95 in
lipid rafts in Type I cells but not in Type II cells seems to
result in more effective DISC formation in Type I cells [62,
66].

It is also tempting to speculate that restricted lateral
diffusion of CD95 in lipid rafts, compared to the fluid
cytoplasmic membrane, would favor CD95 oligomeriza-
tion and apoptotic signaling. From another side, there is
also strong evidence that the formation of microaggregates
and the DISC assembly efficiently occur both within lipid
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Fig.2 Promoting of CD95-mediated apoptosis via palmitoylation of
death receptor. CD95 palmitoylation occurs in the intracellular region
at cysteine 199 (Cys199) of human CD95. Subsequently, CD95 forms

rafts as well as independently [32]. Hence, the exact role
of lipid rafts in CD95 signaling still has to be elucidated.
However, it has to be underlined that CD95 with mutation
at Cys199 failed to be palmitoylated and generate suffi-
cient amount of DISC for induction of CD95-mediated
cell death. This shows the important role of palmitoylation
in the proper localization of CD95 at the cell membrane
for signal initiation, despite contradictory reports on the
role of lipid rafts in CD95-induced apoptosis [32, 61, 62].
Overall, palmitoylation seems to play a crucial role in the
initiation and transduction of the CD95-mediated apop-
totic signaling. However, more detailed mechanisms of
this process remain to be uncovered.
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microaggregates, which promote caspase-8
apoptosis induction

activation, resulting in

S-nitrosylation of CD95

As a short-lived free radical nitric oxide (NO) acts as a
messenger and an effector molecule. NO is generated by
several cell types in humans and NO production is essen-
tial for numerous biological processes within the cells.
NO has been shown to play a critical role in apoptosis
[67]. The covalent binding of NO moiety to a cysteine
residue in a protein is referred to as S-nitrosylation [67].
NO has been shown to trigger S-nitrosylation of Cys199
and Cys304 in the DD of CD95, which is a reversible
process [67]. S-nitrosylation of CD95 was implemented
in the regulation of CD95-mediated signaling [67]. In
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particular, CD95-nitrosylation correlates with increased
CD95 membrane localization and sensitization of cancer
cells to CD95-mediated apoptosis [68]. Moreover, cells
with CD95 mutated at nitrosylation sites were no more
able to be sensitized by NO towards CD95-mediated apop-
tosis [68].

Interestingly, CD95 nitrosylation occurs both at Cys199
and Cys304; however, only nitrosylation at Cys304, but not
at Cys199 seems to determine the CD95 aggregation and
DISC formation [68]. Moreover, nitrosylation of CD95 at
Cys304 has been reported to be tightly associated with the
recruitment of CD95 into lipid rafts [68]. Taken together,
nitrosylation of CD95 regulates its activity; however,
detailed molecular mechanisms of how CD95-nitrosylation
promotes aggregation of this receptor are largely unknown.

Although in the abovementioned studies NO has been
reported to act as a pro-apoptotic molecule, according to
other reports NO seems to be also an inhibitor of CD95-
mediated apoptosis. In particular, in trophoblast cells inhibi-
tion of NO synthesis caused a significant increase in receptor
clustering, following stimulation with anti-CD95 agonistic
antibodies [69]. Furthermore, it is tempting to speculate
that inhibition of NO synthesis may also prevent nitrosyla-
tion of other core components of the DISC leading to cas-
pase-8 activation. Collectively, CD95 nitrosylation might be
an important modulator of CD95-mediated signaling. The
observed discrepancies in the pro- versus anti-apoptotic role
of S-nitrosylation may reflect differences in experimental
design and a cell type used in different studies. Future work
should explicitly clarify the role of nitrosylated CD95 on
apoptotic signaling.

S-glutathionylation of CD95

Oxidation of cysteine residues by free oxygen radicals dis-
turbs the functions of proteins. Cellular proteins can function
properly only with their cysteines in the reduced state. Under
normal conditions, intracellular milieu provides sufficient
protection to keep cysteine residues in the reduced thiol
state, however in cells undergoing oxidative stress cysteine
residues are oxidized. Glutathione is the main molecule
maintaining the reduced state of thiol groups in the cell.
Glutathione protects proteins against irreversible oxidation
by forming reversible disulfide bridges [70]. S-glutathio-
nylation is the generation of a disulfide bridge between the
cysteine moiety of a protein and the cysteine of glutathione
[71,72]. CD95 has been shown to be glutathionylated at the
carboxyterminal end of DD at Cys294 [71, 72]. This event
seems to play a proapoptotic role. Due to the negative charge
of glutamic acid, S-glutathionylation of CD95 might result
in an enhanced recruitment of FADD and stabilisation of the
DISC complex, which has to be checked in future studies.

S-glutathionylation of CD95 is negatively regulated by
thiol transferases such as glutaredoxin 1, which reduces the
disulfide bridges. Interestingly, glutaredoxin 1 is proteolyti-
cally degraded by caspase-8 and/or -3. Thus, in the course
of apoptosis, the caspase-mediated cleavage of glutaredox-
ins blocks further release of glutathione from CD95, which
maintains CD95 in its glutationylated form and further
amplifies the apoptotic cell death (Fig. 3). In mice with acute
P. aeruginosa infection glutaredoxin 1 has been shown to
be highly upregulated which leads to apoptosis inhibition in
epithelial cells through a number of mechanisms that also
might involve CD95 glutathionylation [71]. Taken together,
S-glutathionylation represents a redox-based modification of
cysteines, representing a regulatory switch that affects the
strength of CD95-mediated signaling.

Conclusions

Post-translational modifications play a key role in the regula-
tion of signaling networks. A number of signaling pathways
are largely driven via phosphorylation and ubiquitinylation
such as MAPK and NF-xB signaling, while the major driv-
ing post-translational modification in apoptosis is proteolysis
which is mediated by caspases. Hence, the question arises
what is the contribution of the other non-proteolysis type
post-translational modifications to apoptosis onset? Are
those essential for apoptosis or anti-apoptosis regulation or
just play a role in fine-tuning cell death by slightly modulat-
ing the cell death signal? The induction of life and death sig-
nals via CD95 requires an intricate regulation of the macro-
molecular complexes assembled at CD95. Hence, it might be
assumed that at the stage of initiation of the apoptotic signal
the proper conformation of the core DISC components is a
prerequisite for the initiation of cell death. In this regard, an
optimal conformation of the DD of CD95 for the binding of
FADD DD should be playing a major role in cell fate. There-
fore, it is logical to suggest that the post-translational modifi-
cations of CD95 play the role of “guardians” of this process,
each of them targeting a specific site in CD95 and thereby
providing a fine regulation of initiation of a pro or an anti-
apoptotic signal. In particular, glycosylation targets CD95 to
the plasma membrane and supports the proper architecture
of the CD95/CD95L complex. Phosphorylation of the CD95
DD prevents the binding of FADD and blocks apoptosis.
Palmitoylation, nitrosylation and glutathionylation of CD95
seem to be responsible for the proper anchoring of CD95
and accordingly its DD at the cell membrane as well as con-
tribute to the oligomerization of CD95, which are prereq-
uisites for apoptosis induction. Hence, the current advances
in knowledge indicate that post-translational modifications
such as palmitoylation, nitrosylation and glutathionylation
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Fig.3 Glutathion promotes apoptotic cell death. CD95 can be glu-
tathionylated at the carboxyterminal end of DD at Cys294. S-glu-
tathionylation of CD95 is reported to promote the assembly of DISC.

promote DISC assembly, whereas phosphorylation dampens
DISC activation.

Of note there is a very strong controversy in the reports
on the role of several post-translational modifications.
These controversial results obtained in different studies
remain a subject for future research. In this regard, it is
especially important to find out whether there are cell
type specific differences in the role of a particular post-
translational modification. Another important subject of
future research involves the analysis of the common sites
for post-translational modifications like Cys199, which
has been reported to be targeted by both palmitoylation
and nitrosylation. Another interesting region of CD95 is
291-294, which involves both sites for phosphorylation
(291) and glutathionylation (294). Modification at one site
might change the conformation of this region and there-
fore block the second modification. This opens up a pos-
sibility of cross-talk between post-translational modifica-
tions which defines the cell fate. Hence, the analysis of
these common sites and the cross-talk between different
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Glutaredoxin 1(Grx1) is a thiol transferase that removes glutathione
from CD95. Glutaredoxin 1 can be cleaved by caspases, which results
in amplification of CD95-mediated apoptotic signal

post-translational modifications will undoubtedly bring
new insights on the mechanism of the decisions between
life and death. Finally, CD95 has been reported to induce
in parallel both apoptosis and NF-kB pathways [27, 73].
The molecular mechanisms of this induction still have to
be unraveled. It is tempting to speculate that yet to be
discovered post-translational modifications of CD95 can
be responsible for mediating these two signaling routes.

Taken together, post-translational modifications of
CD95 are just starting to be uncovered and deciphering
their role will undoubtedly present a new powerful code
for understanding the life and death decisions in a cell as
well as will open new ways for developing therapies asso-
ciated with defects in CD95 regulation.
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