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Time Sequence of Tumor Necrosis Factor-Related
Apoptosis-Inducing Ligand (TRAIL) and Cisplatin
Treatment Is Responsible for a Complex Pattern of
Synergistic Cytotoxicity

Young-Ho Kim and Yong J. Lee*

Department of Surgery and Pharmacology, School of Medicine, University of Pittsburgh,
Pittsburgh, Pennsylvania 15213

Abstract The combination of tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) and cisplatin resulted
in a greater cytotoxicity than could be accounted for by the addition of the cytotoxic effects of the agents alone. In this
study, we hypothesized that the synergistic interaction between the two modalities can be changed when both the
sequence and the time interval between the two treatments are varied. To test the hypothesis, human head-and-neck
squamous-cell carcinoma (HNSCC)-6 cells were either pretreated with 0.01–0.5 mg/ml TRAIL for various times (0–24 h)
followed by treatment with 5 mg/ml cisplatin or pretreated with 5 mg/ml cisplatin for various times (0–24 h) followed by
treatment with 0.5 mg/ml TRAIL. In latter case, the synergistic effect was gradually increased when the time interval
between the two treatments was increased. In former case, a maximal synergy occurred within 0–4 h of pretreatment with
TRAIL. However, the synergistic effect was gradually decreased when the time interval between the two treatments was
increased. Data from immunoblotting analysis reveal that a similar pattern emerged for the PARP cleavage and caspase
activation. The synergistic effect is not associated with DR4, DR5, FADD, and FLIPL. Interestingly, a complex pattern of
synergistic interaction between TRAIL and cisplatin is related to the cleavage of FLIPS. Although overexpression of FLIPS

protected cells from FLIPS cleavage and apoptotic death, blockage of FLIPS cleavage by replacing Asp39 and Asp42 residues
with alanine did not further enhance FLIPS-mediated protection. Taken together, FLIPS cleavage reflects apoptotic
damage, but it does not cause apoptosis. J. Cell. Biochem. 98: 1284–1295, 2006. � 2006 Wiley-Liss, Inc.
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Head-and-neck squamous-cell carcinoma
(HNSCC) is the sixth most common solid tumor
in the developed world. It constitutes approxi-
mately 5% of all new cancers diagnosed
annually in the United States [Catimel, 1996].
It accounted for approximately 40,000 new
cases and 12,000 deaths in the United States

in 1999. Cisplatin-based chemotherapy iswidely
used in the treatment for HNSCC. Although
cisplatin is themost effective chemotherapeutic
agent for HNSCC, randomized controlled trials
do not indicate any consistent improvement in
survival for patients receiving chemotherapy
in addition to local treatment, as compared
with patients receiving local treatment alone
[Tannock and Browman, 1986]. Obviously,
greater intervention will be required to signifi-
cantly enhance HNSCC cancer therapy.

Tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL, APO-2L) is a type II
integral membrane protein belonging to the
tumor necrosis factor (TNF) family. TRAIL is a
281-amino acid protein, related most closely to
Fas/APO-1 ligand. Like Fas ligand (FasL) and
TNF, the C-terminal extracellular region of
TRAIL (amino acids 114-281) exhibits a homo-
trimeric subunit structure [Pitti et al., 1996].
However, unlike FasL and TNF, it induces
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apoptosis in a variety of tumor cell lines more
efficiently than in normal cells [Ashkenazi and
Dixit, 1998]. The apoptotic signal induced by
TRAIL is transduced by its binding to the death
receptors TRAIL-R1 (DR4) and TRAIL-R2
(DR5), which are members of the TNF receptor
superfamily. Both DR4 and DR5 contain a
cytoplasmic death domain that is required for
TRAIL receptor-induced apoptosis. TRAIL also
binds to TRAIL-R3 (DcR1) and TRAIL-R4
(DcR2), which act as decoy receptors by inhibit-
ing TRAIL signaling [Degli-Esposti et al., 1997;
Marsters et al., 1997; Pan et al., 1997; Sheridan
et al., 1997; Walczak et al., 1997]. Unlike DR4
and DR5, DcR1 does not have a cytoplasmic
domain and DcR2 retains a cytoplasmic frag-
ment containing a truncated form of the
consensus death domain motif [Pan et al.,
1997]. The relative resistance of normal cells
to TRAIL has been explained by the presence of
large numbers of the decoy receptors on normal
cells [Gura, 1997]. Recently, this hypothesis has
been challenged based on the results showing
poor correlations between DR4, DR5, and DcR1
expression and sensitivity to TRAIL-induced
apoptosis in normal and cancerous breast cell
lines [Keane et al., 1999] and melanoma cell
lines [Griffith et al., 1998]. This discrepancy
indicates that other factors such as FLICE-
inhibitory protein (FLIP), a death inhibitor
[Griffith et al., 1998], are involved in the
differential sensitivity to TRAIL.
Several studies have shown that cisplatin

sensitizes TRAIL-induced cytotoxicity in a
variety of tumor cells [Nagane et al., 2000;
Lacour et al., 2001; Liu et al., 2001]. Similar
results were also observed by combined treat-
ment with TRAIL and ionizing radiation
[Sheikh et al., 1998; Chinnaiyan et al., 2000;
Gong and Almasan, 2000]. The mechanism of
the synergy has been proposed to be via the
upregulation of the TRAIL receptor DR5 [Chin-
naiyan et al., 2000; Gong and Almasan, 2000;
Nagane et al., 2000] or the downregulation of
FLIP [Griffith et al., 1998]. However, recent
studies show that DR5 expression does not
correspond to the synergy in certain cell lines
[Lacour et al., 2001; Liu et al., 2001]. Although
this discrepancy needs to be clarified, the
synergistic induction of apoptosis by the combi-
nation of TRAIL and cisplatin is still useful for
chemotherapy. In this study, we focused on the
effect of the time sequence of TRAIL and
cisplatin treatment on the synergistic induction

of cytotoxicity. We observed a complex pattern
of synergistic cytotoxicity when the time inter-
val between the two treatmentswas varied.Our
results show that the synergistic cytotoxicity
resulted from an increase in caspase activation.
We observed that there was no change in the
level of DR4,DR5, Fas-associated death domain
(FADD), and FLIPL (a long form of FLIP).
However, we observed a cleavage of FLIPS and
this cleavage reflects apoptotic death.

MATERIALS AND METHODS

Cell Culture and Survival Determination

Human head-and-neck squamous-cell carci-
noma HNSCC-6 cells were cultured in DMEM/
F-12 medium supplemented with 10% fetal
bovine serum (HyClone), 0.1 ng/ml human
epidermal growth factor, 5 mg/ml insulin,
0.5 mg/ml hydrocortisone, 2 mM L-glutamine,
and 26 mM sodium bicarbonate for monolayer
cell culture. The dishes containing cells were
kept in a 378C humidified incubator with a
mixture of 95% air and 5% CO2. Two days prior
to the experiment, cells were plated into 60-mm
dishes. The trypan blue exclusion assay was
employed for survival determination. Cells
were trypsinized, pelleted, and resuspended in
0.2 ml of medium, 0.5 ml of 0.4% trypan blue
solution, and 0.3 ml of phosphate-buffered
saline solution (PBS). The samples were mixed
thoroughly, incubated at room temperature for
15 min and examined.

Production of Recombinant TRAIL

A human TRAIL cDNA fragment (amino
acids 114-281) obtained by RT-PCR was cloned
into a pET-23d (Novagen) plasmid, and
expressed protein was purified using the Ni-
NTAHis-Bind Resin Superflow according to the
manufacturer’s instructions (Qiagen).

Treatment With TRAIL and/or Cisplatin

Cells were replaced with fresh medium con-
taining TRAIL and/or cisplatin (Bristol-Myers).

Morphological Evaluation

Approximately 5� 105 cells were plated into
60-mm dishes overnight. Cells were treated
with TRAIL and/or cisplatin and then analyzed
by phase contrast microscopy for signs of
apoptosis [Mac-Farlane et al., 1997].
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Site-Directed Mutagenesis

The QuickChange site-directed mutagenesis
kit (Stratagene) was used to make point muta-
tions in FLIPS protein. Listed below are the
various primers, which were used for convert-
ing two aspartic acid residues (Asp39, Asp42) to
alanine in FLIPS to create one point mutants as
well as a double mutant: sense primer oligonu-
cleotides (50-CCTAATGTCAGGGCCCTTCTGG-
ATATTTTACG-30) and antisense primer oligo-
nucleotides (50-CGTAAAATATCCAGAAGGG-
CCCTGACATTAGG-30) for D39A; sense primer
oligonucleotides (50-GTCAGGGACCTTCTGG-
CTATTTTACGGGAAAG-30) and antisense pri-
mer oligonucleotides (50-CTTTCCCGTAAAAT-
AGCCAGAAGGTCCCTGAC-30) for D42A; sense
primer oligonucleotides (50-CCTAATGTCAG-
GGCCCTTCTGGCTATTTTACG-30) and anti-
sense primer oligonucleotides (50-CGTAAAA-
TAGCCAGAAGGGCCCTGACATTAGG-30) for
D39A/D42A. PCR reaction was prepared by
adding 5 ml of 10� reaction buffer, 20 ng of
dsDNAtemplate (pAdlox-FLAG-FLIPS), 125ng
of each sense primer, 125 ng of each antisense
primer, 1 ml of dNTPmix, double-distilled water
to a final volume of 50 ml, and 1 ml of Pfu Turbo
DNApolymerase (2.5U/ml). PCRwas performed
with 14 cycles (958C for 30 s; 588C for 1 min;
688C for 7 min) with initial incubation at 958C
for 30 s. Following temperature cycling, the
reaction was placed on ice for 2 min to cool the
reaction. After PCR, 1 ml of Dpn I restriction
enzyme (10 U/ml) was added directly to each
amplification reaction which was incubated at
378C for 1 h to digest the parental supercoiled
dsDNA. The Dpn I-treated dsDNA was trans-
formed into Epicurian Coli XL1-Blue super-
competent cells. Colonies were selected and
eachplasmid(pAdlox-FLAG-FLIPS-ALLD;DLLA;
ALLA) was sequenced using primer (50-ATG-
TCTGCTGAAGTCATC-30) to confirmmutation.

Shuttle Vector Construction

AFLAG-taggedFLIPs genewas isolated from
pcDNA3-FLAG-FLIPs (kindly provided by
Dr. P.M. Krammer, German Cancer Research
Center, Heidelberg, Germany) by digesting
with Hind III and Sph I and cloning into the
Hind III and Sph I site of pAdlox shuttle vector
[Hardy et al., 1997]. The complete shuttle vector
was co-transfected into CRE8 cells withc5 viral
genomic DNA for homologous recombination as
described below.

Adenoviral Vector Construction

The adenovirus containing FLAG-tagged
FLIPs was constructed by employing the Cre-
lox recombinant system [Hardy et al., 1997].
The selective cell line CRE8 has a b-actin-based
expression cassette driving a Cre recombinase
gene with an N-terminal nuclear localization
signal stably integrated into 293 cells. Transfec-
tions were done by using LipofectinTM Reagent
(Invitrogen). Cells of 5� 105 were split into
6-well plates 1 day before transfection. For the
production of recombinant adenovirus, 2 mg of
Sfi I/Sca I- digested Adlox/FLAG-FLIPs and
2mgofc5viral genomicDNAwere cotransfected
into CRE8 cells. The recombinant virus was
generated by intermolecular homologous
recombination between the shuttle vector and
c5 viral DNA. The new virus had an intact
packaging site and carried a recombinant gene.
Plaqueswereharvested, analyzed, andpurified.
The insertion ofFLAG-FLIPs to adenoviruswas
confirmed byWestern blotting after infection of
corresponding recombinant adenovirus into
HNSCC-6 cells.

Protein Extracts and Polyacrylamide
Gel Electrophoresis (PAGE)

Cellswere lysedwith1�Laemmli lysis buffer
(2.4 M glycerol, 0.14 M Tris, pH 6.8, 0.21 M
sodium dodecyl sulfate, 0.3 mM bromophenol
blue) and boiled for 10min. Protein content was
measured with BCA Protein Assay Reagent
(Pierce). The samples were diluted with
1� lysis buffer containing 1.28 M b-mercap-
toethanol, and equal amounts of protein were
loaded on 8–12% SDS–polyacrylamide gel.
SDS–PAGE analysis was performed according
to Laemmli [Laemmli, 1970] using a Hoefer gel
apparatus.

Immunoblot Analysis

Proteins were separated by SDS–PAGE and
electrophoretically transferred to nitrocellulose
membrane. The nitrocellulose membrane was
blocked with 7.5% non-fat dry milk in PBS-
Tween-20 (0.1%, v/v) at 48C overnight. The
membrane was incubated with anti-PARP
(Biomol Research Laboratory), anti-caspase-8
(Upstate Biotechnology), anti-caspase-3 (Santa
Cruz), anti-DR5 (Stressgen), or anti-FLIP anti-
body (Calbiochem) for 1 h. Horseradish peroxi-
dase conjugatedanti-rabbit or anti-mouse IgGwas
used as the secondary antibody. Immunoreactive
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protein was visualized by the chemilumines-
cence protocol (ECL, Amersham).

RESULTS

The Time Sequence of TRAIL and Cisplatin:
Effect of Pretreatment With TRAIL/Cisplatin

on Induction of Cytotoxicity

The combination of TRAIL and cisplatin
results in synergistic cytotoxicity in various cell
lines [Nagane et al., 2000; Liu et al., 2001]. We
examined whether the synergistic interaction
between them would be changed when both the
sequence and the time interval between the two
treatments are varied. In order to study this
possibility, HNSCC-6 cells were pretreated for
various times with 0.5 mg/ml TRAIL followed by
5 mg/ml cisplatin for 24 h. Treatment with 5 mg/
ml cisplatin alone for 24 h caused minimal
cytotoxicity (panel c in Fig. 1A,B). Treatment
with 0.5 mg/ml TRAIL alone for 24 h also showed
minimal cytotoxicity, with approximately 10%
cell killing (Fig. 1B). However, the cytotoxicity

was significantly enhanced by the combined
treatmentwithTRAILand cisplatin (Fig. 1A,B);
approximately 70% of cells were killed as
observed in previous studies [Kim et al., 2003].
Most of the cells underwent apoptosis during
TRAIL treatment in combination with cisplatin
as shown by cell surface blebbing and formation
of apoptotic bodies (Fig. 1A) and TUNEL assays
(Fig. 1C). Interestingly, when the time interval
between the two treatments was increased, a
complex pattern of the survival curve was
observed.A short period (4–8h) of pretreatment
with TRAIL enhanced the synergistic cytotoxi-
city (panels e and f in Fig. 1A,B). In contrast, a
long period (24 h) of pretreatment with TRAIL
reduced the synergistic cytotoxicity (panel h in
Fig. 1A,B).

We next examined what happens when
HNSCC-6 cells are first treated with cisplatin
and then with TRAIL. Figure 2 shows that, un-
like previous observations, the synergistic effect
was gradually increased when the time interval
between the two treatments was increased.

Fig. 1. Effect of pretreatment with TRAIL on cisplatin cytotoxi-
city in HNSCC-6cells.Apanel: Cells were pretreatedwith 0.5mg/
ml TRAIL for various times (0–24 h) followed by treatment with
5 mg/ml cisplatin for 24 h. Morphology was evaluated with a
phase-contrast microscope. (a) Control, untreated control cells.
(b) TRAIL, cells were treated with 0.5 mg/ml TRAIL alone for 24 h.
(c) Cisplatin, cells were treated with 5 mg/ml cisplatin alone for
24 h. Various time intervals (0–24 h) between two treatments
were shown in panels (d–h) in Figure 1A. B panel: Cells were
pretreated with 0.5 mg/ml TRAIL for various times (0–24 h)
followed by treatment with 5 mg/ml cisplatin for 24 h
(TRAILþCisplatin). Survival was analyzed by trypan blue

exclusion assay. Data represent two separate experiments.
Cisplatin only, cells were treated with 5 mg/ml cisplatin alone
for 24 h. TRAIL only, cells were treated with 0.5 mg/ml TRAIL
alone for 24 h. C panel: Cells were pretreated with 0.5 mg/ml
TRAIL for 4 h followedby treatmentwith 5mg/ml cisplatin for 24 h
(TRAILþCisplatin). Con, untreated control cells. TRAIL only,
cells were treated with 0.5 mg/ml TRAIL alone for 4 h. Cisplatin
only, cells were treated with 5mg/ml cisplatin alone for 24 h. After
treatment, apoptosis was detected by the TUNEL assay. [Color
figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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Additional studies were designed to deter-
mine whether variation in times of pretreat-
ment with TRAIL or cisplatin also changes the
poly (ADP-ribose) polymerase (PARP) cleavage,

the significant event of apoptosis. TRAIL (0.5 mg/
ml) alone failed to induce PARP cleavage (lane 4
in Fig. 3C). Cisplatin (5 mg/ml) for 1 day, but not
2 days, caused no detectable amount of PARP
cleavage (lane 2 in Fig. 3A,B vs. lane 3 in
Fig. 3B). The combination of TRAIL and
cisplatin treatment promoted PARP cleavage
(lane 3 in Fig. 3A and lane 4 in Fig. 3B). PARP
(116 kDa) was cleaved yielding a characteristic
85 kDa fragment. In case of pretreatment with
0.5 mg/m TRAIL, when the time interval
between the two treatments was increased,
PARP cleavage was promoted within 4 h (lane
4 in Fig. 3A) and gradually decreased. A
significantly less amount of PARP was cleaved
by 24 h after TRAIL treatment (lane 7 in
Fig. 3A). Similar results were observed in low
concentrations of TRAIL (0.01–0.2 mg/ml).
PARP cleavage was gradually decreased when
the time interval between the two treatments
was increased (Fig. 4). However, in case of
pretreatment with cisplatin, PARP cleavage
was gradually increasedwhen the time interval
between the two treatments was increased
(Fig. 3B).

Fig. 1. (Continued )

Fig. 2. Effect of postreatment with TRAIL on cisplatin cytotoxi-
city in HNSCC-6 cells. A panel: Cells were pretreated with 5 mg/
ml cisplatin for various times (0–24 h) followed by treatment with
0.5 mg/ml TRAIL for 24 h. Morphology was evaluated with a
phase-contrast microscope. (a) Control, untreated control cells.
(b) TRAIL, cells were treated with 0.5 mg/ml TRAIL alone for 24 h.
(c) Cisplatin, cells were treated with 5 mg/ml cisplatin alone for
24 h. Various time intervals (0–24 h) between two treatments
were shown in panels (d–h) in Figure 2A. B panel: Cells were

pretreated with 5 mg/ml cisplatin for various times (0–24 h)
followed by treatment with 0.5 mg/ml TRAIL for 24 h
(CisplatinþTRAIL). Survival was analyzed by trypan blue
exclusion assay. Data represent two separate experiments.
Cisplatin only, cells were treated with 5 mg/ml cisplatin alone
for 24 h. TRAIL only, cells were treated with 0.5 mg/ml TRAIL
alone for 24 h. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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It is well known that apoptosis induced by
TRAIL or cisplatin is characterized by the
activation of caspases [Mariani et al., 1997;
Kuwahara et al., 2000]. Thus, we further
examined the effect of various time intervals
between the two treatments on the activation of
caspases, in particular, caspase-8 (FLICE) and
caspase-3 (CPP32). Cisplatin (5 mg/ml) for 1 day
caused a minimal activation of caspases (lane 2
in Fig. 3A,B). In contrast, 2 days of cisplatin
treatment caused a significant activation of
caspases (lane 3 in Fig. 3B); procaspase-8
(55 kDa), the precursor form of caspase-8, was
cleaved to the intermediate (43 and 41 kDa) and
active form (18 kDa), and procaspase-3 was
cleaved to its signature forms (17 and 12 kDa).
Combined treatment with 0.5 mg/ml TRAIL and
5 mg/ml cisplatin resulted in an increase in
caspase-8 and -3 activation (lane 3 in Fig. 3A
and lane 4 in Fig. 3B). These results indicate
that synergistic induction of apoptosis by the
combination of TRAIL and cisplatin is due to
promotion of caspase activation. In case of
pretreatment with TRAIL, the activation of
caspases was enhanced by 4 h of pretreatment
with TRAIL and then gradually reduced by
increasing the time interval between the two
treatments (Fig. 3A). These results consistently
show that the combination of TRAIL and cis-
platin synergistically induces apoptotic death
and an increase in pretreatment time with
TRAIL promotes the synergistic cytotoxicity
within a short period and eventually decreases
the synergistic effect. However, in case of
pretreatment with cisplatin, the activation of

Fig. 3. Effect of time sequence of TRAIL and cisplatin treatment
on proteolytic cleavage of PARP and activation of caspases.
HNSCC-6 cells were treated with (A) 0.5 mg/ml TRAIL for various
times (0–24 h; lanes 3–7) followed by treatment with 5 mg/ml
cisplatin for 24 h, (B) 5 mg/ml cisplatin for various times (0–16 h;
lanes 4–7) followed by treatment with 0.5 mg/ml TRAIL for 24 h,
or (C) various concentrations (0.1–0.5 mg/ml) of TRAIL for 4 h.
Cells were treated with 5 mg/ml cisplatin alone for 24 h (lane 2 in
Fig. 3A,B) or 48 h (lane 3 in Fig. 3B). Lysates from equal amounts
of protein (20 mg) were separated by SDS–PAGE and immuno-
blotted. PARP: The upper band indicates 116 kDa PARP whereas
the lower band indicates the 85 kDa apoptosis-related cleavage
fragment. Caspase-8: Antibody against caspase-8 detects inac-
tive form (55 kDa), cleaved intermediates (43 kDa and 41 kDa),
and active subunit (18 kDa). Caspase-9: Anti-caspase-9 antibody
detects both inactive form (48 kDa) and intermediate form
(37 kDa). Caspase-3: Anti-caspase-3 antibody detects both
inactive form (32 kDa) and active forms (17 kDa and 12 kDa).
Actin: Actin was used to confirm the equal amount of proteins
loaded in each lane. Con: Untreated control cells.
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caspases were continuously increased when the
time interval between the two treatments was
increased (Fig. 3B).

Intracellular Levels of Apoptosis-Associated
Proteins After Combined Treatment With TRAIL

and Cisplatin

Previous studies have shown that genotoxic
agents such as chemotherapeutic agents [Grif-
fith et al., 1998;Keane etal., 1999;Naganeetal.,
2000] and ionizing radiation [Chinnaiyan et al.,
2000] can enhance TRAIL-induced cytotoxicity
by decreasing intracellular levels of FLIP
[Griffith et al., 1998] or increasing DR5 gene
expression in response to genotoxic stress
[Sheikh et al., 1998; Chinnaiyan et al., 2000;
Nagane et al., 2000]. To investigate whether
these proteins are associated with the enhance-
ment of apoptosis byTRAIL in combinationwith
cisplatin, we examined the intracellular levels
of DR4, DR5, FADD, and FLIP (Fig. 5) by
Western blot. The levels of DR4, DR5, and
FADD were not changed in HNSCC-6 cells
treated with TRAIL and/or cisplatin relative
to untreated control cells (Figs. 5A,B and 6A,B).

Although the FLIP level in HNSCC-6 cells
exposed to TRAIL or cisplatin for 24 h was not
changed (Figs. 5C and 6B), cisplatin in combi-
nation with TRAIL resulted in a decrease in

Fig. 4. Proteolytic cleavage of PARP by treatment with various concentrations of TRAIL prior to cisplatin.
HNSCC-6 cells were treated with TRAIL alone (0.2 mg/ml; lane 2), cisplatin alone (5 mg/ml; lane 3), or
pretreated with TRAIL (0.01–0.2 mg/ml) for various times (0–24 h; lanes 4–13) followed by treatment with
5 mg/ml cisplatin for 24 h. Lysates from equal amounts of protein (20 mg) were separated by SDS–PAGE and
immunoblotted with anti-PARP or anti-actin antibody.

Fig. 5. Intracellular levels of (A) DR4, DR5, (B) FADD, (C) FLIPL,
and FLIPS during treatment with TRAIL and cisplatin. HNSCC-6
cells were treated with cisplatin alone (5 mg/ml; lane 2), or
pretreated with 0.5 mg/ml TRAIL for various times (0–24 h; lanes
3–7) followed by treatment with 5 mg/ml cisplatin for 24 h.
Lysates containing equal amounts of protein (20 mg) were
separated by SDS–PAGE and immunoblotted by using a
polyclonal antibody against DR4, DR5, FADD, FLIPL, and FLIPS.
Actin was shown as an internal standard.
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FLIPS level (Fig. 5C). The reduction of FLIPS

wasdue to its cleavage. Theactive formofFLIPS

(28 kDa) was cleaved to the inactive form
(23 kDa). These data demonstrate that the
reduction of FLIPS level by TRAIL in combina-
tion with cisplatin correlated with an increase
in apoptosis in HNSCC-6 cells.

Role of Caspase-3 in the Cleavage of FLIPS

To investigate whether caspase-3 is involved
in the cleavage of the precursor form of FLIPS,
HNSCC-6 cells were pretreated with Z-DEVD-
FMK, a caspase-3 inhibitor, prior to treatment
with TRAIL followed by cisplatin. Figure 7
shows that 4 h pretreatment with TRAIL
followed by cisplatin-induced PARP cleavage,
caspase-3 activation as well as FLIPS cleavage
(lane 4 in Fig. 7). Pretreatment with Z-DEVD-
FMK completely inhibited them (lane 5 in
Fig. 7). These results suggest that caspase-3 is
involved in the reduction of FLIPS level. Inhibi-
tion of caspase-3 activation also prevented
PARP cleavage and apoptotic death (data not
shown). Taken together, caspase-3 is involved
in the cleavage of FLIPS and the cleavage of
FLIPS may reflect apoptotic death.

Overexpression of FLIPs Protects Cells From
Cleavage of FLIPs During Treatment

With TRAIL and Cisplatin

Since FLIPS functions as an antiapoptotic
molecule, we hypothesized that the cleavage of
FLIPS may cause it to lose its biological func-
tion. To test this hypothesis, we investigated
whether overexpression of FLIPS inhibits
FLIPS cleavage during treatment with TRAIL
and cisplatin and whether inhibition of FLIPS

cleavage protects cells from apoptotic death.
HNSCC-6 cells were infected with control
adenoviral vector (Mock) or adenoviral vector

containing wild-type FLAG-tagged FLIPS

cDNA (Ad.FLAG-FLPS,wild) (Fig. 8B). Infected
cells were pretreatedwith 1 mg/ml TRAIL for 4 h
prior to treatment with 10 mg/ml cisplatin.
Figure 8B shows that overexpression of FLIPS

prevented FLIPS cleavage during treatment
with TRAIL and cisplatin. To examine whether
FLIPS cleavage is responsible for apoptotic
death during treatment with TRAIL and cis-
platin, we employed site-directed mutagenesis
techniques to create one point mutants

Fig. 6. Intracellular levels of (A) DR4, DR5, (B) FADD, FLIPL, and FLIPS during treatment with TRAIL and
cisplatin. HNSCC-6 cells were treated with various concentrations of TRAIL (0.1–0.5 mg/ml) for 4 h. Lysates
containing equal amounts of protein (20 mg) were separated by SDS–PAGE and immunoblotted by using a
polyclonal antibody against DR4, DR5, FADD, FLIPL, and FLIPS. Actin was shown as an internal standard.

Fig. 7. Effect of caspase-3 inhibitor on treatment with TRAIL
and cisplatin-induced PARP cleavage, caspase-3 activation, and
FLIPS cleavage in HNSCC-6 cells. Cells were pretreated with
20 mM Z-DEVD-FMK for 30 min and then treated with 0.5 mg/ml
TRAIL for 4 h prior to treatment with 5 mg/ml cisplatin for 24 h (Z-
DEVD-FMK! TRAIL!Cisplatin; lane 5). Cells were pretreated
with 0.5 mg/ml TRAIL for 4 h prior to treatment with 5 mg/ml
cisplatin for 24 h (TRAIL!Cisplatin; lane 4). TRAIL, cells were
treated with 0.5 mg/ml TRAIL alone for 28 h. Cis, cells were
treated with 5 mg/ml cisplatin alone for 24 h. Con, untreated
control cells. Lysates containing equal amounts of protein (20 mg)
were separated by SDS–PAGE and immunoblotted as described
in Figures 2 and 4.
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(39DLLD42! 39ALLD42 or 39DLLA42) or a dou-
ble mutant (39DLLD42! 39ALLA42 ) at a puta-
tive cleavage site by caspase-3 [Kim et al., 2003;
Fig. 8A]. HNSCC-6 cells were infected with
adenoviral vector containingwild-typeFLIPS or
mutant-type FLIPS. Cells were pretreated with
1 mg/ml TRAIL for 4 h followed by 10 mg/ml
cisplatin for 24 h. Figure 8B shows that wild-
type FLIPS as well as mutant-type FLIPS

effectively prevented PARP cleavage during
treatment with TRAIL and cisplatin. These
results suggest that the cleavage of FLIPS

reflects apoptotic death. It is not responsible
for apoptosis.

DISCUSSION

In this study,we observed that the synergistic
interaction between TRAIL and cisplatin is

dependent upon the time interval between the
two treatments. A maximal synergy was obser-
ved when cells were pretreated with TRAIL
for 0–4 h prior to cisplatin treatment. Interest-
ingly, this synergistic effect was gradually
reduced when the time interval was further
increased. In contrast, the synergistic effectwas
continuously increased when cells were pre-
treated with cisplatin followed by treatment
with TRAIL. This difference is probably due to
differential apoptotic pathways by different
agents. We previously observed that TRAIL-
induced caspase-3 activation and apoptosis are
mediated through two different apoptotic path-
ways, mitochondria-dependent and mitochon-
dria-independent [Lee et al., 2001a]. Recent
studies demonstrated that the FADD is requi-
red for TRAIL-induced apoptosis [Kischkel
et al., 2000; Kuang et al., 2000; Sprick et al.,

Fig. 8. Schematic diagram of wild- and mutant-type FLIPS (A) and their effect on apoptotic death (B). A: An
arrow shows a putative cleavage site at Asp42-Ile43 by caspase-3. Asp39 and Asp42 residues are replaced with
alanine. B: HNSCC-6 cells were infected with adenoviral vectors containing FLAG-tagged wild- or mutant-
type FLIPS (Ad/FLAG-FLIPS) at a multiplicity of infection of 50. After 24 h of incubation, cells were pretreated
with 1 mg/ml TRAIL for 4 h and treated with 10 mg/ml cisplatin for 24 h. Cell lysates were immunoblotted with
anti-PARP, anti-FLAG, anti- FLIPS, or anti-actin antibody. Actin is shown as an internal standard.
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2000]. TRAIL triggers apoptosis by recruiting
theapoptosis initiator procaspase-8 through the
adaptor FADD [Bodmer et al., 2000; Kischkel
et al., 2000]. Caspase-8 can directly activate
downstream effector caspases including pro-
caspase-3, -6, and-7 [Cohen, 1997]. Caspase-8
also cleaves Bid and triggers mitochondrial
damage that in turn leads to cytochrome c
release [Li et al., 1998; Schendel et al., 1999].
Cytochrome c in the cytoplasm binds to Apaf-1,
which then permits recruitment of procaspase-
9. Caspase-9 cleaves and activates procaspase-3
[Slee et al., 1999]. Interestingly, TRAIL-
induced cytotoxicity is not significantly inhib-
ited by overexpression of Bcl-2, an antiapoptotic
molecule [Gazitt et al., 1999; Walczak et al.,
2000; Lee et al., 2001a]. These results suggest
that TRAIL-induced apoptosis is primarily
dependent upon a mitochondria-independent
pathway. In chemical-induced apoptosis, un-
like TRAIL-mediated apoptosis, cytochrome
c release is caspase-independent and is not
mediated by cleavage of Bid [Sun et al., 1999].
Recent studies reveal that a specific inhibitor of
caspase-9 almost completely inhibits cisplatin-
induced apoptotic death [Kuwahara et al.,
2000]. These results indicate cisplatin-induced
apoptosis is mediated through the mitochon-
dria-dependent pathway. A fundamental ques-
tion which remains unanswered is how a
complex pattern of synergistic cytotoxicity
occurred when the time interval between
TRAIL and cisplatin treatment or the time
interval between sequential events was varied.
The complex pattern is probably due to the
activation of different types of apoptotic path-
ways: receptor-mediated versus non-receptor-
mediated. We previously observed that recep-
tor-mediated apoptosis occurs within a few
hours [Lee et al., 2001b]. In contrast, non-
receptor-mediated apoptotic death usually
takes a longer period, perhaps from 1 to 2 days
(lane 3 in Fig. 3B). In case of pretreatment with
TRAIL, it is possible that cross-talk between a
receptor-mediated apoptotic pathway and a
non-receptor-mediated apoptotic pathway occurs
within several hours and gradually becomes
diminished. However, in case of pretreatment
with cisplatin, a non-receptor-mediated apopto-
tic pathway may amplify a receptor-mediated
apoptotic pathway through activating p38mito-
gen-activated protein kinase (MAPK) and c-Jun
NH2-terminal kinase (JNK) pathways [Hsieh
and Nguyen, 2005]. In fact, previous studies

showed that JNK activity is triggered by
cisplatin-induced DNA damage and activation
of JNK plays an important role in mediating
cisplatin induced apoptosis [Bulmer et al.,
2005; Li et al., 2005]. Alternatively, recent
studies demonstrated that cisplatin induces
endoplasmic reticulum stress which results in
activation of calpain and subsequently pro-
motes Bid cleavage [Mandic et al., 2002, 2003].
Cisplatin also induces calpain-independentBak
modulation [Mandic et al., 2002]. Cross-talk
between calpain-associated signals and acti-
vation of caspases may be responsible for the
synergistic effect of cisplatin in combination
with TRAIL. Although this possibility needs to
be further investigated, we believe that this
model will provide a framework for future
studies.

Previous studies have shown that several
c-FLIP splice variants exist on the mRNA level,
but two endogenous forms, FLIPL and FLIPS,
are detected on the protein level [Irmler et al.,
1997; Shu et al., 1997]. The role of c-FLIP in
apoptosis signaling has been controversial.
Some reports have described it as an antiapop-
totic molecule [Goltsev et al., 1997; Tschopp
et al., 1998; Scaffidi et al., 1999] and others as a
proapoptoticmolecule [Hanet al., 1997; Inohara
et al., 1997]. Our studies reveal that FLIPS has
an antiapoptotic function (Fig. 8). Recent stu-
dies show that FLIPL and FLIPS prevent
caspase-8 activation at different levels of pro-
caspase-8 processing at the death-inducing
signaling complex (DISC). FLIPS completely
inhibits cleavage of procaspase-8, whereas
FLIPL inhibits the second cleavage step of
procaspase-8 [Krueger et al., 2001]. Figure 7
shows that the active form of FLIPS (28 kDa)
was cleaved to the inactive form (23 kDa). Z-
DEVD-FMK, a caspase-3 inhibitor, inhibits
FLIPS cleavage during treatment with TRAIL
followed by cisplatin. These results suggest that
caspase-3 is involved in the cleavage of FLIPS.
Figures 3 and5 clearly show that the cleavage of
FLIPS is coordinated with the activation of
caspase-3. We previous reported that over-
expression of FLIPS protects cells from apopto-
tic death and cleavage of FLIPS is one of the
facilitating factors for TRAIL-induced apopto-
sis. In this study, however, we demonstrated
that blockage of FLIPS cleavage by replacing
Asp39 and Asp42 residues with alanine did not
further enhance FLIPS-mediated protection.
Thus, these results suggest that FLIPS cleavage
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reflects apoptotic damage, but it does not cause
apoptosis.

ACKNOWLEDGMENTS

We appreciate the excellent technical assis-
tance of Dr. Seon Y. Nam, Dr. Jin H. Kim, Dr.
Joon S. Song, and Mr. Mubasshir Ajaz.

REFERENCES

Ashkenazi A, Dixit VM. 1998. Death receptors: Signaling
and modulation. Science 281:1305–1308.

Bodmer JL, Holler N, Reynard S, Vinciguerra P, Schneider
P, Juo P, Blenis J, Tschopp J. 2000. TRAIL receptor-2
signals apoptosis through FADD and caspase-8. Nat Cell
Biol 2:241–243.

Bulmer JT, Zacal NJ, Rainbow AJ. 2005. Human cells
deficient in transcription-coupled repair show prolonged
activation of the Jun N-terminal kinase and increased
sensitivity following cisplatin treatment. Cancer Che-
mother Phamacol 56:189–198.

Catimel G. 1996. Head and neck cancer: Guidelines for
chemotherapy. Drugs 51:73–88.

Chinnaiyan AM, Prasad U, Shankar S, Hamstra DA,
Shanaiah M, Chenevert TL, Ross BD, Rehemtulla A.
2000. Combined effect of tumor necrosis factor-related
apoptosis-inducing ligand and ionizing radiation in
breast cancer therapy. Proc Natl Acad Sci 97:1754–1759.

Cohen GM. 1997. Caspases: The executioners of apoptosis.
Biochem J 326:1–16.

Degli-Esposti MA, Smolak PJ,WalczakH,Waugh J, Huang
CP, DuBose RF, Goodwin RG, Smith CA. 1997. Cloning
and characterization of TRAIL-R3, a novel member of the
emerging TRAIL receptor family. J Exp Med 186:1165–
1170.

Gazitt Y, Shaughnessy P, Montgomery W. 1999. Apoptosis-
induced by TRAIL and TNF-a in human mutiple
myeloma cells is not blocked by Bcl-2. Cytokine
11:1010–1019.

Goltsev YV, Kovalenko AV, Arnold E, Varfolomeev EE,
Brodianskii VM,Wallach D. 1997. CASH, a novel caspase
homologue with death effector domains. J Biol Chem
272:19641–19644.

Gong B, Almasan A. 2000. Apo2 ligand/TNF-regulated
apoptosis-inducing ligand and death receptor 5 mediate
the apoptotic signaling induced by ionizing radiation in
leukemic cells. Cancer Res 60:5754–5760.

Griffith TS, Chin WA, Jackson GC, Lynch DH, Kubin MZ.
1998. Intracellular regulation of TRAIL-induced apopto-
sis in human melanoma cells. J Immunol 161:2833–
2840.

Gura T. 1997. How TRAIL kills cancer cells, but not normal
cells. Science 277:768.

Han DK, Chaudhary PM, Wright ME, Friedman C, Trask
BJ, Riedel RT, Baskin DG, Schwartz SM, Hood L. 1997.
MRIT, a novel death-effector domain-containing protein,
interacts with caspases and Bclxl and initiates cell death.
Proc Natl Acad Sci 94:11333–11338.

Hardy S, Kitamura M, Harris-Stansil T, Dai Y, Phipps ML.
1997. Construction of adenovirus vectors through Cre-lox
recombination. J Virol 71:1824–1849.

Hsieh MH, Nguyen HT. 2005. Molecular mechanism of
apoptosis induced by mechanical forces. Int Rev Cytol
245:45–90.

Inohara N, Koseki T, Hu Y, Chen S, Nunez G. 1997.
CLARP, a death effector domain-containing protein
interacts with caspase-8 and regulates apoptosis. Proc
Natl Acad Sci 94:10717–10722.

Irmler M, Thome M, Hahne M, Schneider P, Hofmann K,
Steiner V, Bodmer JL, Schroter M, Burns K, Mattmann
C, Rimoldi D, French LE, Tschopp J. 1997. Inhibition of
death receptor signals by cellular FLIP. Nature 388:
190–195.

KeaneMM, Ettenberg SA, NauMM, Russell EK, Lipkowitz
S. 1999. Chemotherapy augments TRAIL-induced apop-
tosis in breast cell lines. Cancer Res 59:734–741.

Kim JH, Ajaz M, Lokshin A, Lee YJ. 2003. Role of
antiapoptotic proteins in tumor necrosis factor-related
apoptosis-inducing ligand and cisplatin-augmented
apoptosis. Clin Cancer Res 9:33134–33141.

Kischkel FC, Lawrence DA, Chuntharapai A, Schow P,
Kim KJ, Ashkenazi A. 2000. Apo2L/TRAIL-dependent
recruitment of endogenous FADD and caspase-8 to death
receptors 4 and 5. Immunity 12:611–620.

Krueger A, Schmitz I, Baumann S, Krammer PH, Kirchhoff
S. 2001. Cellular FLICE-inhibitory protein splice var-
iants inhibit different steps of caspase-8 activation at the
CD95 death-inducing signaling complex. J Biol Chem
276:20633–20640.

Kuang AA, Diehl G, Zhang J, Winoto A. 2000. FADD is
required for DR4- and DR5-mediated apoptosis: Lack of
TRAIL-induced apoptosis in FADD-deficient mouse
embryonic fibroblasts. J Biol Chem 275:25065–25068.

Kuwahara D, Tsutsumi K, Kobayashi T, Hasunuma T,
Nishioka K. 2000. Caspase-9 regulates cisplatin-induced
apoptosis in human head and neck squamous cell
carcinoma cells. Cancer Lett 148:65–71.

Lacour S, Hammann A, Wotawa A, Corcos L, Solary E,
Dimanche-Boitrel MT. 2001. Anticancer agents sensitize
tumor cells to tumor necrosis factor-related apoptosis-
inducing ligand-mediated caspase-8 activation and apop-
tosis. Cancer Res 61:1645–1651.

Laemmli UK. 1970. Cleavage of structural proteins during
assembly of the head of the bacteriophage T4. Nature
227:680–685.

Lee YJ, Chen JC, Amoscato AA, Bennouna J, Spitz DR,
Suntharalingam M, Rhee JG. 2001a. Protective role of
Bcl-2 in metabolic oxidative stress-induced cell death.
J Cell Sci 114:677–684.

Lee YJ, Lee KH, Kim HR, Jessup JM, Seol DW, Kim TH,
Billiar TR, Song YK. 2001b. Sodium nitroprusside
enhances TRAIL-induced apoptosis via a mitochondria-
dependent pathway in human colorectal carcinoma CX-1
cells. Oncogene 20:1476–1485.

Li H, Zhu H, Xu C, Yuan J. 1998. Cleavage of BID by
caspase 8 mediates the mitochondrial damage in the Fas
pathway of apoptosis. Cell 94:491–501.

Li F, Meng L, Zhou J, Xing H, Wang S, Xu G, Zhu H, Wang
B, Chen G, Lu YP, Ma D. 2005. Reversing chemoresis-
tance in cisplatin-resistant human ovarian cancer cells:
A role of c-Jun NH2-terminal kinase 1. Biochem Biophys
Res Commun 335:1070–1077.

Liu W, Bodle E, Chen JY, Gao M, Rosen GD, Broaddus VC.
2001. Tumor necrosis factor-related apoptosis-inducing
ligand and chemotherapy cooperate to induce apoptosis

1294 Kim and Lee



in mesothelioma cell lines. Am J Respir Cell Mol Biol
25:111–118.

Mac-Farlane DF, Pustelny BL, Goldberg LH. 1997. Mohs
surgery for nonagenerians. Dermatol Surg 23:848–849.

Mandic A, Viktorsson K, Strandberg L, Heiden T, Hansson
J, Linder S, Shoshan MC. 2002. Calpain-mediated Bid
cleavage and calpain-independent Bak modulation: Two
separate pathways in cisplatin-induced apoptosis. Mol
Cell Biol 22:3003–3013.

Mandic A, Hansson J, Linder S, Shoshan MC. 2003.
Cisplatin induces endoplasmic reticulum stress and
nucleus-independent apoptotic signaling. J Biol Chem
278:9100–9106.

Mariani SM, Matiba B, Armandola EA, Krammer PH.
1997. Interleukin 1 beta-converting enzyme related pro-
teases/caspases are involved in TRAIL-induced apoptosis
of myeloma and leukemia cells. J Cell Biol 137:221–229.

Marsters SA, Sheridan JP, Pitti RM, Huang A, Skubatch
M, BaldwinD, Yuan J, Gurney A, Goddard AD, Godowski
P, Ashkenazi A. 1997. A novel receptor for Apo2L/TRAIL
contains a truncated death domain. Curr Biol 7:1003–
1006.

Nagane M, Pan G, Weddle JJ, Dixit VM, Cavenee WK,
Huang HJ. 2000. Increased death receptor 5 expression
by chemotherapeutic agents in human gliomas causes
synergistic cytotoxicity with tumor necrosis factor-
related apoptosis-inducing ligand in vitro and in vivo.
Cancer Res 60:847–853.

Pan G, Ni J, Wei YF, Yu G, Gentz R, Dixit VM. 1997. An
antagonist decoy receptor and a death domain-containing
receptor for TRAIL. Science 277:815–818.

Pitti RM, Marsters SA, Ruppert S, Donahue CJ, Moore A,
Ashkenazi A. 1996. Induction of apoptosis by Apo2
ligand, a new member of the tumor necrosis factor
receptor family. J Biol Chem 271:12687–12690.

Scaffidi C, Schmitz I, Krammer PH, Peter ME. 1999. The
role of cFLIP in modulation of CD95-induced apoptosis.
J Biol Chem 274:1541–1548.

Schendel SL, Azimov R, Pawlowski K, Godzik A, Kagan BL,
Reed JC. 1999. Ion channel activity of the BH3 only Bcl-2
family member, BID. J Biol Chem 274:21932–21936.

Sheikh MS, Burns TF, Huang Y, Wu GS, Amundson S,
Brooks KS , Jr., Fornace AJ, el-Deiry WS. 1998. p53-

dependent and –independent regulation of the death
receptor KILLER/DR5 gene expression in response to
genotoxic stress and tumor necrosis factor a. Cancer Res
58:1593–1598.

Sheridan JP, Marsters SA, Pitti RM, Gurney A, Skubatch
M, Baldwin D, Ramakrishnan L, Gray CL, Baker K,
Wood WI, Goddard AD, Godowski P, Ashkenazi A. 1997.
Control of TRAIL-induced apoptosis by a family of
signaling and decoy receptors. Science 277:818–821.

Shu HB, Halpin DR, Goeddel DV. 1997. Casper is a FADD-
and caspase-related inducer of apoptosis. Immunity 6:
751–763.

Slee EA, Harte MT, Kluck RM, Wolf BB, Casiano CA,
Newmeyer DD, Wang HG, Reed JC, Nicholson DW,
Alnemri ES, Green DR, Martin SJ. 1999. Ordering the
cytochrome c-initiated caspase cascade: Hierarchical
activation of caspases-2, -3, -6, -7, -8, and -10 in a
caspase-9-dependent manner. J Cell Biol 144:281–292.

SprickMR,WeigandMA, Rieser E, Rauch CT, Juo P, Blenis
J, Krammer PH, Walczak H. 2000. FADD/MORT1 and
caspase-8 are recruited to TRAIL receptor 1 and 2 and
are essential for apoptosis mediated by TRAIL receptor 2.
Immunity 12:599–609.

Sun XM, MacFarlane M, Zhuang J, Wolf BB, Green DR,
Cohen GM. 1999. Distinct caspase cascades are initiated
in receptor-mediated and chemical-induced apoptosis.
J Biol Chem 274:5053–5060.

Tannock IF, Browman G. 1986. Lack of evidence for a role
of chemotherapy in the routine management of locally
advanced head and neck cancer. J Clin Oncol 4:1121–
1126.

Tschopp J, Irmler M, Thome M. 1998. Inhibition of Fas
death signals by FLIPs. Curr Opin Immunol 10:552–558.

Walczak H, Degli-Esposti MA, Johnson RS, Smolak PJ,
Waugh JY, Boiani N, Timour MS, Gerhart MJ, Schooley
KA, Smith CA, Goodwin RG, Rauch CT. 1997. TRAIL-R2:
A novel apoptosis-mediating receptor for TRAIL. EMBO
J 16:5386–5397.

Walczak H, Bouchon A, Stahl H, Krammer PH. 2000.
Tumor necrosis factor-related apoptosis-inducing ligand
retains its apoptosis-inducing capacity on Bcl-2 or Bcl-
xL-overexpressing chemotherapy-resistant tumor cells.
Cancer Res 60:3051–3057.

The Time Sequence of TRAIL and Cisplatin 1295


