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The tumor necrosis factor-related apoptosis-inducing ligand (TRAIL/Apo2L) offers promising therapeutic
potential based on its ability to induce apoptosis in various cancer cell lines without obvious adverse
effect to normal cells. However, the mechanism of the differential sensitivity towards TRAIL-induced
apoptosis remains unclear. Here, we demonstrate that caveolin-1 directly regulated TRAIL-induced apop-
tosis in HepG2 cells. ShRNA-mediated caveolin knockdown sensitized TRAIL-induced apoptosis and dis-
ruption of caveolae structure by the cholesterol-extracting reagent, methyl-b-cyclodextrin (MCD),
enhanced TRAIL-induced apoptosis. Over-expression of caveolin-1 partially blocked TRAIL-induced apop-
tosis. The engagement of TRAIL with its receptor DR4 reduced the localization of DR4 in caveolae and
resulted in its internalization. Blockade of caveolae-mediated internalization of DR4 by filipin III effec-
tively enhanced TRAIL-induced apoptosis. Collectively, our results reveal a new mechanism by which
caveolin-1 negatively regulates TRAIL-induced apoptosis in human hepatocarcinoma cells.

� 2008 Published by Elsevier Inc.
Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL,
also called Apo2L) is a member of the tumor necrosis factor (TNF) li-
gand family that rapidly induces apoptosis in a variety of trans-
formed cell lines [1]. TRAIL binding to two death receptors: TRAIL-
R1 (DR4) or TRAIL-R2 (DR5) induces apoptosis as these receptors
contain a functional death domain [2]. Unlike TNF-a or FASL, TRAIL
suppresses the growth of TRAIL-sensitive human adenocarcinoma
in mice and non-human primates without significant cytotoxic ef-
fects [3,4]. Although TRAIL is capable of inducing apoptosis in tumor
cells of diverse origins, several studies have shown that most hepa-
toma cancer cell lines are resistant to its apoptotic effects, which
suggests that TRAIL alone may be ineffective for cancer therapy.

Caveolae (‘little caves’) are flask-shaped lipid rafts, enriched in
cholesterol, sphingolipids, and structural marker proteins termed
caveolins [5]. Caveolins are highly conserved hairpin loop-shaped,
oligomeric proteins of 22–24 kD, which play a critical role in normal
caveolae function such as vesicular transportation and signal trans-
duction [6]. It has been reported that caveolins are involved in reg-
ulation of G-proteins [7], protein kinase C [8], vascular endothelial
growth factor receptor 2 [9], and platelet-derived growth factor
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receptor [10], which are consistently purified along with caveolae-
derived membranes. Considerable experimental evidence indicates
that Fas and TNF-R1 are either localized in or recruited to lipid rafts
as an initial step necessary for the induction of apoptosis [11,12].

Interestingly, caveolin-1 has been implicated in the pathogene-
sis of oncogenic cell transformation, tumorigenesis, and metastasis
(for review, see [13]). Caveolin-1 over-expression sensitizes fibro-
blast and bladder carcinoma cells to ceramide-induced death,
through a PI3-kinase-dependent mechanism [14], and to cell death
induced by staurosporine [15]. Cells expressing caveolin-1 were
more susceptible to oxLDL-induced apoptosis [16]. Moreover,
caveolin-1 over-expression in human prostate tumor cells renders
them more resistant to apoptosis, while caveolin-1 down-regula-
tion sensitizes these cells to apoptosis [17]. Taken together, the
role of caveolin-1 in apoptosis remains controversial. Here we re-
port that caveolin-1 negatively regulated TRAIL-induced apoptosis
in HepG2 cells. Our findings suggest that caveolin-1 plays impor-
tant roles in regulating tumor cell sensitivity to cancer drugs.

Materials and methods

Cell lines and reagents. Hepatoma HepG2 cells were cultured in
10% fetal bovine serum/RPMI 1640 supplemented with antibiotics
(100 units/ml penicillin, and 100 mg/ml streptomycin) in a
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humidified atmosphere with 5% CO2 at 37 �C. Anti-caspase 8 mAb
and anti-b-actin mAb were from Sigma-Aldrich; anti-caspase 3
rabbit pAb from Cell Signaling, Inc.; anti-caveolin-1 rabbit pAb,
anti-TRAIL-Receptor-1 (DR4) goat pAb as well as the FITC-conju-
gated goat anti-rabbit second antibody from Santa Cruz Biotech-
nology; TRAIL (a truncated recombinant human TRAIL which
contains 170 amino acid (rhTRAIL170), Patent No: 02116263.8),
was expressed in Escherichia coli and purified; filipin III and
methyl-b-cyclodextrin were from Sigma–Aldrich; the Super-
ScriptTM II reverse transcriptase kit, Lipofectamine 2000 and puro-
mycin from Invitrogen.

Apoptosis assays. Apoptosis was assessed by detecting phospha-
tidylserine exposure on the cell membrane with Annexin V stain-
ing, as described previously [18]. Cells were simultaneously
stained with Annexin V-FITC and PI. Comparative experiments
were performed at the same time by bivariate flow-cytometry
using a FACScan (BD) and analyzed with CellQuest software. Data
were obtained from a cell population from which debris was gated
out. Caspase 8 and 3 activation was determined by detecting the
activated fragments by Western blotting. Pro-caspase 3 (37 kD)
was cleaved into a 17 kD fragment but no cleaved band for pro-cas-
pase 8 was detected during apoptosis.

Western blotting. Western blotting was performed according to
our published method [18]. HepG2 cells were harvested and lysed
in lysis buffer. Cellular protein was loaded and separated on so-
dium dodecyl sulfate polyacrylamide gel (SDS–PAGE) and trans-
ferred to a nitrocellulose membrane (GibcoBRL) by the standard
electric transfer protocol. The membrane was blocked and probed
with primary antibodies, then incubated with horseradish peroxi-
dase-labeled second antibody (KPL Corp.). The membrane was then
exposed to an enhanced chemiluminescent system (Pierce) and
autoradiography was used to visualize immuno-reactive bands.
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Fig. 1. TRAIL induces apoptosis and down-regulates caveolin expression in HepG2 cells. (
incubated with different doses of TRAIL as indicated for 36 h. Apoptosis was evaluated by
three individual experiments (B, *p < 0.05). (C) Caspase activation. HepG2 cells exposed
subjected to SDS–PAGE followed by Western blotting with antibodies against caspase 8
TRAIL-induced down-regulation of caveolin at protein level. HepG2 cells were incubated
for caveolin-1 expression by SDS–PAGE followed by Western blotting. (E) TRAIL-induced
treated as in Fig. 1A, and the expression level of the caveolin-1 gene was evaluated using
RNA interference (RNAi). The following oligonucleotides were
cloned in to p-super-Babe-puro vector: 50-(BglII)GATCCCCCAGGG
CAACATCTACAAGCTTCAAGAGAGCTTGTAGATGTTGCCCTGTTTTTTA
(HindIII)-30. Empty vector was used as a control. HepG2 cell lines
stably expressing the target gene were obtained by transfection
with 2 lg psuper-Babe-puro vector containing the oligonucleotide
and isolating stable clones after 5 days of selection with 2 mg/ml
puromycin. The knockdown effect was measured by Western
blotting.

Immunofluorescence staining. HepG2 cells plated onto 12-mm
diameter round glass coverslips in 24-well plates were incubated
with TRAIL for different times, then washed with PBS and fixed
with paraformaldehyde. Fixed cells were permeabilized with 0.2%
Triton X-100 and rinsed sequentially in PBS, NH4Cl, and PBS. Cells
were incubated with anti-caveolin-1 pAb. After three washes with
PBS, cells were incubated with the FITC-conjugated goat anti-rab-
bit secondary antibody. Cells were washed three times with PBS.
Cells on coverslips were mounted with anti-fade reagent onto glass
slides and examined by fluorescence microscopy.

Extraction and purification of caveolae-enriched membrane frac-
tions with alkaline carbonar. Caveolin-enriched membrane fractions
were prepared as described previously with modification [19].
Briefly, normal or TRAIL-treated HepG2 cells were washed twice
in PBS and scraped into sodium carbonate. The cell suspension
was homogenized using a loose-fitting Dounce homogenizer,
sheared in a polytron tissue grinder, and subjected to sonication
using an ultrasonicator. The resulting homogenate was mixed with
an equal volume of 90% (w/v) sucrose. The sample was then trans-
ferred to a 12 ml ultracentrifuge tube and overlaid with a discon-
tinuous sucrose gradient 35% (w/v) sucrose and 5% (w/v) sucrose.
The samples were subjected to centrifugation at 200,000g for 16–
18 h at 4 �C. Twelve 1 ml fractions were collected from top to bot-
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A,B) Phosphatidylserine (PS) exposure. HepG2 cells cultured on six-well plates were
Annexin V staining and FACScan analysis. All data are expressed as mean ± SD from

to different doses of TRAIL for 36 h were harvested and lysates were prepared and
and caspase 3. The corresponding b-actin levels are shown as loading controls. (D)

in the presence of TRAIL for 36 h. Total cell lysates were then prepared and analyzed
down-regulation of caveolin at mRNA level. Total mRNA was extracted from cells

semi-quantitative RT-PCR. GAPDH served as a control for equal initial RNA amounts.
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tom, and 30 ll aliquots of each fraction were subjected to SDS–
PAGE and immunoblot analysis (detection of caveolin and actin).
For co-localization and receptor shift experiments, the fractions
were further purified by centrifugation at 300,000g with dilution
using 2-fold MBS [20].
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ig. 3. Caveolae depletion by methyl-b-cyclodextrin sensitizes TRAIL-induced
poptosis. (A) Phosphatidylserine exposure. Cells were treated with 400 ng/ml
RAIL and/or 0.4 mM methyl-b-cyclodextrin (MCD), a caveolae depletion
eagent, for 24 h. Apoptosis was evaluated as in Fig. 1A. All data are expressed
s mean ± SD from three individual experiments (*p < 0.05). (B) Caspase activa-
on. Whole-cell lysates were subjected to SDS–PAGE, blotted and probed with
ntibodies recognizing caspase 3. The corresponding b-actin levels are shown as
ading controls. The figure is representative of three similar independent

xperiments.
Results

TRAIL-induced apoptosis in HepG2 cells

HepG2 cells were incubated with TRAIL for 36 h and apoptosis
was determined by Annexin V staining (measured by FACScan)
(Fig. 1A and B) and by caspases activation (Fig. 1C). Cells displayed
dose-dependent apoptotic sensitivity to TRAIL. Currently, the role
of caveolin-1 in TRAIL-mediated apoptosis is not understood. To
evaluate the correlation between caveolin-1 expression and TRAIL
sensitivity, we first checked the expression level of caveolin-1 in
HepG2 cells treated with TRAIL. Western blotting and semi-quan-
titative reverse transcription-PCR analysis showed that the caveo-
lin-1 was decreased at both protein and mRNA level (Fig. 1D and
E). These results indicated that TRAIL-mediated apoptosis is corre-
lated with the down-regulation of caveolin-1 at both the mRNA
and protein levels.

Caveolin-1 regulates TRAIL-induced apoptosis

To show that caveolin-1 was indeed functionally involved in the
sensitivity of HepG2 cells to TRAIL-induced apoptosis, we further
performed RNAi experiments to knockdown caveolin-1 expression.
Western blotting analysis showed that the caveolin-1 level was
significantly lower in cells harboring caveolin-1 RNAi vector than
in cells transfected with the empty vector (Fig. 2A). We then ana-
lyzed the sensitivity of RNAi-transfected cells to TRAIL-mediated
apoptosis. The data showed that caveolin-1 down-regulation sensi-
tized HepG2 cells to TRAIL-mediated apoptosis (*p < 0.05) (Fig. 2B).
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Fig. 2. Caveolin-1 regulates TRAIL-induced apoptosis. (A,B) Knockdown of caveolin by siR
RNAi vector (p-super-Babe-puro-caveolin-1) or empty RNAi vector (p-super-Babe-puro
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To determine the direct function of caveolin-1 in TRAIL-mediated
apoptosis, we transiently transfected pcDNA3.1-caveolin-1 and de-
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). After 48 h, cell lysates were prepared and analyzed for caveolin-1 expression by
loading controls. Cells harboring caveolin-1 RNAi vector or empty RNAi vector were
Fig. 1A. All data are expressed as mean ± SD from three individual experiments (B,

ransfected with pcDNA3.1-caveolin-1 or with pcDNA3.1 vector alone for 48 h were
sion by SDS–PAGE followed by Western blotting with anti-caveolin-1 pAb. The
NA3.1-caveolin-1 or pcDNA3.1 empty vector alone were exposed to the indicated
essed as mean ± SD from three individual experiments (D, *p < 0.05).
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tected caveolin-1 over-expression (Fig. 2C). Our results showed
that cells transfected with empty pcDNA3.1 vector underwent
more apoptosis than that of cells transfected with pcDNA3.1-cave-
olin-1 (Fig. 2D). Thus, over-expression of caveolin-1 prevented
TRAIL-induced apoptosis in HepG2 cells. Taken together, these data
suggest caveolin negatively regulate TRAIL-induced apoptosis in
HepG2 cells.

Caveolae disruption sensitizes TRAIL-induced apoptosis

Caveolin is the key molecule that maintains the structure of
caveolae, which may be crucial for the cell sensitivity to TRAIL.
We thus anticipate that disruption of caveolae may sensitize the
cells to TRAIL-induced apoptosis. To test whether TRAIL-mediated
apoptosis requires caveolin-1 localization in caveolae, cells were
exposed to MCD or cotreated with TRAIL for 24 h. We found that
MCD enhanced TRAIL-induced apoptosis (*p < 0.05) (Fig. 3A). Cas-
pase activation results further supported the enhancing effects of
MCD because TRAIL-induced caspase 3 processing was more
marked in the presence of MCD (Fig. 3B, first band, third lane).
These data suggest that depletion of caveolae cholesterol and the
loss of compartmentalization of raft-associated molecules contrib-
uted to TRAIL-induced apoptosis.

Blockade of caveolae-mediated DR4 internalization sensitizes cells to
TRAIL-induced apoptosis

Increasing evidences suggest that caveolin serves to gather the
components of a signal transduction system in a spatially defined
caveolin-1
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Fig. 4. Caveolae internalization correlates with TRAIL-induced apoptosis. (A) DR4 is co-lo
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internalization. HepG2 cells cultured on coverslips were treated with/without TRAIL (4
specifically recognizes caveolin-1. The bound caveolin-1 primary antibody was visualiz
HepG2 cells treated with or without 400 ng/ml TRAIL in the presence or absence of fil
described in materials and methods. Western blotting analysis was carried out for DR4 m
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cell compartment and to prevent inappropriate activation. We
hypothesized that engagement of TRAIL with its receptor could
be affected by the caveolar structure within the plasma membrane.
Thus, the plasma membranes of control and TRAIL-treated cells
were collected and subjected to ultracentrifugation onto a linear
sucrose gradient to collect 12 fractions. Each fraction was evalu-
ated by Western blotting for the presence of DR4 and caveolin-1
(Fig. 4A). In intact cells, DR4 and caveolin-1 were expressed in frac-
tions 5–6, which suggested that DR4 and caveolin-1 were co-local-
ized in caveolar structures. We further used immunofluorescence
staining to visualize caveolin-1 distribution or movement when
treated with TRAIL. After 30 min incubation with TRAIL, caveo-
lae-mediated internalization was able to be observed (Fig. 4B,
white arrows showed concentrated and internalized caveolae).
After 36 h, caveolin could not be detected because of caveolin
down-regulation induced by TRAIL. Sucrose gradient fractions
based on a carbonate scheme was collected and further purified
and concentrated. Western blotting was carried out to analyze
DR4 with a specific antibody directed against DR4. Our data
showed that DR4 in caveolin-rich membrane domains decreased
with TRAIL stimulation (Fig. 4C, top three, from 0, 6, and 36 h),
while the caveolae-mediated endocytosis inhibitor filipin III
blocked DR4 disappearance from caveolae (Fig. 4C, bottom two, 6
and 36 h). Furthermore, we asked whether this internalization con-
tributed to the regulation of TRAIL-induced apoptosis. Our data
showed that TRAIL-induced apoptosis in HepG2 cells was en-
hanced because of the blockade of DR4 internalization by filipin
III (*p < 0.05) (Fig. 4D). The above findings support the hypothesis
that the TRAIL-induced apoptosis signaling pathway is regulated
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by caveolae/caveolin through the formation of a special micro-
environment.
Discussion

In this study we show that caveolin-1 negatively regulated
apoptosis induced by TRAIL in hepatoma HepG2 cells. In addition,
we find that cells’ sensitivity to TRAIL-induced apoptosis is closely
related to the integrity and normal movement of caveolae at the
plasma membrane.

Since TRAIL induces apoptosis in various tumor cells, it is a
promising candidate for cancer therapy [21]. However, in clinical
trials many tumor cells were found to be insensitive to TRAIL-in-
duced apoptosis. Interferon or UV is able to sensitize or enhance
the ability of TRAIL to kill tumor cells [22]. Several groups have re-
ported that caveolin/caveolae regulate the activation of other
members of the TNF superfamily, including TNF-a and FasL [23].
Currently, the contribution of caveolin-1 to TRAIL-induced apopto-
sis is controversial. In our model, we first found that caveolin-1
was down-regulated both at the protein and mRNA levels, which
suggested that caveolin-1 down-regulation was associated with
the TRAIL cell death signal pathway. Using ectopic expression
and gene silencing to pre-regulate caveolin-1 expression in normal
HepG2 cells, we showed that it played an anti-apoptotic role. These
data are consistent with the findings that caveolin-1 over-expres-
sion in Rat1A cells and human prostate cancer cells (LNCaP), or
caveolin-1 up-regulation in androgen-insensitive LNCaP clones,
renders these cells more resistant to apoptosis [24]. Whereas they
contrast with the report that in fibroblasts caveolin-1 interacts
with PI3-kinase, and caveolin-1 over-expression sensitizes to cera-
mide-induced death through a PI3-kinase-dependent mechanism
[14]. A possible reason for the apparent incongruity of the pro-
apoptotic or anti-apoptotic functions of caveolin-1 may be ex-
plained by cell-type specific effects: anti-apoptotic activity in some
cancer cells and pro-apoptotic activity in other cell types. Alterna-
tively, the disparate effects of caveolin-1 may be due to the use of
different apoptosis inducers. Additional studies are necessary to
clarify further the mechanism(s) by which caveolin is down-regu-
lated by TRAIL.

Caveolae are cholesterol-enriched membrane microdomains.
The sensitivity of caveolar architecture to cholesterol depletion
and oxidation has been established, and cholesterol is necessary
to stabilize caveolin oligomers [25]. Our demonstration that
MCD, which destroys caveolar structure at the cell membrane, sen-
sitized HepG2 cells to TRAIL-induced apoptosis provides further
evidence that caveolae compartmentalize enzymatic reactions at
the surface that are important for signaling. Compared to control
cells treated with MCD alone, when incubated with TRAIL and
MCD together, tumor cells become more sensitive to TRAIL stimu-
lation. Our result was opposite to that obtained by disruption of
caveolae using cholesterol-sequestering agents, which has been
shown to block IL-6- and IGF-1-induced activation of the PI3-ki-
nase/Akt signaling pathway [26]. The difference may lie in specific
components and functions of caveolae.

Immunocytochemistry [27], cell fractionation [28], and immu-
noprecipitation [29] show that most cell surface proteins, includ-
ing protein kinases, receptors, ion channels and growth factors,
are located in caveolae. Using a canonical protocol we isolated cav-
eolae structure for the HepG2 cell membrane. Our data showed
that TRAIL-R1 (DR4) was partially localized in caveolae. Several
groups reported from both morphologic [30] and biochemical
[31] investigations that caveolae are involved in endocytosis. In
caveolae/caveolin signal transduction research, the internalization
of signal complexes under stress may be the mechanism for cave-
olae to sequester molecules, providing an opportunity for locally
produced or imported molecules to modulate these signaling
events [32]. Using immunostaining for caveolin, we showed that
caveolae were internalized in cells treated with TRAIL along a time
gradient. Our purification work provided evidence that TRAIL treat-
ment induced DR4 internalization accompanied by caveolar struc-
ture on the cell membrane. With the specific inhibitor filipin III, we
further showed that DR4 internalization induced by TRAIL was
blocked, suggesting that DR4 internalization was caveolae-depen-
dent. Our data support the idea that caveolae are the source of ves-
icles that move between the two surfaces of cells, and the process
is inhibited by filipin III [31]. These data raise the possibility of an
opposite caveolar movement compared to the topical application
of vascular endothelial growth factor (VEGF), which rapidly in-
duces the swelling and fusion of caveolae [33], indicating that
the formation of caveolar channels is under hormonal control.
We hypothesize that this type of internalization of signal mole-
cules most likely has a variety of special uses in the cell. Interest-
ingly, we found that pre-incubation of cells with filipin III
enhanced apoptosis induced by TRAIL. This finding suggests that
blockade of DR4 internalization by filipin III inhibited cells from
sequestering the signal pathway. Undoubtedly, the ability of cave-
olin and caveolae to modulate signaling has important implica-
tions for the process of cell fate determination. These data
suggest that with so many different signaling molecules in one
location, caveolae are the logical place to look for signal
integration.
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