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Impairment of Fas-ligand—caveolin-1
interaction inhibits Fas-ligand translocation
to rafts and Fas-ligand-induced cell death

Xenia A. Glukhova', Julia A. Trizna', Olga V. Proussakova', Vladimir Gogvadze'* and Igor P. Beletsky ®'

Abstract

Fas-ligand/CD178 belongs to the TNF family proteins and can induce apoptosis through death receptor Fas/CD95. The
important requirement for Fas-ligand-dependent cell death induction is its localization to rafts, cholesterol- and
sphingolipid-enriched micro-domains of membrane, involved in regulation of different signaling complexes. Here, we
demonstrate that Fas-ligand physically associates with caveolin-1, the main protein component of rafts. Experiments
with cells overexpressing Fas-ligand revealed a FasL N-terminal pre-prolin-rich region, which is essential for the
association with caveolin-1. We found that the N-terminal domain of Fas-ligand bears two caveolin-binding sites. The
first caveolin-binding site binds the N-terminal domain of caveolin-1, whereas the second one appears to interact with
the C-terminal domain of caveolin-1. The deletion of both caveolin-binding sites in Fas-ligand impairs its distribution
between cellular membranes, and attenuates a Fas-ligand-induced cytotoxicity. These results demonstrate that the
interaction of Fas-ligand and caveolin-1 represents a molecular basis for Fas-ligand translocation to rafts, and the
subsequent induction of Fas-ligand-dependent cell death. A possibility of a similar association between other TNF

family members and caveolin-1 is discussed.

Introduction

Fas-ligand (FasL), a member of the tumor necrosis
factor (TNF) family, is a type II protein, which can exist in
both transmembrane and secreted (soluble) forms™?. FasL
consists of extracellular, transmembrane, and intracellular
domains. The extracellular part is responsible for the
recognition of relevant receptors, Fas-antigen and DcR3,
and self-association of the ligand®*. The transmembrane
region of FasL is less studied; apparently, it is responsible
for anchoring this molecule to the plasma membrane. The
intracellular part of FasL is essential for sorting into
secretory lysosomes, the translocation of the ligand into
lipid rafts, and also for the reverse signal transduction into
cells bearing transmembrane FasL>™1°, FasL localization,
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reverse signaling, and its expression are mediated by the
interaction of intracellular domains of FasL and other
intracellular proteins. Nowadays, several proteins have
been identified which can be associated with FasL, spe-
cifically with prolin-rich domains (PRD), able to bind
peptide-containing Src homology3 (SH3) or WW-
domain-binding sites'*™**,

The sequence analysis shows that the intracellular part
of FasL contains a putative caveolin-1-binding motif,
Y,PYPQIYW,. Caveolin-1, a 22-kDa integral membrane
protein, is a major protein component of caveolae, a spe-
cial type of lipid rafts'>', These structures were detected
in the plasma membrane, endosomes, and Golgi apparatus;
they participate in endocytosis, transcytosis, and intracel-
lular signal transduction'”'®, Caveolin-1 can regulate raft-
dependent cellular processes indirectly or directly. In the
former case, for instance, caveolin-1 can recruit cholesterol
to raft domains and modulate membrane lipid composi-
tion, affecting endocytosis of lipid rafts'>>% The direct
effect of caveolin-1 on raft-dependent functions is caused
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by its ability to interact with a variety of proteins, including
different signaling molecules®*’, Many, but not all,
caveolin-1-interacting proteins contain one of the two
related caveolin-1-binding motifs (OXDPXXXXD or
OXXXXDPXXD, where ® is an aromatic amino acid).
These motifs mediate the interaction of caveolin-1-binding
proteins with the scaffolding domain of caveolin-1**~*".
Given that the ability of FasL to induce cell death requires
its localization to rafts®’, a possible interaction of caveolin-
1 with FasL is of special interest.

In this study, we investigated the direct physical inter-
action between FasL and caveolin-1, and attempted to
identify respective binding domains. Our data demon-
strate that FasL interacts directly with caveolin-1. The
FasL intracellular region contains two caveolin-binding
sites and deletion of both of these disrupts the routing of
FasL to lipid rafts, and makes cells more resistant to Fas-
mediated cell death. These results suggest that caveolin-1
may regulate FasL location and, respectively, modulate
FasL-dependent cell death.

Results
Overexpression of FasL causes its translocation into rafts
and cell death

Normally, the level of FasL expression in proliferating
cells is low, since its enhanced expression can lead to
apoptosis in Fas-bearing cells. In order to reach a high
level of FasL, we produced HeLa cells with tetracycline-
inducible FasL expression (HeLa-pcDNA4/TO-FasL), and
showed that overexpression of FasL caused cell death,
which was blocked by dominant negative FADD/MORT1
(Fig. 1a)”®. Hence, the cell death was triggered by the Fas-
mediated signaling rather than the “reverse” apoptotic
signaling via transmembrane FasL>’. Immunostaining of
cells with antibodies to FasL has revealed that over-
expressed FasL is localized to cytosol and the plasma
membrane, but not to the nucleus (Fig. 1b).

It has been shown previously that the transmembrane
and secreted forms of FasL can trigger the death of cells
expressing Fas®’. Using U937 cells bearing Fas and that
die upon treatment with FasL, we checked the cytotoxicity
of the medium in which HeLa-pcDNA4/TO-FasL cells
were cultured, for 2, 4, and 8 h after tetracycline induc-
tion. As can be seen in Fig. 1c, none of the obtained
supernatant samples containing short form of FasL
(sFasL) up to 8 ng/ml at 12 h was able to kill cells, whereas
recombinant soluble FasL (50 ng/ml) killed almost all cells
within 12h. Co-cultivation of control and tetracycline-
treated HeLa-pcDNA4/TO-FasL cells, together with
U937 cells labeled with H>-thymidine at the ratio 10:1,
demonstrated excessive U937 cell death within 12h
(Fig. 1d). Thus, one can assume that the transmem-
brane, but not the secreted, FasL causes the death of both
HeLa-pcDNA4/TO-FasL. and U937 cells. Subsequent
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experiments were performed using only HeLa-pcDNA4/
TO cells transfected with various forms of FasL.

It has been shown previously that the translocation of
FasL into rafts is essential for cell death®”. In order to test
FasL distribution after the stimulation of its expression,
we used gradient centrifugation®'. After 4 h of induction,
FasL was found in the raft fraction together with tradi-
tional raft markers such as flotillin-1, caveolin-1, and Fyn-
kinase (Fig. 1e)****. Analysis of the transferrin receptor
distribution, used as a negative control, showed that this
protein is localized exclusively in non-raft fractions. Thus,
overexpression of FasL in Hela cells results in its trans-
location into rafts and subsequent cell death.

FasL is physically associated with caveolin-1

Caveolin-1 is a major protein in lipid rafts"> ", taking
part in intracellular signal transduction, particularly in
cell-death signaling®®. To test a possible physical asso-
ciation between FasL and caveolin-1, lysates of cells
overexpressing FasL (HeLa-pcDNA4/TO-FasL) were
immunoprecipitated with an anti-caveolin-1 antibody.
Anti-caveolin-1 immunoprecipitation followed by FasL
staining revealed the co-precipitation of FasL and
caveolin-1 (Fig. 2a). In turn, anti-FasL antibodies co-
precipitated a small amount of caveolin-1 (Fig. 2b).
Similar data were obtained after immunoprecipitation of
the lysates of cells overexpressing FasL u dominant
negative FADD/MORT1 (HeLa-pcDNA4/TO-FasL-
FADD DN) (Fig. 2¢, d). It should be mentioned that in
these cells, caspase-8 activation was observable only 8 h
after tetracycline induction, whereas the presence of FasL
in rafts and the association between caveolin-1 and FasL
were observed after 2 and 4 h, respectively (Fig. 2c, d).
Thus, the association is not a consequence of procaspase-
8 cleavage and cell-death activation.

Double immunostaining of cells with antibodies to FasL
and caveolin-1 also demonstrated the partial co-
localization of FasL and caveolin-1 (Fig. 2e).

The association between caveolin-1 and FasL was con-
firmed in the experiments with recombinant fusion pro-
tein caveolin-1-Fc (where Fc is a fragment of human
IgG1). As a positive control, DcR3-Fc protein, which
binds FasL, was used; as a negative control—Fc fragment.
Cell lysates were incubated with resins to which recom-
binant proteins were bound covalently. After washing,
proteins captured from lysates were eluted and stained
with anti-FasL antibody. FasL was found in elutes from
resins bearing DcR3-Fc and caveolin-1-Fc, but not the Fc
fragment alone (Fig. 2f). It should be mentioned that in
precipitates, the short form of FasL was not detected
(Fig. 2a and f), which indicates that sFasL is not involved
in the interaction with caveolin-1.

It has been shown earlier that Fas-antigen can interact
physically with caveolin-1?°. Based on our findings, one
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can assume that FasL—caveolin-1 association can be
mediated by Fas-antigen. However, we could not detect
Fas-antigen in immunoprecipitates obtained (Fig. 2a and
b). These results confirm that FasL and caveolin-1 can
interact directly, without the participation of the Fas-
antigen. Further experiments with recombinant FasL and
caveolin-1 confirmed this conclusion.
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N-terminal domain of FasL is essential for its association
with caveolin-1, raft translocation, and cell-death
activation

Three domains with different binding properties can be
recognized in the intracellular part of the FasL-PRD
(43-63 aa), the N-terminal pre-PRD region (1-42 aa), and
the C-terminal post-PRD (64—80 aa). It has been shown
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(see figure on previous page)

Fig. 1 Overexpression of FasL causes its translocation into rafts and induces cell death. a Immunoblot analysis of FasL, FADD DN, and 3-
tubulin expression in tetracycline-treated Hela-pcDNA4/TO-Fasl and Hela-pcDNA4/TO-FasL-FADD DN cells in the specified time periods. Fasl full-
length Fas-ligand, sFasLshort form of FasL*, FADD Fas-associated death domain protein, FADD DN a dominant negative FADD mutant protein. (3-
tubulin is used as a loading control. Survival of Hela cells overexpressing FasL alone (WT) (A) and FasL together with the dominant negative FADD/
MORT1 (FADD DN) (l, incubated with tetracycline for various time intervals (chart). Cell viability was determined by the neutral-red uptake method.
Results are presented as means of at least three separate experiments, where error bars represent s.e.m. of biological triplicates. b Hel.a-pcDNA4/TO-
FasL cells were fixed and processed for immunolabeling for FasL (red) following by staining with the Alexa Fluor® 610-R-phycoerythrin goat anti-
mouse Abs or DAPI (blue). ¢ Survival of U937 cells incubated with HelLa-pcDNA4/TO-FasL condition medium collected 2, 4, and 8 h after tetracycline
induction or 5 and 50 ng/ml of rhFasL (recombinant human FasL). Cell viability was determined via an MTT assay. d 3H-thymidine-labeled U937 cells
were co-incubated with Hela-pcDNA4/TO-FasL cells at various E:T ratios in the presence or absence of tetracycline. The percent of specific 3H-
thymidine release from the target cells was determined after 12 h incubation. Results are presented as means of at least three separate experiments,
where error bars represent SD of biological triplicates. e Lysates of non-induced (left panel) and tetracycline-induced for 4 h HeLa-pcDNA4/TO-FasL
cells (right panel) were separated using ultracentrifugation in sucrose gradient. The distribution of raft-specific (Flotillin-1, Caveolin-1, p59Fyn) and

non-specific (TfR1) markers as well as FasL and Fas was analyzed by immunoblotting

previously that the N-terminal region (1-40 aa) and the
PRD of FasL are necessary for raft recruitment and the
regulation of FasL activity®”. In order to identify the
region(s) within the FasL intracellular part, which inter-
acts directly with caveolin-1, we prepared several trans-
fected cell lines expressing inducible mutant forms of FasL
with deletions at 1-42 aa (without N-terminal domain,
form I), 43—63 aa (without PRD, form II), and 64-80 aa
(without C-terminal, form III) (Fig. 3a). In the selected
clones, the levels of expression of caveolin-1 and mutant
and full-length forms of FasL were almost the same
(Fig. 3b). Immunoprecipitation of various FasL mutants
demonstrated that unlike forms II, III, or full-length FasL,
form I did not interact with caveolin-1 (Fig. 3c).

Next, we tested if the differences in binding to caveolin-
1 can affect FasL distribution and FasL-mediated cell death.
Density gradient fractionation of detergent lysates revealed
that in contrast to forms II, III, and the wild-type FasL
found in rafts 4 h after tetracycline induction, together with
traditional raft markers such as flotillin-1, caveolin-1, and
Fyn-kinase®>*’, form I appeared only after 8 h (Fig. 4a).
Analysis of transferrin receptor 1 distribution used as a
negative control showed that this protein was localized
exclusively in non-raft fractions. Interestingly, cells expres-
sing form I were more resistant to FasL-mediated apoptosis,
whereas cells expressing forms II and III died similarly to
cells bearing full-length FasL (Fig. 4b).

Indirect confirmation of the role of caveolin-1 in FasL-
dependent cell death came from the caveolin-1 knockout
experiments. The caveolin-1 gene was knocked out in
HeLa-pcDNA4/TO-FasL cells, using siRNA technique.
We were not able to downregulate caveolin-1 completely.
However, even in these cells, FasL-dependent death was
less pronounced compared to cells with a normal content
of caveolin-1 (Fig. 4c).

These results show that FasL PRD and C-terminal post-
PRD are not involved in caveolin-1 binding, whereas the
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FasL N-terminal pre-PRD is essential for the association
with caveolin-1, translocation to lipid rafts, and cell-death
activation.

N-terminal pre-PRD of FasL contains two caveolin-binding
sites

Next, the region(s) within the N-terminal domain of
FasL, which are responsible for the binding to caveolin-1,
were defined. Recombinant fusion proteins of the Fc
fragment of human IgGl (Fc) and various deletion
mutants of the N-terminal domain of FasL were used to
identify specific site(s) of binding of caveolin-1-(6xHis)
(Fig. 5a). An in vitro binding assay followed by immu-
noblotting revealed that the FasL N-terminal domain
lacking the first 14 amino acids (FasL-A14), including the
putative caveolin-1 binding motifs, exhibited a drastic
decrease in binding (about fivefold) as compared to the
full-length N-terminal domain (Fig. 5b). Additional dele-
tion of the FasL N-terminal domain up to the 35th amino
acid (Ser 35, FasL-A35) did not cause any further altera-
tion in the interaction as compared to FasL-A14. How-
ever, even the FasL N-terminal domain lacking the first 35
amino acids (FasL-A35) was still able to bind to caveolin-
1-(6xHis) (Table 1). This allows us to conclude that the
N-terminal domain of FasL bears two caveolin-binding
sites: within first 14 amino acids (FasL-A14) and between
36 and 42 amino acids (FasL-A35).

To further test if these interactions mediated by two
sites might differ depending on the various domains of
caveolin-1, we carried out a set of experiments with N- or
C-terminal domains of caveolin-1 (caveolin 1-101 aa and
caveolin 135-178 aa, respectively) fused with glutation-S-
transferase (GST)>®. The N-terminal domain of caveolin-1
interacted with the FasL full-length N-terminal domain
only. Moreover, the replacement of single aromatic amino
acids within the first caveolin-binding site (Y7, Y9, and
W14) for alanine prevented binding to the N-terminal
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Fig. 2 FasL physically interacts with caveolin-1. Lysates of Hela-pcDNA4/TO-FasL cells induced by tetracycline for 4 h were immunoprecipitated
with caveolin-1 Abs (a) or anti-Fas-ligand mAbs (b). Precipitates were analyzed by immunoblotting and stained with anti-Fas-ligand mAbs (a) or anti-
caveolin-1 Abs (b), respectively. Both precipitates were analyzed by immunoblotting and stained with anti-Fas mAbs as well (lower panels of a and b).
Irrelevant Abs were used as a negative control. ¢ Immunoblot analysis of caveolin-1, caspase-8, and FasL expression in raft (R) and non-raft fractions
(NR) of Hel.a-pcDNA4/TO-FasL-FADD DN cells. Raft and non-raft fractions were prepared from lysates of tetracycline-induced for 2, 4, and 8 h Hela-
pcDNA4/TO-FasL-FADD DN cells. Flotillin-1 and TfR1 were used as raft-specific and non-specific markers, respectively. d Lysates of Hela-pcDNA4/TO-
FasL-FADD DN cells induced by tetracycline for 4 h were immunoprecipitated with anti-Fas-ligand mAbs followed by immunoblotting and staining
with anti-caveolin-1 Abs. e Co-localization of FasL and caveolin-1. HeLa-pcDNA4/TO-FasL cells were fixed and processed for double immunolabeling
for caveolin-1 (green) and FasL (red) followed by staining with the fluorescein goat anti-rabbit IgG and Alexa Fluor® 610-R-phycoerythrin goat anti-
mouse Abs, respectively. f Interaction between recombinant caveolin-1 and FasL. Resins containing recombinant caveolin-1- Fc, DcR3-Fc (positive
control), and Fc fragment of human Ig (negative control) were incubated with the lysate of tetracycline-induced HelLa-pcDNA4/TO FasL cells. Bound
proteins were eluted and subjected to immunoblotting using anti-Fas-ligand mAbs

domain of caveolin-1. The C-terminal domain of transport into rafts (herein and refs.”*”). The observed

caveolin-1 was able to bind all the FasL deletion mutants

with a similar affinity as the full-length caveolin-1, except
for form I (1-42 aa deletion) (Table 1). Therefore, the N-
terminal domain of caveolin-1 is responsible for the
binding of the caveolin-binding site within the first 14
amino acids of FasL, whereas the C-terminal domains of
caveolin-1 appear to take part in the interaction with the
second caveolin-binding site (36—42 amino acids of FasL).

Localization in heavy detergent-resistant membranes
(DRM-H)

FasL was found in lipid rafts, and it has been shown that
removal of the intracellular domain diminishes its
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association of FasL with caveolin-1 described above sug-
gests that cellular localization of FasL can be affected by
caveolin-1. To prove this hypothesis, we investigated the
distribution of FasL mutants in detergent-resistant mem-
brane (DRM) micro-domains. For these experiments, the
standard protocol®" was modified; in particular, the lysates
were subjected to centrifugation in a sucrose gradient (5%/
20%/35%/40%) at 38,000 rpm for 20 h. Including an addi-
tional 20% sucrose solution allowed the separation of
DRM into two subpopulations (fractions 4—6 u 10-12).
DRMs were isolated from control cells, cells transfected
with wild-type FasL, and cells bearing deletions of one
(FasL-A21) or both caveolin-binding sites (form I).
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analysis of FasL and caveolin-1 expression in Hela cells transfected
with wild (wt) and mutant forms of FasL (form I: A1-42, form |l
A43-63, and form lll: A64-80). ¢ Hela cells overexpressing wild type
(wt) and mutant forms (A1-42, A43-63, and A64-80) of FasL were
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out followed by staining with anti-Fas-ligand mAbs (upper panel), or
lysates were immunoprecipitated with anti-Fas-ligand mAbs followed
by staining with anti-caveolin-1 Abs (lower panel)

Fractions obtained were stained for FasL, caveolin-1,
markers for rafts (GM1 ganglioside, flotillin-1), and, as a
negative control, transferrin receptor 1 (Fig. 6a).

In cells with full-length FasL, as well as FasL-A21 and
form I cells, raft proteins caveolin-1 and flotillin were
mainly co-localized between 5% and 20% sucrose in
fractions 4—6, which corresponds to classical DRM loca-
lization, and also at the bottom (non-raft fractions). After
overexpression of FasL, a part of caveolin-1 appeared in
fractions 10-12 (the border between 20% and 35%
sucrose), which was probably due to the formation of
complexes between caveolin-1 and FasL. However, in cells
with mutated FasL (FasL-A21 u form I), caveolin-1 was
only found in fractions 4-6, similar to the control cells. In
the case of wild-type and FasL-A21, FasL was co-localized
with caveolin-1; however, the deletion of the first 42
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amino acids in FasL disturbed its distribution between
various DRM subpopulations.

Membranes insoluble in Triton X-100 localized
between 20% and 35% sucrose are supposed to be enri-
ched with proteins, and therefore to have higher buoyant
density as compared to classical rafts. Presumably they
form upon raft binding to adaptor or cytoskeleton pro-
teins, and participate in signaling or transport pro-
cesses**!, Thus, one can conclude that the first 42 amino
acids of FasL participating in FasL—caveolin-1 complex
formation are responsible for ligand translocation into
DRM, wherein 21 amino acids are apparently able to form
large protein complexes, which besides caveolin might
include other unidentified molecules.

The importance of FasL—caveolin-1 association within
DRM is strengthened by cytotoxic tests in cell cultures
transfected by FasL and its mutant forms (Fig. 6b).
Deletion of one or both caveolin-1-binding sites causes a
substantial decrease in FasL cytotoxicity.

Discussion

Molecular mechanisms controlling the targeting FasL
and other members of TNF ligand family into rafts, as well
as those regulating signal direction, “forward” or “reverse”,
remain poorly understood. That is why the intracellular
part of FasL, which can bind a variety of different proteins,
remains the main object of investigations''™'* In the
present work, we showed for the first time that FasL can
interact with caveolin-1. Using mutant forms of FasL, we
uncovered two caveolin-binding sites, within the first 14
amino acids (FasL-A14) and between 36 and 42 amino
acids, in the N-terminal domain of FasL. In addition, one
can suggest that the presence of a casein kinase I motif
recognition site, S;7SASS,;, characteristic of many mem-
bers of the TNF ligand family*, in close proximity to a
caveolin-1 binding motif, might also influence the for-
mation of the FasL—caveolin-1 complex.

Of note, a putative caveolin-1-binding motif,
DOXDPXXXXD, is found in the sequences of other mem-
bers of the TNF ligand family (Fig. 7). Thus, caveolin-1
can associate with other members of TNF ligand family,
facilitating ligand translocation into rafts and triggering
ligand-dependent effects.

Disruption of FasL—caveolin-1 interaction inhibits FasL
translocation to rafts and FasL-induced cell death. It cannot
be excluded that the functional significance of this asso-
ciation is much broader. The presence of several binding
sites in the intracellular part of FasL, and the well-known
role of caveolin as a scaffold protein, suggests the involve-
ment of caveolin-1 in oligomerization processes within the
FasL molecule®®**, Another possible role of this interaction
is the regulation of the intracellular FasL. domain translo-
cation to the nucleus and gene transcription, respectively™.
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Fig. 4 N-terminal domain of FasL is essential for its translocation to raft and cell-death activation. a The distribution of wild-type and mutant
forms of FasL between raft (4-6) and non-raft (9,10) fractions was assessed using corresponding antibodies. b Expression levels of FasL and its mutant
forms in the specified time periods were estimated by immunoblot analysis with anti-FasL Abs. Survival of Hela cells overexpressing FasL variants,
incubated with tetracycline during the indicated intervals (chart). Cell viability was determined by the neutral-red uptake assay. Results are presented
as mean + s.em of three independent experiments (each in triplicate). ¢ Caveolin-1 knockdown by siRNA in Hela-pcDNA4/TO-FasL cells decreases
FasL cytotoxic effect. HeLa-pcDNA4/TO-FasL cells were transfected with psiRNA-h7SK-caveolin or psiRNA-h7SK-scramble control. Cell lysates were
stained with anti-FasL mAbs (upper panel) and anti-caveolin-1 Abs (lower panel). Survival of HelLa-pcDNA4/TO-FasL cells transfected with psiRNA-
h7SK-caveolin or psiRNA-h7SK-scramble control (chart). Cell viability was determined by the neutral-red uptake method. Results are presented as
mean + s.e.m. of four experiments (each in triplicate)
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Table 1 Binding of the FasL intracellular domain mutants
with the full-length caveolin-1 and its N- or C-terminal
domains

'd ~\
A Fc fragment
of human IgG1
wiFasL PPPPPRLPRLPLPPL
form | 4|3——|—,
FasL-A14 1;5
FasL-A21 2 ]
FasL-A27 28 ]
FasL-A35 3:6
Y7A
FasL-Y7A =
Y9A
FasL-Y9A x
W14A
FasL-W14A X
B

Fc wtFasL form | form Il form IIl

35 kDa - .- .. Fc-fusion proteins
. - SR Ca-1-(6xHis)

X A A )
VI N AN N N
o e o e ot (@

. Fc-fusion proteins

A o -

Fig. 5 Mapping of FasL domains responsible for the interaction
with caveolin-1. a Schematic diagram showing various deletion
mutants of FasL N-terminal pre-PRD fusion protein b Recombinant
caveolin-1 (6xHis) was incubated with wild-type (FasL) or FasL mutant
intracellular domain - Fc fusion proteins. Associates were stained with
anti-human Fc Abs (upper panels) and anti-caveolin-1 Abs (lower
panels)

35 kDa -

25kDa - .
Cav-1-(6xHis)

In addition, this association can be involved in fulfilling
the main known function of caveolin-1—suppression of
malignant transformation®. Inability of caveolin-1 to
interact with FasL, owing to mutation or phosphoryla-
tion™"48, may lead to the blockade of Fas-dependent cell
death, preventing transformed cells’ elimination. Moreover,
the ability of caveolin-1 to interact with a variety of proteins
involved in signal transduction'® allows speculations
regarding its key role in a cross-talk between different sig-
naling pathways and FasL-dependent signaling. Future
studies, including the analysis of knockout cells or animal
models, in which the wild-type allele of caveolin-1 or FasL is
replaced by a deletion mutant-lacking respective binding
site, will help to elucidate the physiological consequences of
FasL—caveolin-1 interaction.

Materials and methods
Antibodies and cell cultures

Mouse anti-caveolin-1  (#610406), anti-transferrin
receptor (# 612124), anti-flotillin-1 (#610820), anti-Fas-
ligand (#556372 clone NOK-1), anti-Fas-ligand (#556387
clone G247-4), anti-fyn (#610163), and rabbit anti-
caveolin-1 (#610059) antibodies were purchased from BD

Official journal of the Cell Death Differentiation Association

Cav-1- Caveolin Caveolin
(6xHis) 1-101 aa 135-178 aa
wtFasL + + +
Form | - - -
FasL-A14 + - +
FasL-A21 + - +
FasL-A27 + - +
FasL-A35 + - +
FasL-Y7A + - +
FasL-YoA + - +
FasL- + - +
W14A

Biosciences (San Diego, CA, USA). Cholera toxin, perox-
idase conjugate (#227041), and mouse anti-GST antibodies
(#OB03 clone 8-326) were from Calbiochem. Mouse
anti-Fas antibodies (#610198) were from BD Transduction
Laboratories, USA. Rabbit anti-beta-tubulin antibodies
(#2146) were from Cell Signaling Technology, mouse anti-
caspase 8 antibodies (#551242) were from BD Pharmingen.
Purified goat anti-mouse (#170-6516) and anti-rabbit
(#170-6515) IgG (H+L) horseradish peroxidase con-
jugates were obtained from Bio-Rad (Hercules, CA, USA).
Alexa Fluor® 610-R-phycoerythrin goat anti-mouse
(#A20980) and fluorescein goat anti-rabbit (#F2765) IgG
(H+L) were from Invitrogen (Oregon, USA).

The following cell cultures were used: human cervical
adenocarcinoma HeLa cells and african green monkey
kidney cells COS-1. Cell lines were from Specialist col-
lection of continuous cell lines of vertebrates (Institute of
Cytology, Russian Academy of Sciences, St-Petersburg,
Russia). Cells were maintained at 37 °C and 5% CO, in
DMEM (Gibco) with 10% FCS (Hyclone).

Plasmids and recombinant proteins

The pBluescript II vector encoding full-length FasL
cDNA was kindly provided by Prof. Shigekazu Nagata
(Kyoto University, Japan). All FasL. mutants were pro-
duced by polymerase chain reaction from a plasmid
template and were cloned into the mammalian expression
vector pcDNA4/TO vector (Invitrogen). To engineer the
tetracycline-inducible T-REx expression of normal and
mutant FasL, HeLa cells were transfected according to the
manufacturer’s recommendations (Invitrogen). Caveolin-
1 and DcR3 ¢cDNAs were produced by RT-PCR with total
mRNA of HeLa cells and cloned into the Signal plg plus
(Ingenius).
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Fig. 6 Deletion of caveolin-binding sites in N-terminal domain results in Fas-ligand mislocalization and cell-death suppression. a Lysates of
non-induced (left upper panel), tetracycline-induced for 4 h HeLa-pcDNA4/TO-FasL cells (right upper panel), HeLa cells transfected with mutant forms
of FasL-A21 (left lower panel), and form | (right lower panel) were separated by ultracentrifugation in a sucrose gradient. Distribution of raft-specific
(flotillin-1, caveolin-1, GM1 ganglioside (GM)) and non-specific (transferrin receptor1 (TfR1)) markers as well as FasL was analyzed by immunoblotting.
b Expression levels of FasL and its mutant forms in the specified time periods were estimated by immunoblot analysis with anti-FasL Abs. Survival of
HelLa cells overexpressing wild-type and mutant forms (FasL-A21 and form I) of FasL, incubated with tetracycline for the times indicated (chart). Cell
viability was determined by the neutral-red uptake assay. Results are presented as mean + s.e.m. of four experiments (each in triplicate)

o

8 12 hours

To produce Fc-fusion proteins, COS-1 cells were
transfected with the Signal pIg plus (Ingenius) constructs
containing caveolin-1, DcR3, and FasL sequences or
empty vector as a control using Lipofectamin 2000™
(Invitrogen). The Fc-fusion proteins-containing incuba-
tion medium was collected, and the proteins were purified
according to the manufacturer’s instructions (Ingenius).

For producing GST-fusion proteins, PCR-fragments of
N- (1-101 aa) and C-terminal (135-178 aa) domains of
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caveolin-1 were cloned into pET42b (Novagen). Trans-
formation of BL21(DE3) with the plasmid and recombi-
nant protein purification were carried out according to
the manufacturer’s instructions (Novagen).

For all constructs, the correct reading frames were
confirmed by DNA sequencing.

For caveolin-1 knockdown, the caveolin-1-specific oli-
gonucleotide designed according to the manufacturer’s
instructions was cloned into psiRNA-h7SK (Invivogen).
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Fas-Ligand —-NH,-MQQPFN P PQIY wVDSSASSPW (23) -
- (173) SGVKYKKGGLVINETGLY v SKVY I3RGQSCNNLP(207) =
CD40-Ligand - (6)NQTSPRSAATGLPISMKI M LLTV I3LITQOMIGSA (41) -
- (153) LVTLENGKQLTVKRQGLY I AQVT I3CSNREASSQ(185) -
TRAIL - (165) SNLHLRNGELVIHEKGEY I SQTY BRRFOEEIKEN (199)
(200) TKNDKQMVQ I KYTS MPDPILLMKS (225) -
LT-alpha -(90) DGFSLSNNSLLVPTSGIY v SQVV I3ASGKAYSPKA (124) -
LT-beta -(117)GTQFSDAEGLALPQDGLY L CLVG MRGRAPPGGG (150) -
0X40-Ligand - (23)NKLLLVASVIQGLGLLLC T ICLH I3SALQVSHRY (56) -
RANKL -(124) SNMTFSNGKLIVNQDGFEFY L ANIC I3RHHETSGDL (159) -
TWEAK - (145) LRYNRQIGEFIVTRAGLY L CQVH 13DEGKAVYLK (179) -
BAFF - (177) SALEEKENKILVKETGYF I GQVL MTDKTYAMGH (211) -
VEGI - (131) NRMNYTNKFLLIPESGDY I SQVT I3RGMTSECSE (164) -
GITRL -(45) SWKLWLFCSIVMLLFLCS S LIFI I3LOLETAKEP (80) —
EDA - (285) FKLHPRSGELEVLVDGTY I SQVY IN ETDFA (316) -
Fig. 7 Comparison of putative caveolin-binding sites within 11 members of the TNF family. Putative caveolin-binding motifs are highlighted in
black. Conserved aromatic amino acid residues (F, Y, W) are indicated by black shading. Nearest CKI motifs are denoted in gray. All sequences were
obtained from the Swiss protein database

The caveolin-1 target sequence used is: 5'ACCT
CGAGCGAGAAGCAAGTGTACGATCAAGAGTCGT
ACACTTGCTTCTCGCTCTT3..

Human recombinant Fas-Ligand protein was purchased
from Merck (#PF033).

Cytotoxic assay

Cells were seeded in 96-well microtiter plates (2-3 x
10° cells/ml). After treatment with tetracycline, the cells
were incubated for 3-12 h. Cell viability was determined
by the neutral-red uptake method®. The cell viability
value was estimated as percentage of viable cells after
treatment (untreated cells were taken as 100%).

3H-thymidine release assay

The rate of cell apoptosis was quantified as described
previously®>". Briefly, U937 labeled target cells (5 x 10*
cells/well) were coincubated with HeLa-pcDNA4/TO-
FasL cells at various E:T ratios in the presence or absence
of tetracycline. Data represent the mean of triplicate
independent experiments. Spontaneous “H-thymidine
release was less than 10%. Percent cell apoptosis was
calculated as [(sample cpm—spontaneous cpm)/(total
cpm—spontaneous cpm)] x 100.

Immunoblot analysis and immunofluorescent staining
Cell lysates or precipitated proteins were separated by
electrophoresis through 14% SDS gels and were subse-
quently transferred to nitrocellulose membranes (Amer-
sham). Blots were blocked with buffer containing 2% BSA
at room temperature for 1h and then incubated with
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primary antibodies against the proteins of interest over-
night at room temperature. After extensive washing,
primary antibodies were revealed by incubation with
HRP-conjugated secondary antibodies for 1 h. Bands were
visualized using ECL™ Western Blotting Analysis System
and Hyperfilm™ ECL (Amersham). For double immu-
nofluorescent staining, the HeLa cells overexpressing FasL
were plated on glass coverslips and incubated in DMEM
with tetracycline (1y/ml) for 4 h, then washed twice in
cold phosphate-buffered saline (PBS) and fixed by 2%
paraformaldehyde. The primary antibodies were rabbit
anti-caveolin-1 and murine anti-FasL. Secondary anti-
bodies were Alexa Fluor® 610-R-phycoerythrin goat anti-
mouse and fluorescein goat anti-rabbit. Three random
fields per condition were acquired on the Leica confocal
microscope.

Isolation of DRMs

DRMs were isolated by using a sucrose density gradient
as described previously by Brown®'. Briefly, transfected
HeLa cells (2 x 10%) were washed and resuspended in 1 ml
of ice-cold TNET containing 25 mM Tris-Cl pH 8.0, 140
mM NaCl, 1 mM EDTA, 1% Triton X-100, supplemented
with protease inhibitors cocktail (Roche). Lysates were
incubated on ice at 4°C for 30 min. The supernatants
were mixed with an equal volume of 80% sucrose in TNE.
A 10-ml, 5-40% gradient of sucrose in TNE buffer was
layered on top of the sample, which was then centrifuged
(38,000 rpm, 20h, 4°C) in an SW41 rotor (Beckman
Coulter). Twelve 1 ml fractions were collected from the
top of the gradient.
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Otherwise lysates were incubated on ice at 4 °C for 30 min
and then subjected to centrifugation for 5 min at 10,000 g.
The supernatants were mixed with an equal volume of 80%
sucrose in TNE and overlaid with 2 ml 35%, 4 ml 20%, and
2ml 5% sucrose in TNE buffer. The gradient was cen-
trifuged at 100,000 g for 20 h. Twenty-four 0.5 ml fractions
were collected from the top of the gradient.

Immunoprecipitation analysis

For Figs. 2a, b, d, 3¢, cells were lysed in ice-cold TNET.
Cell lysates were precleared with protein G-sepharose
beads (GE Healthcare) and irrelevant antibodies for 1 h at
4°C. The beads were then pelleted and precleared
supernatant was incubated with specific or irrelevant
antibodies overnight at 4 °C. The immune complexes were
then incubated with protein G-Sepharose (25 pl) for 1h,
precipitated, and washed three times with ice-cold TNET
buffer. Immunoprecipitated proteins were then analyzed
by electrophoresis and immunoblotting.

For Fig. 2f, protein G-sepharose column was prepared
with purified Fc-fusion proteins or recombinant Fc-
fragment (as a control). Cell lysates were loaded onto
the column and incubated for 16h. After intensive
washing, the bound proteins were eluted by altering the
pH and analyzed by immunoblotting.

For Fig. 5b and Table 1, the recombinant full-length
caveolin or its C- and N- domains were incubated with
purified Fc-fusion proteins or recombinant Fc-fragment
(as a control) overnight at 4°C. The immune complexes
were then incubated with protein G-Sepharose (25 pl) for
1h, precipitated, and washed three times with ice-cold
TNET buffer. Immunoprecipitated proteins were ana-
lyzed by electrophoresis and immunoblotting.

Acknowledgements
This work was supported by the grant from the Ministry of Education and
Science of the Russian Federation (14.604.21.0025), ID RFMEFI60414X0025.

Author details

'Institute of Theoretical and Experimental Biophysics, Russian Academy of
Sciences, Puschino, Russia 142290. 2Faculty of Fundamental Medicine, MV
Lomonosov Moscow State University, Moscow, Russia 119991. *Division of
Toxicology, Institute of Environmental Medicine, Karolinska Institutet, Box 210
17177 Stockholm, Sweden

Competing interests
The authors declare that they have no competing financial interests.

Publisher's note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Received: 18 July 2017 Revised: 10 October 2017 Accepted: 24 October
2017
Published online: 22 January 2018

Official journal of the Cell Death Differentiation Association

Page 11 of 12

References

1.
2.

3.

20.

21.

22.

23.

24,

25.

26.

27.

29.

Nagata, S. Fas ligand-induced apoptosis. Annu. Rev. Genet. 33, 29-55 (1999).
Orlinick, J. R, Vaishnaw, A. K & Elkon, K. B. Structure and function of Fas/Fas
ligand. Int. Rev. Immunol. 18, 293-308 (1999).

Orlinick, J. R, Elkon, K. B. & Chao, M. V. Separate domains of the human fas
ligand dictate self-association and receptor binding. J Biol. Chem. 272,
32221-32229 (1997).

Pitti, R. M. et al. Genomic amplification of a decoy receptor for Fas ligand in
lung and colon cancer. Nature 396, 699-703 (1998).

Blott, E. J, Bossi, G, Clark, R, Zvelebil, M. & Griffiths, G. M. Fas ligand is targeted
to secretory lysosomes via a proline-rich domain in its cytoplasmic tail. J. Cell
Sci. 114, 2405-2416 (2001).

Janssen, O, Qian, J, Linkermann, A. & Kabelitz, D. CD95 ligand—death factor
and costimulatory molecule? Cell Death Differ. 10, 1215-1225 (2003).

Xiao, S. et al. Novel negative regulator of expression in Fas ligand (CD178)
cytoplasmic tail: evidence for translational regulation and against Fas ligand
retention in secretory lysosomes. J. Immunol. 173, 5095-5102 (2004).
Cahuzac, N. et al. Fas ligand is localized to membrane rafts, where it displays
increased cell death-inducing activity. Blood 107, 2384-2391 (2006).
Nachbur, U, Kassahn, D, Yousefi, S, Legler, D. F. & Brunner, T. Posttranscrip-
tional regulation of Fas (CD95) ligand killing activity by lipid rafts. Blood 107,
2790-2796 (2006).

Voss, M, Lettau, M, Paulsen, M. & Janssen, O. Posttranslational regulation of Fas
ligand function. Cell Commun. Signal. 6, 11-11 (2008).

Wenzel, J. et al. Multiple interactions of the cytosolic polyproline region of the
CD95 ligand: hints for the reverse signal transduction capacity of a death
factor. FEBS Lett. 509, 255-262 (2001).

Ghadimi, M. P. et al. Identification of interaction partners of the cytosolic
polyproline region of CD95 ligand (CD178). FEBS Lett. 519, 50-58 (2002).
Baum, W. et al. Binding of the intracellular Fas ligand (FasL) domain to the
adaptor protein PSTPIP results in a cytoplasmic localization of FasL. J. Biol.
Chem. 280, 40012-40024 (2005).

Lettau, M. et al. The adaptor protein Nck interacts with Fas ligand: Guiding the
death factor to the cytotoxic immunological synapse. Proc. Natl Acad. Sci. USA
103, 5911-5916 (2006).

Razani, B, Woodman, S. E. & Lisanti, M. P. Caveolae: from cell biology to animal
physiology. Pharmacol. Rev. 54, 431-467 (2002).

Williams, T. M. & Lisanti, M. P. The Caveolin genes: from cell biology to
medicine. Ann. Med. 36, 584-595 (2004).

Cohen, A. W, Hnasko, R, Schubert, W. & Lisanti, M. P. Role of caveolae and
caveolins in health and disease. Physiol. Rev. 84, 1341-1379 (2004).

Parton, R. G. & Simons, K The multiple faces of caveolae. Nat. Rev. Mol. Cell Biol.
8, 185-194 (2007).

Roy, S. et al. Dominant-negative caveolin inhibits H-Ras function by disrupting
cholesterol-rich plasma membrane domains. Nat. Cell Biol. 1, 98-105 (1999).
Fielding, C. J. & Fielding, P. E. Caveolae and intracellular trafficking of choles-
terol. Adv. Drug Deliv. Rev. 49, 251-264 (2001).

Liu, P, Rudick, M. & Anderson, R. G. Multiple functions of caveolin-1. J. Biol.
Chem. 277, 4129541298 (2002).

Krajewska, W. M. & Maslowska, |. Caveolins: structure and function in signal
transduction. Cell. Mol. Biol. Lett. 9, 195-220 (2004).

Smart, E. J. et al. Caveolins, liquid-ordered domains, and signal transduction.
Mol. Cell. Biol. 19, 7289-7304 (1999).

Couet, J, Li, S, Okamoto, T, lkezu, T. & Lisanti, M. P. Identification of peptide
and protein ligands for the caveolin-scaffolding domain. Implications for the
interaction of caveolin with caveolae-associated proteins. J. Biol. Chem. 272,
6525-6533 (1997).

Couet, J, Sargiacomo, M. & Lisanti, M. P. Interaction of a receptor tyrosine
kinase, EGF-R, with caveolins. Caveolin binding negatively regulates tyrosine
and serine/threonine kinase activities. J. Biol. Chem. 272, 30429-30438 (1997).
Razani, B. & Lisanti, M. P. Two distinct caveolin-1 domains mediate the func-
tional interaction of caveolin-1 with protein kinase A. Am. J. Physiol. Cell. Physiol.
281, C1241-C1250 (2001).

Yao, Q. et al. Caveolin-1 interacts directly with dynamin-2. J. Mol. Biol. 348,
491-501 (2005).

Chinnaiyan, A. M. et al. FADD/MORT1 is a common mediator of CD95 (Fas/
APO-1) and tumor necrosis factor receptor-induced apoptosis. J. Biol. Chem.
271, 4961-4965 (1996).

Lettau, M, Paulsen, M, Schmidt, H. & Janssen, O. Insights into the molecular
regulation of FasL (CD178) biology. Eur. J. Cell Biol. 90, 456-466 (2011).



Glukhova et al. Cell Death and Disease (2018)9:73

30.

31

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

Jodo, S. et al. Apoptosis-inducing membrane vesicles: a novel agent with
unique properties. J. Biol. Chem. 276, 39938-39944 (2001).

Brown, D. A. in Current Protocols in Immunology (eds Coligan, J. E. et al)
11.10.1-11.10.23 (John Wiley & Sons, Inc, New York, 2002).

Filipp, D. et al. Regulation of Fyn through translocation of activated Lck into
lipid rafts. J. Exp. Med. 197, 1221-1227 (2003).

Filipp, D, Leung, B. L, Zhang, J, Veillette, A. & Julius, M. Enrichment of Lck in
lipid rafts regulates colocalized Fyn activation and the initiation of proximal
signals through TCR alpha beta. J. Immunol. 172, 4266-4274 (2004).

Quest, F. G. et al. The caveolin-1 connection to cell death and survival. Curr.
Mol. Med. 13, 266-281 (2013).

Zhang, M. et al. Caveolin-1 mediates Fas-BID signaling in hyperoxia-induced
apoptosis. Free Radic. Biol. Med. 50, 1252-1262 (2011).

Galbiati, F, Razani, B. & Lisanti, M. P. Emerging themes in lipid rafts and
caveolae. Cell 106, 403-411 (2001).

Zajchowski, L. D. & Robbins, S. M. Lipid rafts and little caves. Compartmentalized
signalling in membrane microdomains. Eur. J. Biochem. 269, 737-752 (2002).
Schlegel, A, Schwab, R. B, Scherer, P. E. & Lisanti, M. P. A role for the caveolin
scaffolding domain in mediating the membrane attachment of caveolin-1.
The caveolin scaffolding domain is both necessary and sufficient for mem-
brane binding in vitro. J. Biol. Chem. 274, 22660-22667 (1999).
Guardiola-Serrano, F. et al. Palmitoylation of human FasL modulates its cell
death-inducing function. Cell Death Dis. 1, €88 (2010).

Nebl, T. et al. Proteomic analysis of a detergent-resistant membrane
skeleton from neutrophil plasma membranes. J. Biol. Chem. 277,
43399-43409 (2002).

Luna, E. J, Nebl, T, Takizawa, N. & Crowley, J. L. in Membrane Microdomain
Signaling: Lipid Rafts in Biology and Medicine (ed. Mattson, M. P) 47-70
(Humana Press, Totowa, NJ, 2005).

Official journal of the Cell Death Differentiation Association

42.

43.

45.

46.

47.

48.

49.

50.

51

Page 12 of 12

Watts, A. D. et al. A casein kinase | motif present in the cytoplasmic domain of
members of the tumour necrosis factor ligand family is implicated in ‘reverse
signalling’. EMBO J. 18, 2119-2126 (1999).

Holler, N. et al. Two adjacent trimeric Fas ligands are required for Fas signaling
and formation of a death-inducing signaling complex. Mol. Cell. Biol. 23,
1428-1440 (2003).

Teleging, E. et al. A possible role of Fas-ligand-mediated “reverse signaling” in
pathogenesis of rheumatoid arthritis and systemic lupus erythematosus.
Immunol. Lett. 122, 12-17 (2009).

Kirkin, V. et al. The Fas ligand intracellular domain is released by AD-
AM10 and SPPL2a cleavage in T-cells. Cell Death Differ. 14, 1678-1687
(2007).

Williams, T. M. & Lisanti, M. P. Caveolin-1 in oncogenic transformation,
cancer, and metastasis. Am. J. Physiol. Cell Physiol. 288, C494-C506
(2005).

Han, S. E, Park, K H, Lee, G, Huh, Y. J. & Min, B. M. Mutation and aberrant
expression of Caveolin-1 in human oral squamous cell carcinomas and oral
cancer cell lines. Int. J. Oncol. 24, 435-440 (2004).

Li, T. et al. Caveolin-1 mutations in human breast cancer: functional association
with estrogen receptor alpha-positive status. Am. J. Pathol. 168, 1998-2013
(2006).

Wallach, D. Preparations of lymphotoxin induce resistance to their own
cytotoxic effect. J. Immunol. 132, 2464-2469 (1984).

Motyka, B. et al. Mannose 6-phosphate/insulin-like growth factor Il receptor is
a death receptor for granzyme B during cytotoxic T cell-induced apoptosis.
Cell 103, 491-500 (2000).

Kurschus, F. C, Fellows, E, Stegmann, E. & Jenne, D. E. Granzyme B delivery via
perforin is restricted by size, but not by heparan sulfate-dependent endocy-
tosis. Proc. Natl Acad. Sci. USA 105, 13799-13804 (2008).



	Impairment of Fas-ligand–nobreakcaveolin-1 interaction inhibits Fas-ligand translocation to rafts and Fas-ligand-induced cell death
	Introduction
	Results
	Overexpression of FasL causes its translocation into rafts and cell death
	FasL is physically associated with caveolin-1
	N-terminal domain of FasL is essential for its association with caveolin-1, raft translocation, and cell-death activation
	N-terminal pre-PRD of FasL contains two caveolin-binding sites
	Localization in heavy detergent-resistant membranes (DRM-H)

	Discussion
	Materials and methods
	Antibodies and cell cultures
	Plasmids and recombinant proteins
	Cytotoxic assay
	3H-thymidine release assay
	Immunoblot analysis and immunofluorescent staining
	Isolation of DRMs
	Immunoprecipitation analysis

	ACKNOWLEDGMENTS




