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UMR 6114, Département de Chimie, Marseille, France, 3Centre
d’Immunologie de Marseille Luminy, Université de la Méditerranée,
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Localization of the death receptor Fas to specialized mem-

brane microdomains is crucial to Fas-mediated cell death

signaling. Here, we report that the post-translational

modification of Fas by palmitoylation at the membrane

proximal cysteine residue in the cytoplasmic region is the

targeting signal for Fas localization to lipid rafts, as

demonstrated in both cell-free and living cell systems.

Palmitoylation is required for the redistribution of Fas to

actin cytoskeleton-linked rafts upon Fas stimulation and

for the raft-dependent, ezrin-mediated cytoskeleton asso-

ciation, which is necessary for the efficient Fas receptor

internalization, death-inducing signaling complex assem-

bly and subsequent caspase cascade leading to cell death.
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Introduction

The Fas (CD95/APO-1/TNFRSF6) receptor–ligand system is

known as one of the key regulators of apoptosis and is

particularly important for the maintenance of lymphocyte

homeostasis (Bidere et al, 2006). The apoptosis signaling of

Fas, a member of the tumor necrosis factor receptor (TNFR)

superfamily, is triggered through ligation by its ligand (FasL),

either as membrane-associated FasL on FasL-expressing cells

or as crosslinked soluble FasL. Following ligand engagement,

Fas rapidly recruits Fas-associated death domain protein

(FADD) and procaspase-8 to form the death-inducing signal-

ing complex (DISC), which leads to activation of a caspase

cascade and ultimately cell death (Kischkel et al, 1995). Two

cell types have been defined depending on the requirement

(type 2) or not (type 1) for cell death of an additional

amplification loop that involves the cleavage by caspase-8

of the Bcl-2-family protein Bid to generate truncated (t) Bid

and subsequent tBid-mediated release of cytochrome c from

mitochondria, resulting in the activation of procaspase-9,

which in turn cleaves downstream effector caspases

(Scaffidi et al, 1999).

Recent studies have reported that Fas stimulation could

also signal non-apoptotic pathways including NF-kB and

MAPK activations, which may lead to the induction of

tumorigenic or prosurvival genes (Barnhart et al, 2004;

Legembre et al, 2004b). However, the molecular mechanisms

of how cell fate is decided are yet to be elucidated.

Although the nature of molecular events downstream of

the DISC formation is rather well documented, the knowledge

of initial events, particularly at the plasma membrane level,

governing the formation of this protein complex remains

poorly defined. Several studies have indicated the constitu-

tive and induced association of Fas with membrane micro-

domains, rafts, in both type I and type II cells (Hueber et al,

2002; Henkler et al, 2005; Miyaji et al, 2005). More recently,

Lee et al (2006) defined the clathrin-dependent internaliza-

tion of the receptor as an additional requirement for Fas-

mediated cell death. Nevertheless, although both Fas–raft

association and Fas internalization appear essential for Fas-

mediated apoptosis (Hueber et al, 2002; Gajate et al, 2004;

Gajate and Mollinedo, 2005), the mechanism regulating these

two steps and the relationships between them were not

known.

To understand the molecular mechanisms that might gov-

ern the fate of Fas receptors at the cell surface upon FasL

engagement before the DISC formation, we investigated the

role of potential post-translational lipid modifications of the

Fas cytoplasmic domain. We specifically concentrate on

S-palmitoylation, a reversible lipid modification involving the

addition of a saturated 16-carbon palmitate moiety to a

cysteine residue via a thioester linkage, which is a modifica-

tion commonly found in transmembrane proteins (Resh,

1999, 2004).

We demonstrate here that Fas is palmitoylated and that this

post-translational modification of the receptor is essential for

the redistribution of Fas into lipid rafts and its association to

ezrin and actin cytoskeleton, which plays an important role

in Fas internalization, a step obligatory for the death signal

transmission (Lee et al, 2006).

Results

Both mouse and human Fas are palmitoylated at a

cysteine residue in the membrane proximal cytoplasmic

region

Post-translational modification by lipidation such as palmi-

toylation, that is, the covalent attachment of a 16-carbon fatty

acid to cysteine residues, is one of the mechanisms conferring

the localization of many signaling proteins such as Ras
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GTPases, Fyn and Lck to lipid rafts (see for a review Smotrys

and Linder, 2004). As human Fas (hFas) and mouse Fas

(mFas) proteins possess a conserved cysteine residue in the

membrane proximal cytoplasmic region (Figure 1A), we

hypothesized that this residue might be palmitoylated, thus

targeting Fas to lipid rafts. To address this issue, we first

demonstrated that Fas is indeed palmitoylated. Human em-

bryonic kidney 293 (HEK293) cells transiently expressing

hFas or mFas cDNA were metabolically labeled with

[3H]palmitate. Immunoprecipitation of Fas followed by im-

munoblotting and autoradiography demonstrated the incor-

poration of [3H]palmitic acid into both hFas (Figure 1B) and

mFas (Figure 1C). Additionally, following metabolic labeling,

the immunoprecipitates were treated with KOH base, which

cleaves thioester bonds between proteins and palmitate.

Absence of 3H labeling confirmed that the incorporated

radiolabel was palmitate (Figure 1B). Fyn served as the

control for palmitoylation and 35S as the control for metabolic

labeling (Figure 1B).

To ensure the specificity of the palmitoylation, the trans-

fected HEK293 cells were also treated with a palmitate

analogue, 13-oxypalmitate (13-OP), known to inhibit protein

palmitoylation (Hawash et al, 2002). As shown in Figure 1B,

the incorporation of [3H]palmitate into Fas was markedly

inhibited by the competition with 13-OP, confirming that Fas

is indeed palmitoylated.

Using the site-directed mutagenesis approach, we deter-

mined whether palmitoylation occurred at the hypothesized

cysteine residue (C199 and C194 of the hFas and mFas,

respectively). HEK293 cells were transfected with wild-type

hFas, C199V human Fas (hFasC199V), wild-type mFas or

C194V mouse Fas (mFasC194V). The 5-h incubation in the

presence of [3H]palmitate resulted in a significant incorpora-

tion of [3H]palmitate into both wild-type Fas expressed in

HEK293 cells, whereas the parallel labeling experiments

resulted in a lack of [3H]palmitate incorporation into

hFasC199V and mFasC194V (Figure 1C). Thus, Fas is palmi-

toylated in the membrane proximal intracellular region at the

cysteine residue 199 for human and 194 for mouse.

Fas palmitoylation is critical for membrane FasL-

induced cell death

We then determined whether palmitoylation of Fas at this

membrane proximal cysteine residue was directly involved in

Fas-mediated cell death. We investigated the Fas-mediated

cell death in co-culture experiments, a system closer to the

physiological conditions in which we first studied and de-

scribed both the importance of membrane versus soluble(s)

FasL and the relevance of raft association for the Fas cell

death signaling in such system. We demonstrate that the

membrane FasL was the sole stimulus that activated the Fas

receptor, as when the killer cells (J16/Rapo-FasL) were pre-

incubated with the metalloproteinase inhibitor GM6001,

which blocks sFasL production by preventing FasL cleavage

(Cahuzac et al, 2006), no inhibition of Fas-mediated cell

death was observed (Figure 2A). In addition, the supernatant

of the killer cell culture, which contains sFasL, did not exert

any cell death induction effect (Supplementary Figure 1A).

Subsequently, we emphasized the importance of Fas asso-

ciation to the rafts in Fas-mediated cell death triggered by

membrane FasL by demonstrating that in this co-culture

system whose sole stimulus was membrane FasL, preincuba-

tion of target cells (L12.10.mFas) with detergent-resistant

membrane microdomain (DRM)-disrupting agents such as

cholesterol oxidase, which resulted in the loss of Fas–rafts

association (Supplementary Figure 2A), led to a dramatic

inhibition of Fas-mediated cell death (Figure 2B). We thus

concluded that, in contrast to the report by Henkler et al

(2005), Fas-mediated cell death induced by the membrane

form of FasL was strongly dependent on Fas association to

DRMs. Such discrepancies found between the systems re-

ported by us and Henkler et al (2005) are of great interest and

warrant further investigation.

We then examined in the same co-culture system the

sensitivity of the palmitoylation-deficient Fas-expressing
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Figure 1 The cytoplasmic domain of Fas is palmitoylated. (A)
Diagram and partial protein sequence alignment of human Fas
(hFas) and murine Fas (mFas). The conserved cysteine residue
(underlined), a putative palmitoylation site, was subjected to site-
directed mutagenesis to valine. (B) Fas is palmitoylated. HEK293
cells transiently transfected with wild-type hFas plasmids (pCR3-
hFas (PS345)) were labeled with [3H]palmitate or 35S. Cell lysates
were immunoprecipitated with anti-hFas and analyzed by both
autoradiography and Western blot. Palmitic analogue (13-OP)
was used to compete with [3H]palmitate labeling. The immuno-
precipitation of Fyn is shown as a [3H]palmitate labeling control.
To confirm that the incorporated radiolabel was palmitate, lysates
were treated with KOH. (C) Human and murine Fas is palmi-
toylated at residues C199 and C194, respectively. HEK293 cells
transiently transfected with pCR3-hFas (PS345), pCR3.hFas-C199 V,
pcDNA3.1.mFas, or pcDNA3.1.mFas-C194V constructs were meta-
bolically labeled and subjected to subsequent procedures as in (B).
Results are representative of at least three independent experiments.
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cells to Fas-mediated cell death. Following FasL engagement,

L12.10 mouse T cells stably expressing mFasC194V

(L12.10mFasC194V) exhibited significantly less cell death

than cells expressing wild-type Fas (L12.10mFas)

(Figure 2C). The same result was obtained when cell death

was triggered by anti-Fas antibody or soluble rhFasL in

different cell types and for both mouse and hFas (Figure 3A

and B and Supplementary Figure 1C and D).

We also used a pharmacological approach to provide

additional evidence for a critical role of palmitoylation in

Fas-mediated cell death. Pretreating L12.10 (Figure 2D and E)

or HEK293 (Supplementary Figure 1F) cells expressing mFas
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Figure 2 Fas palmitoylation is essential for Fas-induced cell death. (A) L12.10mFas cells were subjected to Fas-induced cell death by co-culture
assay. The killer cells expressing FasL on cell surface (J16/Rapo-FasL) or control cells lacking FasL expression (J16/Rapo), pretreated or not
with the metalloprotease inhibitor GM6001 (30mM; 2 h), were incubated with target cells L12.10mFas (killer:target ratio 1:1) for the indicated
time. The amount of soluble FasL in the supernatant was examined by Western blot (see the inset). (B) L12.10.mFas cells, pretreated or not with
CO (2 h; 4 U/ml), were subjected to Fas-induced cell death by co-culture assay as in (A). (C) L12.10mFas and L12.10mFasC194 V were subjected
to Fas-induced cell death by co-culture assay as in (A) with the indicated killer:target ratio for 24 h. (D) Palmitic acid analogue treatment
reduced the sensitivity toward Fas-induced cell death. Cells were pretreated with 300mM 13-OP or left untreated at 371C, 5% CO2 for 2 h before
being subjected to Fas-mediated cell death by incubating with Flag-rhFasL plus 1mg/ml M2 or to non-Fas-mediated cell death by staurosporine
(STS) treatment (2mM). Cell death was assessed after 5 h. (E) Palmitic acid analogue treatment caused a significant delay in Fas-mediated cell
death kinetics. Cells were pretreated with 300mM 13-OP or left untreated as control before incubating with or without 50 ng/ml Flag-rhFasL
plus 1mg/ml M2 for the indicated time. (F) Palmitic acid analogue inhibited Fas-induced cell death in primary cells. Purified T lymphocytes
isolated from the spleen of 6- to 10-week-old mice were stimulated with 50 U/ml IL-2 and 1 mg/ml anti-CD3 antibody for 4 days before plating
at 106 cells/ml and treated with 300 mM 13-OP or left untreated at 371C, 5% CO2 for 2 h before being subjected to Fas killing by incubating
with 100 ng/ml Flag-rhFasL plus 1mg/ml M2 antibody.
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with 13-OP led to a marked reduction in cell death after FasL

engagement. Cells expressing mFasC194V did not exhibit

additional cell death inhibition after 13-OP treatment

(Supplementary Figure 1F). The inhibition of cell death by

13-OP was specific for Fas-mediated cell death as cell death

by other apoptotic stimuli, for example, staurosporine, was

not affected (Figure 2D). A significant decrease in Fas-

mediated cell death was also observed in peripheral T

lymphocytes (Figure 2F) and in Jurkat T cells (data not

shown) treated with 13-OP, confirming the importance of

palmitoylation in Fas-induced cell death in both primary cells

and cells endogenously expressing Fas protein. Mutation at

the C194 residue or treatment with 13-OP (Supplementary

Figure 1B and E) also impaired the activation of caspase-8

and caspase-9 as well as the downstream cleavage of PARP.

Altogether, these findings emphasized the specificity of Fas

palmitoylation at C194 or C199 residue (for mFas and hFas,

respectively) and indicated its role in Fas-mediated cell death.

Palmitoylation is required for the constitutive

Fas-to-rafts localization

Studies from several groups, including ours, have provided

evidence for a crucial role of Fas association with rafts in the

initiation of Fas cell death signaling (Gajate and Mollinedo,

2001, 2005; Algeciras-Schimnich et al, 2002; Hueber et al,

2002; Scheel-Toellner et al, 2002; Aouad et al, 2004; Muppidi

and Siegel, 2004; Henkler et al, 2005; Miyaji et al, 2005; Rotolo

et al, 2005). In the light of these findings, we investigated

whether palmitoylation is involved in localizing Fas to lipid

rafts. First, using a biochemical approach, we subjected the

post-nuclear supernatant (PNS) of HEK293 transiently expres-

sing hFas or hFasC199V (Figure 3A) and L12.10 cells stably

expressing mFas or mFasC194V (Figure 3B) to solubilization

with polyethylene ether Brij 98 followed by sucrose gradient

ultracentrifugation, after which rafts were found as low-den-

sity, detergent-resistant fractions. We showed that a significant

proportion of both human and murine wild-type Fas were

constitutively partitioned in the DRM as previously reported

(Hueber et al, 2002) (19 and 42%, respectively; based on

densitometric analysis), whereas a much smaller proportion of

the C194V murine Fas or the C199V hFas were localized into

the DRM (0.5 and 5.3%, respectively) (Figure 3A and B).

Correspondingly, the dislocation from DRM due to the loss of

palmitoylation could therefore be estimated as 97% for hFas

and 87% for mFas. The dually acylated Fyn and clathrin heavy

chain served as raft and non-raft markers, respectively.
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Figure 3 Palmitoylation is required for the constitutive Fas-to-rafts localization. PNS from HEK293 cells transiently expressing hFas or
hFasC199V (A), L12.10 cells stably expressing mFas or mFasC194 V (B) or HEK293 cells transiently expressing hFas-GFP or hFasC199V-GFP (C)
were subjected to biochemical DRM preparation and sucrose gradient fractions were immunoblotted with the indicated antibodies. Fas-
mediated cell death was performed in parallel by incubating the cells with Flag-rhFasL plus 1mg/ml M2 for 5 h. (D) The diffusion behavior of
hFas-GFP and hFasC199V-GFP in COS-7 cell was established in living cells by FCS. FCS diffusion laws were derived by plotting the diffusion
time (td) versus the transversal area of the confocal volume. A positive deviation of the t0 y-intercept from the origin indicates that molecular
diffusion was hindered by a microdomain compartmentalization of the plasma membrane (Wawrezinieck et al, 2005; Lenne et al, 2006).
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In addition to this biochemical approach, we employed

fluorescence correlation spectroscopy (FCS) to investigate the

lateral diffusion of wild-type human Fas-GFP (hFas-GFP) and

hFasC199V-GFP molecules in the surface membrane of living

cells (Kahya et al, 2004; Gosch and Rigler, 2005). We first

verified that the chimeric hFas-GFP and its palmitoylation-

deficient mutant (hFasC199V-GFP) behaved as the non-chi-

meric counterparts in terms of DRM localization (Figure 3C;

63% dislocation for hFasC199V-GFP when compared to hFas-

GFP) and in terms of Fas killing (data not shown). The FCS

method records measurements at different spatial scales of

observations and allows the submicron organization of cell

membranes to be studied less invasively and more reliably

than other classical techniques. The FCS methodology mea-

sures the apparent diffusion time (td), which provides in-

formation on the diffusion mode of the molecule of interest.

If a molecule follows Brownian motion, the average time td a

molecule stays within an illuminated area is strictly propor-

tional to the square of the beam radius (w2) (Wawrezinieck

et al, 2005; Lenne et al, 2006). Our results showed that the

diffusion behavior of hFas-GFP clearly differed from a free

diffusion mode for which the y-intercept (t0) equals zero

(Figure 3D). The td of hFas-GFP increased linearly with w2,

but t0 was strictly and significantly positive with a value of

22.970.52 ms (Figure 3D). This diffusion behavior was clo-

sely comparable to that of the raft marker BODIPY-C5-gang-

lioside-GM1 (t0¼ 2573 ms) (Cahuzac et al, 2006). On the

other hand, a Brownian-like diffusion behavior was observed

for hFasC199V-GFP, as the y-intercept t0 is nearly null

(2.571.25 ms) (Figure 3D). Such a diffusion mode is typically

observed for molecules such as BODIPY-C5-phosphatidylcho-

line analogue or for molecules that are dislocated from rafts

following their disruption, for example, following cholesterol

oxidase treatment (Wawrezinieck et al, 2005; Cahuzac et al,

2006; Lenne et al, 2006). Thus, through biochemical and

biophysical approaches, our results from both cell-free and

living cell systems show for the first time that palmitoylation

of Fas is required for its localization in lipid rafts.

Fas–ezrin association depends on Fas palmitoylation

but is not required for Fas–DRM association

It has been reported that Fas associates and colocalizes with

ezrin, a cytoskeletal protein of the 4.1 protein family, and that

this Fas–ezrin association is essential for Fas-mediated cell

death in T lymphocytes (Parlato et al, 2000). Nevertheless,

the mechanism governing this association upon Fas triggering

is poorly understood. We observed that the disruption of Fas

palmitoylation, by C194V mutation as well as competition

with palmitic analogues 2-BrP and 13-OP, not only inhibited

DISC formation but also decreased the association of Fas to

ezrin following FasL-triggered activation (Figure 4A). To

place the palmitoylation-mediated Fas–ezrin association in

the molecular sequence of Fas-triggered apoptosis, we inves-

tigated the effect of the loss of Fas–ezrin association on DISC

formation by using an RNAi approach. We established

L12.10.mFas cells stably expressing short hairpin ezrin

RNA, in which expression of ezrin was efficiently inhibited

when compared to cells expressing control shRNA (Figure 4B

and C). DISC was isolated after stimulation of the cells with

rhFasL crosslinked with anti-Flag antibody. The inhibition of

ezrin expression and thus the loss of Fas–ezrin association

resulted in blockage of DISC formation (Figure 4B). In con-

trast, cells expressing control shRNA did not lose association

between Fas and ezrin nor the ability to form DISC.

We next investigated whether the presence of ezrin was

also critical in localizing Fas to lipid rafts. For this purpose,

DRMs were isolated from L12.10 cells stably expressing either

ezrin shRNA or control shRNA. No difference in terms of Fas

localization in DRM was detectable in the absence or pre-

sence of ezrin, whereas Fas-mediated cell death was pro-

foundly affected (Figure 4C). Therefore, this ruled out the

requirement of ezrin association for Fas localization to lipid

rafts. In marked contrast, we demonstrate that rafts integrity

was required for the association of ezrin to Fas. Indeed,

preincubation of L12.10.mFas cells with cholesterol oxidase

prevented the recruitment of ezrin to Fas upon FasL engage-

ment (Figure 4D).

Our findings demonstrate that palmitoylation of Fas is

essential for its association with ezrin. This association is

indispensable for the DISC formation step but not for Fas–raft

association.

Fas associates with cytoskeleton-linked rafts upon

activation

Given the importance of ezrin-dependent association of Fas

to the actin cytoskeleton in Fas-mediated apoptosis (Parlato

et al, 2000; Luciani et al, 2004) and of interactions between

lipid rafts and the cytoskeleton in numerous cellular

processes including platelet activation (Bodin et al, 2005),

neutrophil polarization (Seveau et al, 2001), chemotaxis and

chemokinesis (Bodin and Welch, 2005), and immunological

synapse formation in T cells (Villalba et al, 2001), we set out

to investigate the relationship between Fas–cytoskeleton and

Fas–raft associations.

We first asked whether the palmitoylation-targeted raft

localization of Fas was involved in its connection with the

actin cytoskeleton. As we aimed to isolate the cytoskeleton

fraction from HEK293 cells expressing mFas or mFasC194V

before and after stimulation with anti-Fas antibody using

Triton X-100 resistance fractionation (Bodin et al, 2005), we

first confirmed that both the Fas–DRM association and the

dislocation of Fas from DRM in the absence of palmitoylation

were also found when Triton X-100 was used as detergent

(Figure 5A).

Having found a similar raft localization behaviour with

both Triton X-100 and Brij 98 (Figure 5A), we proceeded to

cytoskeleton isolation using Triton X-100, with which actin

cytoskeleton could be obtained as insoluble pellet. We found

that wild-type Fas co-isolated with the actin cytoskeleton

following stimulation. Importantly, a much smaller propor-

tion of C194V Fas was associated with the cytoskeleton

following Fas activation (Figure 5B). The targeting of Fas to

lipid rafts by palmitoylation thus seems to play an important

role in dictating the extent of association of Fas with the actin

cytoskeleton. To further investigate this, we isolated DRM

that are connected to actin cytoskeleton from non-stimulated

and Fas-stimulated 293mFas or 293mFasC194V cells. The

packed actin cytoskeleton fraction, isolated by fractionation

with Triton X-100, was depolymerized by potassium iodide

treatment (Bodin et al, 2005) and then subjected to sucrose

gradient ultracentrifugation. Using this method, actin was

found exclusively in the high-density fraction of the gradient.

On the contrary, the majority of caveolin-1 and Fyn was

found in the low-density fraction, as expected for markers
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of lipid rafts, and their distribution appeared unchanged

following activation, implicating their constitutive and con-

stant level of association with the cytoskeleton-linked rafts

(Figure 5B). Upon activation, more Fas was recovered in the

sucrose gradient fractions, in agreement with the increase in

Fas association with the actin cytoskeleton (Figure 5B). While

an equivalent amount of wild-type and C194V Fas was recov-

ered in the high-density fraction, remarkably, following Fas

activation, a substantial proportion of wild-type Fas was

partitioned into the cytoskeleton-linked DRM whereas the

C194V Fas was not (Figure 5B). Thus, Fas palmitoylation is

not only required for its localization in rafts, but is also, even

more specifically, instrumental in targeting Fas to the actin

cytoskeleton-linked rafts where the association between Fas

and the dynamic actin cytoskeleton, an essential step for the

transduction of death signal (Fais et al, 2005), is likely to occur.

Interestingly, we found that following cell fractionation

with Triton X-100 to obtain cytoskeleton, Fas could only be

found associated to the DRM from the cytoskeleton pellet but

not the DRM from non-cytoskeleton-associated supernatant

(data not shown). Indeed, we observed that without prior

mechanical disruption of the cells, which would inevitably

disrupt the actin cytoskeleton (e.g., by sonication or homo-

genization), using Triton X-100 solubilization alone (which

was the case of cytoskeleton isolation method employed

here) rafts could not be isolated from the non-cytoskeleton-

associated solubilization supernatant, as raft materials

remained with the cytoskeleton pellet (as assessed by the

presence of raft markers, e.g., Fyn, caveolin-1 and GM1, in

the fractions of DRM preparation; data not shown). This

observation has been reported previously (Draberova et al,

1996).
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isolation by biotinylated anti-Fas antibody followed by strepavidin-conjugated beads was performed on L12.10.mFas or L12.10.mFasC194V
cells (108) pretreated or not with 100mM 2-bromopalmitate (2-BrP) overnight or 300mM 13-OP for 2 h, and subsequently stimulated with 50 ng/
ml Flag-rhFasL plus 1mg/ml M2 for 10 min or left unstimulated at 371C. DISC isolation (B) and sucrose gradient (C) were performed on
L12.10.mFas cells stably expressing short hairpin ezrin RNA or control RNA. In parallel, Fas-mediated cell death was examined after an
additional 3 h incubation with 50 ng/ml Flag-rhFasL plus 1 mg/ml M2 (C, bottom right). Immunoblots show the efficiency of the transient ezrin
knockdown (C, top right). (D) DISC isolation was performed as in (A) on L12.10.mFas cells pretreated or not with 4 U/ml CO for 2 h.

Fas palmitoylation and cell death
K Chakrabandhu et al

The EMBO Journal VOL 26 | NO 1 | 2007 &2007 European Molecular Biology Organization214



Fas palmitoylation plays an important role in receptor

internalization

Previous studies have proposed that initial Fas-induced cell

death events involve caspase-independent formation of Fas

microaggregates and caspase-8-dependent formation of larger

Fas aggregates, which are subsequently internalized via an

actin-dependent endosomal pathway, and that the disruption

of the actin filament hinders the formation of DISC

(Algeciras-Schimnich et al, 2002). It was reported that this

actin-dependent receptor internalization occurred only in

type I cells (Algeciras-Schimnich and Peter, 2003; Lee et al,

2006) and not in type II cells (Algeciras-Schimnich et al,

2002). Importantly, recent studies by Lee et al (2006) have

reported a general requirement of receptor internalization

after Fas activation for DISC amplification, caspase activation

and cell death in type I cells. On the other hand, Fas is

recruited to rafts domains independently of the death domain

and the DISC formation (Eramo et al, 2004; our unpublished

results) and Fas internalization upon engagement by its

ligand takes place in rafts (Eramo et al, 2004). Therefore,

although several studies have provided support for the es-

sential role of Fas-to-rafts localization, Fas–actin cytoskeleton

interaction, DISC formation and receptor internalization

in the transduction of a death signal by Fas, the molecular

mechanisms underlying the exact connections and sequences

among these early events are still not completely understood.

To shed some light into the issues surrounding these

events, we first investigated some of the relevant aspects

of stimulation-induced Fas internalization following FasL

engagement in our experimental system. To quantitatively

assess the extent of receptor internalization, we synchronized

Fas activation by raising the temperature to 371C after in-

cubation of L12.10.mFas cells at 41C with rhFasL-Flag cross-

linked with mouse anti-Flag IgG (M2) antibody. The amount

of FasL remained on the cell surface, representing the un-

internalized Fas–FasL complexes, was then quantified by

surface staining, followed by flow cytometric analysis.

Accordingly, we first investigated the role of lipid rafts in

the internalization of Fas after stimulation. Disrupting raft

formation by pretreating the cells with cholesterol oxidase,

methyl-b-cyclodextrin (MbCD) or lovastatin before FasL

engagement resulted in a significant delay in FasL-induced
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internalization of Fas (Figure 6A), Fas–rafts association and

cell death (Supplementary Figure 2A), supporting the earlier

proposal by Eramo et al (2004) that lipid rafts are the sites

of Fas internalization. In agreement with previous studies

reporting that Fas internalization was dependent on actin

polymerization (Algeciras-Schimnich et al, 2002), and was

upstream of optimal DISC formation and caspase activation

(Lee et al, 2006), we showed that pretreating the cells with an

inhibitor of actin polymerization, latrunculin A, significantly

delayed Fas internalization (Figure 6B) and inhibited cell

death (Supplementary Figure 2B), whereas a treatment with

the pan-caspase inhibitor, zVAD, which effectively inhibited

cell death (Supplementary Figure 2C), failed to inhibit the

FasL-induced Fas internalization (Figure 6B).

We then investigated the role of ezrin in Fas internaliza-

tion. L12.10.mFas cell lines stably expressing ezrin short

hairpin (sh) RNA or control shRNA, which expressed equiva-

lent levels of Fas, were subjected to stimulation-induced

internalization. Suppressing the expression of ezrin signifi-

cantly reduced the ability of Fas to be internalized after FasL

engagement (Figure 6C) and the susceptibility toward Fas-

induced cell death (Figure 4C). Thus, ezrin plays an impor-

tant role in efficient FasL-induced Fas internalization and

in turn in Fas-mediated cell death. Last but not the least, we

found that L12.10.mFasC194V cells exhibited a marked delay

in Fas internalization when compared to L12.10.mFas

cells (Figure 6D), thus demonstrating that effective receptor

internalization was significantly dependent on Fas palmitoy-

lation.

Discussion

Our studies identify new molecular steps occurring upstream

of the DISC formation upon FasL binding. We indeed reported

here for the first time that the receptor Fas is post-transla-

tionally modified through palmitoylation at the membrane

proximal cysteine residue in the cytoplasmic region and that

this modification is required for the raft-dependent, ezrin-

mediated cytoskeleton association, which in turn is necessary

for efficient Fas receptor internalization (Figure 7).

Fas palmitoylation is required for Fas–raft association

We show that Fas palmitoylation is not only required for Fas

localization to lipid rafts (Figure 3), but also constitutes a

targeting signal for the redistribution of Fas to actin cytoske-

leton-linked rafts upon Fas stimulation (Figure 5). One might

imagine that the variable amount of Fas residing within the

raft according to the cell type might be due to the differential

ability of the receptor to be palmitoylated, with the protein

pamitoylation process being a highly dynamic and reversible

process (Resh, 2004).

Importantly, our results bring the first genetic proof of Fas

localization to lipid rafts, as opposed to all the previous data

using drugs to demonstrate Fas–rafts association. In addition,

we demonstrated this association by analyzing the lipid

microdomains in living cells through an ultra-resolution

imaging technique using the FCS approach (Figure 3D),

which records measurements at different spatial scales of

observation (Marguet et al, 2006).
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Also of interest is our observation that from the cytoske-

leton isolation using only Triton X-100 solubilization (without

prior mechanical disruption of the cells), DRMs were

co-isolated only with the cytoskeleton fraction. This finding,

which agrees with earlier report (Draberova et al, 1996),

emphasizes the importance of considering the roles of asso-

ciation of rafts to the actin cytoskeleton as well as the

organization/reorganization of these entities in various cell

signaling pathways, whose regulation of signals has been

shown to be dependent on dynamic association/dissociation

of signaling molecules to/from lipid rafts and actin cytoske-

leton, such as that of Fas.

Fas–raft association is a prerequisite for efficient Fas

internalization, an obligatory process for DISC

formation

Our finding that activation of caspases was not required for

receptor internalization is in concert with the reports by

Eramo et al (2004) and Lee et al (2006). This strengthens

the idea that the extensive DISC formation and caspase-8

activation take place downstream of receptor internalization.

Studies by Lee et al suggested that this internalization occurs

through a clathrin-mediated pathway and allows the targeting

of the receptor to early endosomes where an optimal DISC

formation takes place. The prerequisite role of death receptor

internalization in the initiation of signaling has been first

demonstrated for TNFR1 (Schneider-Brachert et al, 2004).

Using a genetic approach, Schneider-Brachert et al (2004)

have shown that for the NF-kB signaling pathway, the

formation of TNFR1–TRADD, RIP-1 and TRAF complex oc-

curred at the level of the plasma membrane. In contrast, in

the proapoptotic pathway, the formation of TNFR1-associated

DISC, which includes TRADD, FADD and caspase-8, required

receptor internalization and occurred in the endocytic vesi-

cles. These endocytic vesicles containing the activated TNFR1

were termed receptosomes and were shown to be the site

where caspase-8 was extensively activated.

Our results demonstrating the involvement of rafts in Fas

internalization might appear at first in contradiction with

those by Lee et al (2006) showing that following engagement

by the ligand, Fas is internalized into an EEA-1-positive

endosomal compartment via a clathrin-dependent mechan-

ism, as the clathrin-mediated endocytosis has usually been

found to associate with non-raft rather than raft molecules, as

is the case for the non-signaling receptors such as transferring

receptor (TfR). However, several recent studies have shown

that raft-associated and signaling-competent receptors

can recruit necessary machinery for their endocytosis via

clathrin-coated pits upon ligand engagement (Stoddart et al,

2002; Puri et al, 2005). We are conducting several studies that

should allow us to analyze whether an endocytosis scenario

similar to that found for BCR (for instance, initial DRM

recruitment of phosphorylated clathrin before internaliza-

tion) can also be applied to the Fas receptor.

Based on the data of Lee et al (2006) and our unpublished

observations (K Chakrabandhu and AO Hueber), the forma-

tion of DISC that triggers apoptosis signaling pathway occurs

within the endosomal compartments. However, at present,

there are no mechanisms to explain the role of endosome

location. Based on the results of Ehehalt et al (2003), it is

possible to propose the following scenario: Fas associates

with the small elementary rafts in the plasma membrane in

the absence of ligand binding (this is supported by our FCS

analysis); Fas ligation triggers its internalization together

with the associated raft lipids into the endosome where

large raft platforms are formed probably by small raft coales-

cence. This will in turn allow assembly of Fas oligomers of

higher order, which efficiently recruit other DISC components

FADD and caspase-8 to initiate apoptosis signaling.

Ezrin recruitment to Fas is critical for efficient Fas

internalization but not for Fas–raft association

Although the presence of ezrin was reported to be critical for

Fas-mediated cell death 6 years ago (Parlato et al, 2000), the

molecular mechanism underlying this requirement is not

known until now. We demonstrate here that whereas ezrin

was dispensable for Fas–raft association (Figure 4C), its

interaction with the receptor Fas upon FasL engagement

requires raft integrity and is necessary for an optimal DISC

formation. All these results allow us, for the first time, to

position the function of ezrin between Fas–raft localization at

the plasma membrane and DISC formation.

As we have shown that palmitoylation is required for

the targeting of Fas to actin cytoskeleton-linked rafts, we

hypothesized that this targeting is closely involved in the

mechanism of Fas–ezrin association. Indeed, we observed

that ezrin, while not detectable in the rafts of total cell post-

nuclear supernatant, was constitutively localized to the actin

cytoskeleton-linked DRMs, whereas Fas only partitioned to

the actin cytoskeleton-linked DRMs after Fas triggering (data

not shown). Thus, it is highly likely that these cytoskeleton-

linked rafts are the sites where Fas–ezrin–actin cytoskeleton

linkage occurs following Fas stimulation.

Fas palmitoylation as a bifurcation switch for the

cellular fate of Fas-stimulated cells

Fas, a closely related family member of TNFR1, is also able to

transduce both NF-kB and apoptotic signals depending on

cell types (Barnhart et al, 2004; Legembre et al, 2004a, b, c).

Stimulation

Death

Fas
palimtoylation

Fas
internalization

Optimal DISC
formation

Fas
localization
to lipid rafts

Fas − ezrin−
actin linkageA B C D E

Figure 7 Schematic representation of the new molecular steps
occurring upstream of Fas internalization reported in this paper: a
post-translational modification of the death receptor Fas by palmi-
toylation (A) allows the targeting of the Fas receptor to lipid
membrane microdomains (B) where following stimulation by bind-
ing to membrane FasL or crosslinked soluble FasL the connection
between Fas receptor and actin cytoskeleton occurs via the associa-
tion of Fas with ezrin (C). The ezrin-mediated cytoskeleton associa-
tion initiates receptor internalization (D), a prerequisite step for the
intracellular optimal formation of DISC (E), which leads to an
efficient caspase activation and cell death.
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Interestingly, the non-apoptotic pathways generated by Fas

have been reported independent of its ability to internalize

(Lee et al, 2006), therefore leading to the hypothesis that the

internalization process might play an essential role in defin-

ing the cellular fate of the Fas receptor. In this context, it is

likely that differential post-translational modifications of the

receptor may play important and decisive roles in the selec-

tive receptor compartmentalization and formation of the

protein complexes, and thus, the regulation of death receptor

signaling and the ultimate fate of the cell. Experiments that

are currently in progress in our laboratory aimed to investi-

gate the possibility that Fas palmitoylation status could be

one of the decisive conditions dictating whether cells should

undergo apoptosis or activate non-apoptotic signal.

Altogether, our results pointed out the essential role of

protein–lipid interaction in the initial molecular events of Fas-

mediated cell death where the post-translational modification

of the death receptor Fas by palmitoylation is identified as the

key in targeting the receptor to the membrane microdomains

where the crucial protein–protein interaction, namely the

connection between the Fas receptor and actin cytoskeleton,

occurs via the association of Fas with ezrin. This palmitoyla-

tion-directed, raft-dependent, ezrin-mediated cytoskeleton

association is required for efficient caspase-8-independent

receptor internalization, which we propose to be indispensa-

ble for the intracellular amplification of Fas signaling brought

about by an extensive DISC formation along the endocytic

pathway, leading to efficient activation of the caspase cascade

and, ultimately, cell death.

Materials and methods

Constructs
Human Fas C199V (pCR3.hFasC199V) and mFas C194V
(pcDNA3.1.mFasC194V) constructs were obtained using the Quik-
change site-directed mutagenesis kit (Invitrogen) with pCR3-hFas
(PS345) (a kind gift from P Schneider) and pcDNA3.1.mFas as
respective templates. Human Fas-EGFP (hFas-GFP) was generated
by cloning the full-length Fas insert, excised from pCR3-hFas into
pEGFP-N1 plasmid (Clontech). The hFasC199V-GFP constructs were
then obtained by the Quikchange site-directed mutagenesis kit
using hFas-GFP as the template. Primers used are listed in
Supplementary data.

Cell transfection
HEK293 cells were transfected as previously described (Herincs
et al, 2005). Stable L12.10 cells expressing mFas (L12.10.mFas) or
mFasC194V (L12.10.mFasC194V) were established by transfection
with pcDNA3.1.mFas or pcDNA3.1.mFasC194V constructs using the
Nucleofector system (Amaxa) and selecting for stable cells with
neomycin. L12.10.mFas cells expressing ezrin shRNA or control
shRNA were established by transfecting cells with mouse ezrin
shRNAi (pTER-mEzrin) or control shRNAi (pTER-SIMA) plasmids
and selected for stable cells with Zeocin. Transient transfections in
COS-7 cells were performed with ExGen 500 (Euromedex).
Oligonucleotides used to create shRNAi constructs are listed in
Supplementary data.

T-cell isolation and purification
T cells were prepared from the spleen of 4- to 8-week-old mice by
grinding the organ through a Scrynel nylon 100-mm mesh (VWR
International) in serum-free RPMI (Gibco BRL) supplemented with
10% fetal bovine serum (FBS), 50 mM b-mercaptoethanol and
10 mM HEPES (Gibco BRL). Mature T cells were isolated from
splenocytes using mouse T cell negative isolation kit (Dynal). The
purity was confirmed by FACS analysis with an anti-CD4/anti-CD8
staining to be 490%.

Metabolic [3H]palmitate labeling
[9,10(n)-3H] palmitic acid (specific activity 60 Ci/mmol) (Amer-
sham Biosciences) or in vitro Cell Labeling Pro Mix 35S (specific
activity 50 Ci/mmol) (Amersham Biosciences) was added to the
medium of transiently Fas- or Fyn-transfected HEK293 cells at
0.2 mCi/ml in the absence of serum and incubated for 5 h at 371C.
Cells were washed in PBS and lysates were subjected to
immunoprecipitation with anti-Fas or anti-Fyn. After SDS–PAGE of
the immunoprecipitates, gels were fixed and enhanced using
Amplify (Amersham) and exposed for autoradiography.

DISC isolation
DISC isolation was performed on L12.10 cells (1�108) stimulated
with 50 ng/ml Flag-rhFasL plus 1mg/ml M2 antibody for 10 min or
left unstimulated at 371C. The PNS was prepared and solubilized in
buffer A (25 mM HEPES, 150 mM NaCl, 1 mM EGTA, protease
inhibitors cocktail) containing 0.5% Nonidet P-40 (NP-40) and 10%
glycerol (lysis buffer) at 41C and then immunoprecipitated with
biotinylated JO2 anti-Fas antibody coupled to streptavidin–agarose
beads at 41C, overnight. The beads were washed four times with
lysis buffer and the immunoprecipitates were eluted from beads
with Laemmli buffer at 951C for 5 min and subjected to SDS–PAGE,
followed by immunoblotting.

DRM separation
PNS from HEK293 (2.5�107) or L12.10 (10�107) cells was
solubilized in 1 ml buffer A containing 1% Brij 98 (Aldrich) for
1 h on ice, followed by addition of 2 ml of 2 M sucrose in buffer A
before being placed at the bottom of a step sucrose gradient (1.33–
0.9–0.8–0.75–0.7–0.6–0.5–0.4–0.2 M) in buffer A. Gradients were
centrifuged at 38 000 r.p.m. for 16 h in an SW41 rotor (Beckman
Coulter) at 41C. One-milliliter fractions were harvested from the top,
except for the bottom fraction (no. 9), which contained 3 ml.

Cell death assays
The sensitivity of Fas-expressing target cells L12.10.mFas was
determined by co-culture assays with FasL-expressing cells, J16/
Rapo-FasL (Cahuzac et al, 2006) (killer), or the FasL negative cells,
J16/Rapo (control), in a 1:1 ratio or as indicated. Killer and control
cells were prestained with 5mM diacetate succinimidyl ester (CFSE)
before the co-culture to distinguish them from target cells during
FACS analysis. In other experiments, Fas-mediated cell death was
accomplished by incubating the cells with the indicated amount of
Flag-rhFasL plus 1mg/ml anti-Flag M2 antibody or with JO2 anti-Fas
antibody plus protein A, at 371C. After the indicated time, the
apoptosis in the target cells was detected by flow cytometric
analysis. Briefly, cells were fixed in ice-cold 70% ethanol, washed
in 38 mM sodium citrate (pH 7.4) and stained for 20 min at 371C
in 38 mM sodium citrate (pH 7.4) with 69 mM propidium iodide
(Sigma) and 5 mg/ml RNase A (Sigma). Cells were analyzed with
a flow cytometer (FACSCalibur; Becton Dickinson), and the pro-
portion of apoptotic cells represented by the sub-G1 peak was
determined (Hueber et al, 2002).

Cholesterol depletion treatment
Cells were incubated in 371C serum-free DMEM with 10 mM HEPES
containing either 10 mM MbCD (Sigma-Aldrich) at 371C for 12 min
or 4 U/ml of cholesterol oxidase (CO; Calbiochem) at 371C for 2 h.
For lovastatin treatment, cells were cultured for 24 h in serum-free
DMEM containing 5 mM lovastatin (Calbiochem). Following drug
treatment, cells were washed twice before performing experiments.

Fluorescence correlation spectroscopy
Measurements were performed as previously described (Wawrezi-
nieck et al, 2005). Briefly, FCS data were collected using an Axiovert
200M microscope equipped with a Zeiss C-Apochromat � 40 NA
1.2, water-immersion objective and with excitation from a 488 nm
line of an Arþ ion laser. The laser waist was set by selecting the
lateral extension of the laser beam falling into the back aperture of
the objective with a diaphragm. Fluorescence was collected through
the same objective, separated from the excitation light by a dichroic
mirror and sent onto avalanche photodiodes through a 525–565 nm
bandpass filter. FCS measurements were performed in HANK’s
buffered solution with 10 mM HEPES pH 7.4 by illuminating the
sample with an excitation power of o4mW at the back aperture of
the objective lens. Autocorrelations were processed by a hardware
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correlator (ALV-GmBH) and data were analyzed with built-in
functions of IgorPro (Wavemetrics).

Cytoskeleton fraction isolation
Actin cytoskeleton isolation was carried out as previously described
(Bodin et al, 2005) with slight modifications. Briefly, cells were
solubilized for 10 min in cytoskeleton lysis buffer (0.5% Triton
X-100 (v/v), protease inhibitors cocktail, 1 mM Na3VO4, 20 mM EGTA
and 100 mM Tris pH 7.4) and then centrifuged (15 000 g, 15 min,
41C). The Triton X-100-insoluble pellet was washed once with the
lysis buffer and then with the lysis buffer without Triton X-100 to
obtain the cytoskeleton fraction. To obtain the cytoskeleton-linked
DRM, the isolated cytoskeleton fraction was incubated with 1 ml
of 0.6 M KI for 30 min at 41C to depolymerize the actin filaments
(Payrastre et al, 1991; Bodin et al, 2005) before being subjected to
the DRM preparation as described above.

Internalization assays
Assessment was performed after synchronized stimulation.
L12.10.mFas or L12.10.mFas-C194V cells (106) were incubated with
200 ng/ml rhFasL with 1 mg/ml M2 or with M2 only (control for
background binding) in DMEM supplemented with 5% FBS and
10 mM HEPES on ice for 45 min (except for CO, MbCD and
lovastatin experiments, which were performed without serum),
followed by two washes with ice-cold medium to remove unbound
FasL. After adding cold medium (0.5 ml), cells were warmed and
kept at 371C, 5% CO2 for the indicated time to trigger synchronized
Fas stimulation or were kept on ice (control, 0 min activation). The

activation was stopped by adding ice-cold medium. Cells were then
washed and incubated for 30 min on ice with goat anti-mouse
Ig-FITC. Surface-bound FasL was analyzed by flow cytometry.
To assess the degree of internalization of Fas–FasL complexes,
which corresponded to the decrease in surface-bound FasL, the
mean fluorescence intensity (MFI) of the background control cells
(incubated with M2 only) was subtracted from the MFI of FasL-
bound cells at each time point to obtain MFIabsolute. The MFIabsolute

of stimulated cells was divided by the MFIabsolute of control non-
activated cells (t¼ 0) to obtain the percentage of FasL remaining on
the cell surface.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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