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Abstract

Tumour necrosis factor (TNF)-related apoptosis-inducing

ligand (TRAIL) exhibits potent antitumour activity upon

systemic administration in mice without showing the

deleterious side effects observed with other apoptosis-

inducing members of the TNF family such as TNF and

CD95L. TRAIL may, thus, have great potential in the treatment

of human cancer. However, about 60% of tumour cell lines are

not sensitive to TRAIL. To evaluate the mechanisms of tumour

resistance to TRAIL, we investigated hepatocellular carcino-

ma (HCC) cell lines that exhibit differential sensitivity to

TRAIL. Pretreatment with chemotherapeutic drugs, for

example, 5-fluorouracil (5-FU), rendered the TRAIL-resistant

HCC cell lines sensitive to TRAIL-induced apoptosis. Analysis

of the TRAIL death-inducing signalling complex (DISC)

revealed upregulation of TRAIL-R2. Caspase-8 recruitment

to and its activation at the DISC were substantially increased

after 5-FU sensitisation, while FADD recruitment remained

essentially unchanged. 5-FU pretreatment downregulated

cellular FLICE-inhibitory protein (cFLIP) and specific cFLIP

downregulation by small interfering RNA was sufficient to

sensitise TRAIL-resistant HCC cell lines for TRAIL-induced

apoptosis. Thus, a potential mechanism for TRAIL sensitisa-

tion by 5-FU is the increased effectiveness of caspase-8

recruitment to and activation at the DISC facilitated by the

downregulation of cFLIP and the consequent shift in the ratio

of caspase-8 to cFLIP at the DISC.
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Introduction

Apoptosis is essential to maintain tissue homeostasis.

Impaired apoptosis has been implicated in many human

diseases, including tumours. TNF-related apoptosis-inducing

ligand (TRAIL), also called Apo-2 ligand (Apo-2L), has been

shown to kill various tumour cell lines in vitro. Interestingly,

TRAIL induced apoptosis in about 40% of tumour cell lines,

while the remaining tumour cell lines and most normal cells

were resistant.1–3 Systemic administration of TRAIL sup-

pressed human tumour growth in SCID mice and non-human

primates without being toxic to normal tissue.2,4,5 Conflicting

results have been published with regard to the sensitivity of

normal human hepatocytes to TRAIL exposure.6 However,

recent studies suggested that liver toxicity in humans is

unlikely.7,8 Thus, TRAIL may serve as a novel therapeutic

drug for the treatment of cancer. Therefore, it is important to

understand the mechanisms involved in resistance and

sensitisation to TRAIL-induced apoptosis.

TRAIL interacts with five distinct receptors. TRAIL induces

apoptosis upon binding to TRAIL-R1 (DR4)9,10 and TRAIL-R2

(DR5/TRICK2/Killer).11–15 These receptors transmit a cas-

pase-activating death signal due to the presence of a

cytoplasmic death domain (DD).16,17 In contrast, neither

TRAIL-R3 (DcR1/TRID/LIT)12,15,18–20 nor TRAIL-R4 (DcR2/

TRUNDD)21 can mediate apoptosis due to complete or partial

absence of an intracellular DD, respectively. Osteoprotegerin

(OPG) is a soluble receptor reported to bind OPG ligand

(OPGL/RANKL/TRANCE/ODF) and TRAIL.22 The molecular

events leading to apoptosis induction via TRAIL have recently

been analysed. Crosslinking of the TRAIL receptors leads to

the formation of a death-inducing signalling complex

(DISC).23 The death adaptor protein FADD (MORT1) and

the proteolytic enzymes caspase-8 and -10 are recruited to

the TRAIL DISC.24–28 In a homotypic interaction, the DD of

FADD binds to the DD of the TRAIL receptors. The death

effector domain (DED) of FADD in turn interacts with the DED

of procaspase-8, which is thereby recruited to the TRAIL

Cell Death and Differentiation (2004) 11, S86–S96

& 2004 Nature Publishing Group All rights reserved 1350-9047/04 $30.00

www.nature.com/cdd



DISC. Procaspase-8 is proteolytically cleaved and activated

at the DISC. Activated caspase-8 then initiates the apoptosis

executing caspase cascade.23

For successful cancer treatment, it is important to under-

stand the biochemical mechanisms that distinguish TRAIL-

resistant from TRAIL-sensitive cells. Hepatocellular carcino-

ma (HCC) is one of the most common carcinomas.

Therapeutic options are very limited because of chemother-

apy resistance of this tumour type. A number of studies have

shown that cotreatment with chemotherapeutic agents and

irradiation results in sensitisation of TRAIL-resistant tumour

cell lines.29–33 However, the mechanisms leading to TRAIL

sensitivity are controversial.5,34–41 Upregulation of the apop-

tosis-inducing TRAIL receptors after treatment with 5-fluor-

ouracil (5-FU) has been implicated in sensitising human

leukaemic and glioma cells.31,35 Bernard et al.42 presented

data supporting the role of TRAIL-R3 and TRAIL-R4 as

putative decoy receptors, preventing apoptosis. Overexpres-

sion of cFLIPL and cFLIPS inhibited TRAIL-induced apopto-

sis.43 In other studies, no correlation with cFLIP expression

and sensitivity versus resistance in TRAIL-induced apoptosis

was found.44 Thus, the role of the TRAIL DISC and cFLIP in

sensitisation for TRAIL-induced apoptosis is still unclear.45

To dissect the molecular mechanisms of TRAIL-induced

apoptosis, we analysed the different biochemical levels at

which TRAIL sensitivity versus resistance of HCC cell lines

could be regulated. We show that constitutive resistance of

HCC cell lines is not mediated by TRAIL-R3 or TRAIL-R4. Our

data indicate that in hepatocytes sensitisation with 5-FU is

mediated through enhanced caspase-8 recruitment and

activation at the DISC.

Both cFLIPL and cFLIPS are downregulated by 5-FU

treatment and specific downregulation of cFLIP by small

interfering RNA (siRNA) in Hep3b cells sensitises for TRAIL-

induced apoptosis. Downregulation of cFLIP results in an

increase of the ratio of caspase-8 to cFLIP within the DISC.

The observed changes synergise in 5-FU-mediated sensitisa-

tion to TRAIL-induced apoptosis.

Results

TRAIL induces apoptosis in the human HCC cell

line HepG2 but not in HepG2-TR or Hep3b

Although TRAIL has been reported to induce apoptosis in a

variety of tumour cell types including HCC cell lines,46 the

molecular mechanisms that regulate sensitivity versus resis-

tance of tumour cells to TRAIL-induced apoptosis remain

poorly defined. We identified two cell lines that exhibit a

pronounced difference in TRAIL sensitivity, TRAIL-resistant

Hep3b cells and TRAIL-sensitive HepG2 cells. In addition, we

established a TRAIL-resistant variant of HepG2 cells, HepG2-

TR cells, obtained by in vitro selection for TRAIL resistance.

HepG2 cells undergo TRAIL-induced apoptosis in a dose-

dependent manner (Figure 1). In contrast, treatment of

HepG2-TR and Hep3b cells with TRAIL did not result in

significant apoptosis induction. At a concentration of 1 mg/ml

TRAIL less than 15% of the cells underwent apoptosis, while

more than 90% of HepG2 cells were killed with 100 ng/ml

TRAIL. We have, thus, identified a model system that serves

to study the mechanisms of TRAIL resistance in HCC cells.

5-FU and other chemotherapeutic drugs sensitise

Hep3b and HepG2-TR cells for TRAIL-induced

apoptosis

We were interested in studying mechanisms that result in

TRAIL resistance and how TRAIL resistance can be broken.

We tested whether chemotherapeutic drugs influence TRAIL

sensitivity of HCC cell lines. We incubated Hep3b cells with

different chemotherapeutic drugs before the addition of TRAIL

(Figure 2a). We had determined subtoxic concentrations of

the different chemotherapeutic drugs on the resistant cell lines

(data not shown). The most striking synergistic effect was

observed whenHep3b or HepG2-TR cells were cotreated with

5-FU and TRAIL, while the effect was less pronounced in the

cases of pretreatment with the other chemotherapeutic drugs

tested (Figure 2a). In approximately 50% of Hep3b cells,

apoptosis was induced after 24 h, while both reagents alone

induced apoptosis in less than 5% of cells. In addition, we

found that cotreatment with 5-FU could further sensitise the

constitutively sensitive HepG2 cells for TRAIL-induced

apoptosis (Figure 2b). This cellular system at hand, we

determined the molecular level at which 5-FU-mediated

sensitisation to TRAIL-induced apoptosis occurred.

Drug-induced upregulation of TRAIL death

receptors is p53 independent

Upregulation of TRAIL death receptors, downregulation of

nonapoptosis-inducing TRAIL receptors or a combination of

both could result in enhanced sensitivity for TRAIL-induced

apoptosis. We, therefore, examined surface expression of the

different TRAIL receptors, and CD95 as a control, on all three

cell lines before and after treatment with 5-FU (Figure 3). In

accordance with our previous studies,47 we found that p53-

deficient Hep3b cells did not express CD95 and that treatment

Figure 1 Dose dependency of TRAIL-induced apoptosis in various HCC cell
lines. Different HCC cell lines HepG2 (J), HepG2-TR (D) and Hep3b (&) were
treated with 12–1000 ng/ml TRAIL and analysed after 24 h for subdiploid DNA
content.72 Data are shown as the percent apoptosis with S.D. (three wells each
condition). Three independent experiments with similar results have been
performed
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with 5-FU did not result in its upregulation, while CD95

upregulation was readily observed in p53-wildtype HepG2

and HepG2-TR cells. In TRAIL-resistant Hep3b and HepG2-

TR cells, TRAIL-R1 was expressed at lower levels than in the

TRAIL-sensitive HepG2, and only in HepG2-TR cells TRAIL-

R1 was upregulated by 5-FU treatment. Thus, TRAIL-R1

upregulation potentially contributes to increased sensitivity of

HepG2-TR cells to TRAIL-induced apoptosis upon 5-FU

treatment. TRAIL-R2 was expressed at comparable levels

on all three cell lines. Upon treatment with 5-FU, TRAIL-R2

was not only upregulated in HepG2 and HepG2-TR cells but

also in the p53-deficient Hep3b cells. TRAIL-R3 was only

marginally detected on Hep3b, HepG2-TR and HepG2 cells,

while TRAIL-R4 was apparent and increased upon 5-FU

treatment. HepG2-TR and HepG2 cells also expressed

TRAIL-R3 after treatment with 5-FU. Taken together, the

chemotherapeutic drug 5-FU led to the upregulation of TRAIL-

R2 in all cell lines and, to a lesser degree, of TRAIL-R1 in the

HepG2-TR and HepG2 cells. Thus, increased surface

expression of apoptosis-inducing TRAIL receptors could

contribute to the increased sensitivity of the examined cell

lines to TRAIL-induced apoptosis.

TRAIL-R1- and TRAIL-R2-triggered pathways

contribute to drug-induced sensitisation of HCC

cell lines to TRAIL-induced apoptosis

Next, we testedwhether resistance to TRAIL wasmediated by

the putative decoy function of the nonapoptosis-inducing

receptors TRAIL-R3 and TRAIL-R4 or whether it was due to

the blockage of apoptotic signalling of the receptors TRAIL-R1

and TRAIL-R2. Therefore, we specifically triggered TRAIL-R1

Figure 3 Comparison of TRAIL receptor surface expression of resistant and sensitive cell lines with and without 5-FU pretreatment. FACS analysis of surface
expression of TRAIL-R1 to TRAIL-R4 and CD95 with (solid bold line) and without (filled line) 5-FU (100 mg/ml) treatment for 16 h as compared to an isotype-matched
control mIgG1 mAb (dashed line). To exclude unspecific staining of dead cells, 1� 104 7-AAD-negative cells were counted. Staining of isotype-matched control mIgG1
mAb was comparable with or without incubation with 5-FU (data not shown). The data represent the results of an experimental setup, which was repeated at least three
times

Figure 2 Sensitisation of Hep3b cells for TRAIL-induced apoptosis with
chemotherapeutic drugs. (a) Hep3b cells (black bars) and HepG2-TR cells (grey
bars) were treated with different chemotherapeutic drugs at the indicated
concentrations for 24 h in the presence or absence of 1mg/ml TRAIL. Apoptosis
was determined by subdiploid DNA content. (b) HepG2 cells were treated with
different concentrations of TRAIL in the presence (D) or absence (J) of 5-FU
(25 mg/ml). After 24 h, cell survival was analysed by MTT assay as described in
Materials and methods. Data are shown as the mean7S.D. of three
independent experiments
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and TRAIL-R2, either alone or in combination, in the absence

or presence of 5-FU (Figure 4). This allowed us to investigate

whether putative decoy receptors were responsible for the

resistance of Hep3b cells, since the antibodies would only

stimulate specific receptors irrespective of the presence of

TRAIL-R3 and TRAIL-R4. In TRAIL-resistant Hep3b cells,

significant apoptosis induction was neither possible through

triggering of TRAIL-R1 nor TRAIL-R2 alone, yet concomitant

triggering of TRAIL-R1 and TRAIL-R2 resulted in about 10%

specific apoptosis induction comparable to what was seen

with TRAIL at high doses. Upon incubation with 5-FU,

however, cell death was readily induced either by triggering

TRAIL-R1, TRAIL-R2 or both receptors in combination

(Figure 4). Resistance upon triggering TRAIL-R1 and

TRAIL-R2 in the absence of 5-FU and sensitisation in its

presence demonstrates that the nonapoptosis-inducing

TRAIL-R3 and TRAIL-R4 are not necessary for the observed

TRAIL resistance of Hep3b cells. Comparable results were

obtained for HepG2-TR cells (data not shown). Interestingly,

although TRAIL-R1 was not upregulated on Hep3b cells upon

5-FU treatment (Figure 3), the cells becamemore susceptible

to the induction of apoptosis by triggering TRAIL-R1. This

indicates that apart from receptor upregulation also intracel-

lular events are involved in 5-FU-mediated sensitisation.

Upregulation of TRAIL-R1 and TRAIL-R2 is not

essential for sensitisation to TRAIL-induced

apoptosis

For tumour necrosis factor (TNF), it has been shown that cells

need to bind this cytokine directly for only minutes in order to

achieve the full cytotoxic effect. Thus far, we had incubated

HCC cells in the presence and absence of TRAIL with 5-FU for

a 24 h time period. In order to test whether additional TRAIL

needs to be present at later time points during sensitisation, or

whether already cell-bound TRAIL was sufficient to induce

apoptosis, we tested 5-FU sensitisation after removing all

noncell-bound TRAIL after an initial incubation time of 25min.

If receptor upregulation alone would be responsible for 5-FU-

mediated sensitisation, then cells from which unbound TRAIL

had been removed should not undergo apoptosis upon 5-FU

treatment. If, however, receptor upregulation was not respon-

sible for sensitisation but rather an intracellular mechanism,

then removal of unbound TRAIL should not affect 5-FU

sensitisation. We took advantage of this distinction to

determine whether increased surface expression of TRAIL-

R1 and TRAIL-R2 were, in fact, necessary for the sensitising

effect of 5-FU. TRAIL-resistant Hep3b cells were incubated in

the presence of 1mg/ml TRAIL for 25min. Subsequently,

unbound TRAIL was removed by thoroughly washing the cells

before new medium with or without 5-FU was added for 24 h

(Figure 5). As a control, Hep3b cells were treated with 5-FU in

the presence of 1mg/ml TRAIL throughout the 24 h period.

Only small differences in TRAIL-induced apoptosis were

observed between 5-FU-sensitised cells when unbound

TRAIL was removed and not replaced and 5-FU-sensitised

cells that were further incubated in the presence of TRAIL.

Comparable results were obtained for HepG2-TR cells (data

not shown). Thus, upregulation of the apoptosis-inducing

TRAIL receptors by 5-FU treatment might contribute but is not

the decisive factor for 5-FU sensitisation. Instead, these

findings clearly point towards a mechanism of sensitisation

that either takes place intracellularly or at the level of DISC

formation.

Decrease of cFLIPL and cFLIPS expression and

increased caspase-8 activation after 5-FU and

TRAIL cotreatment

To test changes at the intracellular level, we stimulated Hep3b

cells in the presence and absence of 5-FU with TRAIL for

different time periods and subsequently analysed cell lysates

Figure 5 Upregulation of the death-inducing TRAIL receptors is not essential
for sensitisation of resistant cell lines. Hep3b cells were incubated with TRAIL at
1 mg/ml for 25 min and then washed five times with the medium. Cells were then
cultured either in the medium containing 100mg/ml 5-FU in the absence (open
bars) or in the presence of TRAIL at 1 mg/ml (black bars). Control cells were
washed five times without any addition of TRAIL (grey bars). After 24 h, apoptosis
was analysed by subdiploid DNA content.72 Data are shown as the percent
apoptosis with S.D. (three wells each condition). One of three experiments with
comparable results is shown

Figure 4 Induction of apoptosis by agonistic TRAIL-R1 and TRAIL-R2
antibodies after sensitisation of TRAIL-resistant Hep3b cells with 5-FU. TRAIL-
resistant Hep3b cells were treated with monoclonal agonistic antibodies against
TRAIL-R1 and TRAIL-R2 and a combination thereof. After 24 h, cell survival was
determined by MTT assay as described in Materials and methods. Data are
shown as the percent viability of control with S.D. (three wells each condition).
Three independent experiments with similar results have been performed
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for caspase-8 cleavage (Figure 6a). In Hep3b cells cotreated

with 5-FU and TRAIL, caspase-8 cleavage was detected

already after 1 h peaking after 2 h with the active p18 subunit

detected. After 4 h of apoptosis induction by TRAIL, detection

of the p18 and p43/p41 subunits of caspase-8 was reduced

most likely due to rapid degradation. Remarkably, cleavage of

procaspase-8 was nearly complete after 8 h. In marked

contrast, only minimal caspase-8 cleavage and no active

p18 subunit could be detected in Hep3b cells that were treated

with TRAIL in the absence of 5-FU (Figure 6a). Caspase-8

activation was shown to be inhibited by cFLIPL and/or

cFLIPS.
48 In addition, cFLIPL overexpression has been shown

to block TRAIL-induced apoptosis in transformed keratino-

cytes.43,49 To test whether cFLIP downregulation by 5-FU

treatment may contribute to the intracellular event that is

responsible for the observed TRAIL sensitisation, we deter-

mined expression levels of cFLIP depending on treatment

with 5-FU. We found that 5-FU treatment resulted in a marked

reduction of cFLIPL and cFLIPS in Hep3b cells (Figure 6b).

Already 2 h after onset of 5-FU treatment, both cFLIP isoforms

were greatly reduced in the cell lysates, while the other DISC

components were expressed at constant levels or, as in the

case of FADD, only at slightly reduced levels (Figure 6c). This

correlation between TRAIL sensitisation of Hep3b cells and

downregulation of both cFLIP isoforms suggested the

involvement of cFLIP downregulation in 5-FU sensitisation

to TRAIL-induced apoptosis.

Enhanced DISC formation in TRAIL-sensitive and

-sensitised cell lines after treatment with 5-FU

To compare directly the TRAIL-sensitive HepG2 cells with

TRAIL-resistant Hep3b cells, we immunoprecipitated TRAIL

DISCs from identical numbers of untreated cells next to each

other. Although TRAIL-R1 and TRAIL-R2 are expressed at

similar levels on the cell surface, caspase-8, FADD and also

cFLIPS and cFLIPL recruitment to the TRAIL DISC is much

more pronounced in the TRAIL-sensitive cell line than in the

TRAIL-resistant cell line (Figure 7a).

Enhanced caspase-8 activation and downregulation of

cFLIP in cell lysates after treatment with 5-FU suggested an

important function of the DISC. We therefore investigated

changes induced by 5-FU in the formation and/or composition

of the DISC formed upon TRAIL stimulation. We analysed the

native TRAIL DISC of all three cell lines with and without

pretreatment with 5-FU for 12 h (Figure 7b). This analysis

showed that 5-FU treatment resulted in markedly enhanced

DISC formation in the primarily resistant Hep3b and HepG2-

TR cells and, to a lesser degree, also in sensitive HepG2 cells.

In accordance with the changes in receptor surface expres-

sion, 5-FU treatment enhanced the recruitment of TRAIL-R2

to the DISC. The increased amount of TRAIL death receptor

correlated with increased procaspase-8 recruitment, while the

p43/41 levels were only slightly elevated. Interestingly, the

increasing procaspase-8 recruitment was not paralleled to the

same extent by an increase in FADD recruitment. The most

surprising finding was that, although cFLIPS and cFLIPL was

significantly reduced in the lysates after 16 h of 5-FU

treatment (Figure 6c), cFLIPL was recruited to the TRAIL

DISC in similar amounts in all three cell lines whether

preincubated with 5-FU or not, while cFLIPS was only

detected in the TRAIL DISC of the untreated sensitive HepG2

cells (Figure 7b). Interestingly, the DISC of the TRAIL-

Figure 6 Rapid caspase-8 cleavage induced by TRAIL after 5-FU pretreatment
of TRAIL-resistant cells, which markedly decreased protein levels of cFLIPL and
cFLIPS. Hep3b cells were left untreated or were pretreated with 100mg/ml 5-FU
for 12 h before TRAIL was added for the indicated time points. Subsequently,
cells were lysed and 20 mg of cell lysates were analysed by 12% SDS-PAGE and
Western blot for caspase-8 (a) and cFLIP (b). The same blots were incubated
with anti-ERK1 as a protein loading control. (c) To compare protein expression of
the three cell lines in the absence and presence of 100mg/ml, 5-FU cells were
lysed after 16 h 5-FU treatment and 20 mg of cell lysates were analysed by 12%
SDS-PAGE and Western blot for caspase-8, FADD and cFLIP. The same blots
were incubated with anti-ERK1 as a protein loading control. These blots illustrate
one representative Western blot of at least three
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resistant HepG2-TR cells contained cFLIP at a level compar-

able to the one in the TRAIL DISC of the TRAIL-sensitive

HepG2 cells. These results suggest that DISC formation is

enhanced after sensitisation with 5-FU and that the effective-

ness of DISC formation and caspase-8 recruitment is the

determining difference between resistance and sensitivity in

these cell lines.

Specific downregulation of cFLIP by siRNA is

sufficient to sensitise Hep3b cells for TRAIL-

induced apoptosis

Upregulation of TRAIL death receptors by 5-FU was not

necessary for TRAIL sensitisation of hepatoma cell lines.

Thus an intracellular event must be crucial. 5-FU treatment

resulted in rapid downregulation of cFLIPL and cFLIPS. To test

whether cFLIP downregulation alone might be sufficient to

mediate TRAIL sensitisation, we transfected Hep3b cells with

cFLIP-targeting siRNA vectors.50 Our results show that

transfection of Hep3b cells with the cFLIP-targeting siRNA

vector results in the downregulation of cFLIP (Figure 8a)

and that these cells are sensitised for TRAIL-induced

apoptosis (Figure 8b and c). Thus downregulation of cFLIP

is sufficient to sensitise resistant tumour cells for TRAIL-

induced apoptosis.

Discussion

In the present study, we investigated the mechanisms of 5-FU

sensitisation for TRAIL-induced apoptosis of HCC cells. Two

TRAIL-resistant cell lines and a TRAIL-sensitive cell line

showed similar surface expression of the TRAIL receptors.

Interestingly, surface expression of TRAIL-R4 could be

detected in all three cell lines. TRAIL-R3 and TRAIL-R4 have

been suggested to function as apoptosis-inhibitory receptors,

as ectopic overexpression has been shown to inhibit TRAIL-

induced apoptosis.18,19 However, in more recent publications

no correlation between the expression of the putative TRAIL

decoy receptors and TRAIL sensitivity was found in various

cellular systems.34,35 To test whether the sensitising effect of

5-FU was independent of TRAIL-R3 and TRAIL-R4 expres-

sion, we specifically stimulated TRAIL-R1 and TRAIL-R2 with

agonistic antibodies. The direct stimulation of TRAIL-R1 or

TRAIL-R2 alone and in combination failed to induce apoptosis

in TRAIL-resistant cells. However, after sensitisation with 5-

FU direct stimulation of TRAIL-R1 or TRAIL-R2 resulted in

apoptosis. Therefore, TRAIL-R1 or TRAIL-R2 triggering alone

or in combination is insufficient to induce apoptosis in TRAIL-

resistant cells demonstrating that constitutive resistance of

HCC cells is independent of TRAIL-R3 and TRAIL-R4

expression. Furthermore, sensitisation to TRAIL-induced

apoptosis after 5-FU treatment was observed for both

death-inducing TRAIL receptors, although TRAIL-R1 upregu-

lation was marginal after 5-FU treatment in Hep3B cells.

Analysis of TRAIL receptor surface expression revealed

that, concomitantly with sensitisation after treatment with 5-

FU, TRAIL-R2 was upregulated on both resistant cell lines.51

Since Hep3b cells lack functional p53, our data confirmed that

TRAIL-induced apoptosis is independent of the p53 status.52–

56 In addition, the upregulation of TRAIL-R2 by 5-FU in the

p53-negative Hep3b cells shows that TRAIL-R2 can be

efficiently upregulated (Figure 3) and expressed (Figure 4)

in the absence of functional p53.54

Recently, it has been shown that in a number of cell types

TRAIL-induced apoptosis requires Bax-dependent release of

Smac/DIABLO to achieve inactivation of the inhibitor of

apoptosis proteins (IAPs).57–60 To test whether sensitisation

in HCC cells to TRAIL-induced apoptosis is a receptor-

proximal event or whether it is regulated further downstream

in the apoptotic signalling cascade, we examined the kinetics

of cleavage of the initiator caspase-8. In contrast to resistant

cells, we found massive and early caspase-8 cleavage in the

sensitised cells with a maximum detected in the lysates after

1–2 h. Next, we tested whether caspase-8 activation was

Figure 7 Enhanced caspase-8 and constant levels of cFLIP recruitment
revealed by native TRAIL DISC analysis after sensitisation with 5-FU. (a) HepG2
and Hep3b cells were then either stimulated with 1mg/ml biotinylated TRAIL for
15min (þ ) or left unstimulated (�) before cell lysis. TRAIL was added to the
lysates in the unstimulated control. Resulting protein complexes bound to
biotinylated TRAIL were analysed for the presence of TRAIL-R1, TRAIL-R2,
caspase-8, FADD/MORT1 and cFLIP by SDS-PAGE and Western blot following
affinity precipitation with Neutravidin beads. (b) HepG2, HepG2-TR and Hep3b
cells were left untreated or were preincubated for 12 h with 5-FU (100 mg/ml),
then DISC analysis was performed as described above. Three independent
experiments with similar results have been performed
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directly activated at the DISC to discriminate caspase-8

activation secondary to a mitochondrial amplification

loop.30,61 Postmitochondrial changes as described by Lever-

kus et al.58 were not observed in these cell lines, as we found

no change in the expression of IAPs after incubation with 5-FU

(data not shown). However, the HCC cells sensitised with 5-

FU recruited massive caspase-8 at the native DISC already

after 15min. Therefore, increased caspase-8 activation at the

DISC is a decisive initiator for the greatly increased apoptosis

of these sensitised cells.

These results suggest that sensitisation by 5-FU for TRAIL-

induced apoptosis is a receptor-proximal event. Upregulation

of the death-inducing TRAIL receptors after treatment with 5-

FU implicated an important role in the process of sensitisation

of hepatoma cells. Interestingly, we found a comparable

degree of apoptosis independent of whether unbound TRAIL

was removed from the supernatant of resistant cells before

sensitisation with 5-FU or was carried out in the continuous

presence of TRAIL. Thus, additional binding of TRAIL to the

upregulated TRAIL receptors did not result in significant

additional apoptosis. Hence, the main mechanism for

sensitisation occurs independent of the modulation of TRAIL

receptor surface expression. Interestingly, FADD levels at the

DISC remain relatively unchanged, while there is an upregu-

lation of TRAIL-R2 together with increased caspase-8

recruitment.

The protein cFLIP has been shown to act as an inhibitor of

TRAIL-induced apoptosis in other cellular systems.43,62

Overexpression of cFLIPL or cFLIPS has resulted in the

inhibition of the CD95 and TRAIL DISC.62–64 While cFLIPS

blocks cleavage of procaspase-8, cFLIPL inhibits further

processing of the intermediate cleavage products (p43/41)

into the catalytically active caspase-8 (p18/p10).48,62,65

Recently, it has been suggested that cFLIPL at physiological

levels enhances CD95-induced apoptosis and only over-

expression of cFLIPL blocks CD95-induced apoptosis,45while

this has not been shown for TRAIL. In contrast to other known

components of the DISC, for example, caspase-8, the

expression levels of cFLIPL and cFLIPS in the cytosol were

markedly reduced after 5-FU treatment. We precipitated the

native TRAIL DISC in sensitive and resistant HCC cells before

and after sensitisation with 5-FU to investigate whether the

changes in the lysates were reflected by less efficient or

absent cFLIP recruitment. DISC analysis demonstrated that

both isoforms of cFLIP bind to the TRAIL DISC. Surprisingly,

at the DISC level only a minimal decrease of cFLIPL could be

observed, while cFLIPS was only efficiently precipitated in the

TRAIL-sensitive cell line and could not be detected after

treatment with 5-FU. However, procaspase-8 recruitment was

enhanced after sensitisation to TRAIL-induced apoptosis in all

cell lines, which was paralleled by massive caspase-8

cleavage in the cytosol. At the same time, processed p43/

p41 caspase-8 were only slightly increased in the DISC,

suggesting a high turnover of caspase-8 at the TRAIL DISC.

In contrast, cFLIPL-mediated inhibition of caspase-8 activa-

tion at the DISC can be recognised by an accumulation of p43/

p41.48 Thus, the appearance of less p43/p41 in comparison to

p55/p53 upon treatment with 5-FU supports a function for

cFLIPL downregulation in the observed sensitisation of

TRAIL-resistant cell lines. The downregulation of cFLIP with

Figure 8 Specific downregulation of cFLIP by siRNA is sufficient to sensitise Hep3b cells for TRAIL-induced apoptosis. (a) Hep3b cells were transfected with a vector
encoding for GFP and cFLIP siRNA or control siRNA. After 48 h, cells were sorted and GFP-positive cells were lysed and examined for cFLIP expression by Western blot
analysis. (b) Cells were transfected with the respective vectors encoding for GFP only, control siRNA and cFLIP siRNA. After 48 h, cells were incubated with LZ-TRAIL
(1 mg/ml) and GFP-positive cells were analysed by FACS at the indicated time points. Three independent experiments with similar results have been performed. (c) At
2 h after incubation with (1 mg/ml) LZ-TRAIL, same cell populations as described in (b) were stained for active caspase-3 (PE) and DAPI, and examined under the
fluorescence microscope
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siRNA and the consequent sensitisation of Hep3b cells for

TRAIL-induced apoptosis (Figure 8) showed that cFLIP

downregulation is sufficient for TRAIL sensitisation. Together

with the increased recruitment of caspase-8 to the TRAIL-

DISC following 5-FU treatment, the downregulation of cFLIP

in the lysates of 5-FU-treated cells results in an increase in the

ratio of caspase-8 to cFLIP within the DISC (Figure 7). This

suggests that non-pretreated, resistant cells mainly contain

inhibited DISCs, whereas 5-FU-pretreated cells contain active

DISCs that catalyse the activation of caspase-8 at a rate that

allows for subsequent induction of apoptosis.66

Taken together, our findings allow for the following

conclusions: first, TRAIL-R3 and TRAIL-R4 do not function

as decoy receptors in Hep3b and HepG2-TR HCC cell lines.

Second, 5-FU treatment upregulates the TRAIL death

receptors, but this upregulation is insufficient to explain 5-

FU-mediated sensitisation, indicating that TRAIL sensitivity is

also regulated at the level of caspase-8 recruitment and

activation.67–69 Third, we show that both cFLIPL and cFLIPS

are recruited to the native TRAIL DISC, that they are

downregulated by 5-FU treatment and that specific down-

regulation of cFLIP by siRNA in Hep3b cells sensitises these

cells for TRAIL-induced apoptosis. Therefore, enhanced

activation of caspase-8 can be explained by the increased

ratio of caspase-8 to cFLIP within the TRAIL DISC of tumour

cells.70 Efficient recruitment of caspase-8 to the DISC and its

activation at this complex is decisive for TRAIL sensitivity.

Notably, the described sensitisation mechanism for tumour

cells does not apply for primary human hepatocytes. These

cells remained resistant when cotreated with 5-FU and TRAIL

(own unpublished data). This difference between sensitisation

of HCC cells, on the one hand, and normal hepatocytes, on

the other, may open up a new therapeutic window for TRAIL in

combination with chemotherapeutics.

Materials and Methods

Cell lines

The human HCC cell lines HepG2, HepG2-TR and Hep3b were

maintained in DMEM (Gibco-BRL, Karlsruhe, Germany) containing 10%

foetal calf serum (Gibco-BRL). The HepG2-TR cells are a TRAIL-resistant

variant of HepG2 cells that were obtained by in vitro selection for TRAIL

resistance. They were periodically treated with increasing concentrations

of TRAIL and selected for resistance to TRAIL-induced apoptosis.

Antibodies and reagents

Monoclonal antibodies (mAb) against FADD/MORT1 were purchased

from Transduction Laboratories (San Diego, CA, USA). The mAb anti-

FLICE C15 recognises the p18 subunit of caspase-871 and the mAb anti-

cFLIP NF6 recognises the N-terminal portion of cFLIP;64 both antibodies

are also available from Alexis (San Diego, CA, USA). Leucine Zipper (LZ)-

TRAIL is a stable trimer of TRAIL and induces apoptosis upon binding to

TRAIL-sensitive cells.11 LZ-TRAIL was purified from the supernatant of

COS-7 cells transfected with LZ-TRAIL-pcDNA3.1. The purification was

carried out as described.11 The antibodies specific for the different TRAIL

receptors were anti-TRAIL-R1 HS101, TRAIL-R2 HS201, TRAIL-R3

HS301 and TRAIL-R4 HS402 for FACS analysis; for agonistic antibody-

mediated killing, we used TRAIL-R1 HS101 and TRAIL-R2 HS201.

Anti-TRAIL-R1 polyclonal rabbit Ab 210-730-C100 and anti-TRAIL-R2

polyclonal goat Ab 210-743-R100 were used for Western blot detection of

TRAIL-R1 and TRAIL-R2, respectively. All TRAIL receptor antibodies are

available from Alexis (San Diego, CA, USA). Horseradish peroxidase

(HRPO)-conjugated goat anti-mouse IgG1, IgG2a and IgG2b and anti-

rabbit and anti-goat polyclonal antibodies (pAb) were obtained from

Southern Biotechnology Associates (Birmingham, AL, USA). All other

chemicals used were of analytical grade and purchased from Merck

(Darmstadt, Germany) or Sigma Chemical Co. (St. Louis, MO, USA).

MTT assay

A total of 5� 104 cells were seeded in 96-well plates (Costar, Cambridge,

MA, USA) with or without apoptotic stimuli in 150 ml medium at 371C. After

20 h, 30ml of an MTT solution (5 mg/ml MTT, Sigma Chemical Co., St.

Louis, MO, USA, in phosphate-buffered saline (PBS)) was added for

additional 4 h, the medium was then removed and cells lysed with 95%

isopropanol/5% acetic acid (v/v). Absorption was determined at 560 nm.

The percentage viable cells were calculated as follows: 100� (absorption

measured�absorption lysed cells)/(absorption medium�absorption lysed

cells).

FACS analysis

Subconfluent HCC cell lines were detached from the plates by EDTA

(2 mM) treatment. Cells were incubated with mAbs of the same isotype

(mIgG1) against the four surface-expressed TRAIL receptors (TRAIL-R1

HS101, TRAIL-R2 HS201, TRAIL-R3 HS301 and TRAIL-R4 HS402)

(Alexis, San Diego, CA, USA) or control mIgG1 followed by biotinylated

secondary goat anti-mouse antibodies (Southern Biotechnology Associ-

ates, CA, USA) and streptavidin–PE (Pharmingen, Hamburg, Germany).

Surface staining was determined with a FACScan cytometer (Becton

Dickinson, Heidelberg, Germany). Specificity in FACS staining of the

respective anti-TRAIL-R mAbs used here was determined by staining of

TRAIL-R1 to TRAIL-R4 on CV1/EBNA cells transfected with pcDNA3.1-

based expression vectors coding for the individual surface-bound TRAIL

receptors (data not shown).

Quantification of apoptotic cell death

As a direct measurement of apoptotic cell death, DNA fragmentation was

quantified as described.72 Briefly, 1.5� 105 cells were incubated in 12-

well plates (Costar, Cambridge, MA, USA) with or without apoptotic stimuli

in 1 ml medium at 371C. Cells were trypsinised and then collected by

centrifugation at 600� g for 10min at 41C, washed twice with PBS and

then resuspended in 100 ml lyses solution containing 0.1% (v/v) Triton X-

100, 0.1% (w/v) sodium citrate and 50mg/ml propidium iodide (PI).

Apoptosis was quantitatively determined by flow cytometry after incubation

at 41C in the dark for at least 24 h as cells containing nuclei with subdiploid

DNA content.

Preparation of cell lysates

Subconfluent HCC cell lines were detached from the plates by EDTA

(2 mM) treatment. Cells were harvested by centrifugation at 300� g for

10 min at 41C, washed twice with PBS and lysates were prepared by

resuspending the resulting cell pellets in 100ml lysis buffer per 1� 107

cells (30mM Tris-HCl pH 7.5, 150mM NaCl, 10% glycerol 1% Triton X-

100) supplemented with Completet protease inhibitors (Roche Diag-

nostics, Mannheim, Germany) according to themanufacturer’s instructions.
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After 30min incubation on ice, the lysates were centrifuged once at

15 000� g at 41C to remove nuclei. In the case of lysate preparation for

ligand affinity precipitation, an intermediate centrifugation step (600� g

for 15min at 41C) was added after lysis in order to remove cellular debris.

Western blot analysis

For Western blot analysis, the resulting postnuclear supernatants or ligand

affinity precipitates were supplemented with two-fold concentrated

standard reducing sample buffer (2�RSB). Subsequently, lysate

containing 20mg of protein as determined by the BCA method (Pierce,

Rockford, IL, USA) or proteins eluted from beads after ligand affinity

immunoprecipitation were separated on 4–12% NuPage Bis-Tris gradient

gels (Novex, San Diego, CA, USA) in MOPS buffer according to the

manufacturer’s instructions. After protein transfer onto nitrocellulose

membranes (Amersham Pharmacia Biotech, Freiburg, Germany) by

electroblotting, membranes were blocked with 5% nonfat dry milk (NFDM)

in PBS/Tween (PBS containing 0.05% Tween-20) for at least 2 h, washed

with PBS/Tween, and incubated in PBS/Tween containing 3% NFDM and

primary antibodies against FADD/MORT1, TRAIL-R1, TRAIL-R2 (all at

1 mg/ml), cFLIP (1 : 10 diluted NF6 hybridoma supernatant), caspase-8

(1 : 10 diluted C15 hybridoma supernatant)71 or ERK1 from Transduction

Laboratories (San Diego, CA, USA). Specificity of the respective anti-

TRAIL-R mAbs used here was determined by Western blot analysis of

TRAIL-R1 to TRAIL-R4 in lysates prepared from CV1/EBNA cells

transfected with expression vectors coding for the individual TRAIL

receptors (data not shown). After six washes for 5 min each in PBS/

Tween, the blots were incubated with HRPO-conjugated isotype-specific

secondary antibody diluted 1 : 20 000 in PBS/Tween for 1 h. After washing

six times for 5min with PBS/Tween, the blots were developed by

enhanced chemoluminescence following the manufacturer’s protocol

(Amersham Pharmacia Biotech, Uppsala, Sweden). For stripping, blots

were either incubated for 30min in a buffer containing 62.5 mM Tris-HCl,

pH 6.8, 2% SDS and 100mM mercaptoethanol at 601C or in 50mM

glycine HCl pH 2.3 for 20min at room temperature when only secondary

antibodies needed to be removed. Subsequently, blots were washed six

times for 10min in PBS/Tween and blocked again.

Ligand affinity precipitation

We performed ligand affinity precipitation by using biotinylated LZ-TRAIL

(Bio-LZ-TRAIL) in combination with Neutravidin beads (Pierce). Bio-LZ-

TRAIL was prepared by incubation of purified LZ-TRAIL at 1 mg/ml with

Sulfo-NHS-LC-Biotin at 1 mg/ml (Pierce) for 1 h on ice before the reaction

was stopped by adding 1/10 volume of 1 M Tris-HCl at pH 7.5.

Unincorporated biotin was removed from Bio-LZ-TRAIL preparations by

buffer exchange into 150mM NaCl, 30 mM HEPES pH 7.5 on PD-10

columns (Amersham Pharmacia Biotech). Protein preparations were

checked for purity and incorporation of biotin by SDS-PAGE. The

biological activity of Bio-LZ-TRAIL was determined by its apoptosis-

inducing capacity and found to be comparable to nonbiotinylated LZ-

TRAIL. For ligand affinity precipitation, 4� 107 cells were used per

sample. Cells were washed twice with 50ml RPMI medium at 371C and

subsequently incubated for the indicated time periods at 371C in the

presence of 1 mg/ml Bio-LZ-TRAIL or, for the unstimulated control, in the

absence of Bio-LZ-TRAIL. DISC formation was stopped by the addition of

at least 15 volumes of ice-cold PBS. Cells were then washed with 50 ml

ice-cold PBS before cell lysates were prepared. A total of 4� 107 cells

were lysed by the addition of 2 ml lysis buffer. The resulting protein

complexes were precipitated from the lysates by coincubation with 20 ml

streptavidin beads (Pierce) for 24 h on an end-over-end shaker at 41C. For

the precipitation of the nonstimulated receptors, Bio-LZ-TRAIL was added

to the lysates prepared from nonstimulated cells at 1 mg/ml to control for

protein association to nonstimulated receptors. Ligand affinity precipitates

were washed four times with lysis buffer before the protein complexes

were eluted from the beads by the addition of 15 ml 2� standard RSB.

Subsequently, proteins were separated on SDS-PAGE before the

presence of antigens was determined in the different precipitates by

Western blot analysis.

RNA interference

Oligonucleotides encoding short hairpin RNA targeting c-FLIP were

selected as described by Brummelkamp et al.73 The specific target

sequence for cFLIP (Acc. no.: U97074 ) was: nucleotides 909–929; and for

the control we used a nonfunctional siRNA: nucleotides 651–671.

Oligonucleotides were mixed in equal amounts of sense and antisense

strands in annealing buffer (100 mM potassium acetate, 30mM HEPES

pH 7.4, 2 mM Mg acetate), incubated for 4 min at 951C, for 10 min at 701C

and slowly cooled down to room temperature, phosphorylated and

inserted into the BglII and HindIII sites of pSUPER.gfp/neo (Oligoengine).

Sequences of the resulting vectors were verified by sequencing.

Cells were then transfected with the according vectors with Fugene 6

according to the manufacturer’s instructions. At 48 h after transfection,

cells were incubated with LZ-TRAIL. Kill of GFP-positive cells was

determined by PI uptake and analysed by FACScan cytometer (Becton

Dickinson, Heidelberg, Germany). Alternatively transfected Hep3b cells

were cultured on chamber slides and stimulated with LZ-TRAIL. The cells

were washed twice with PBS and fixed for 15min on ice with 4%

formaldehyde in PBS. The cells were washed with PBS and fixed 10 min in

acetone. To inhibit unspecific binding of the antibody, the cells were

incubated with blocking solution (BSA 20mg/ml, human IgG 1mg/ml in

PBS). After 15min, the blocking solution was replaced with rabbit anti-

active caspase-3 (BD, 559565) and the cells were incubated for 1 h at

room temperature. After washing in PBS, the cells were incubated with

20% normal goat serum in PBS for 15min and then with biotinylated goat

anti-rabbit for 30min. The cells were again washed twice with PBS,

incubated with streptavidin–PE (Pharmingen, 534061), washed twice

again and then they were counterstained with DAPI (2 mg/ml). For the

evaluation of immunofluorescence, a Zeiss Axioskop 40 was used.
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