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ABSTRACT

This study demonstrates that combined treatment with subtoxic doses of quercetin (3',3,4,5,7-pentahydroxyflavone), a flavonoid found in
many fruits and vegetables, plus tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) induces rapid apoptosis in TRAIL-resistant
hepatocellular carcinoma (HCC) cells. Effective induction of apoptosis by the combined treatment with quercetin and TRAIL was not blocked
by overexpression of Bcl-xL, which is known to confer resistance to various chemotherapeutic agents. These results suggest that this
combined treatment may provide an attractive strategy for treating resistant HCCs. While the proteolytic processing of procaspase-3 by TRAIL
was partially blocked in various HCC cells treated with TRAIL alone, co-treatment with quercetin efficiently recovered TRAIL-induced caspase
activation. We found that quercetin treatment of HCC cells significantly up-regulated the mRNA and protein levels of DR5, a death receptor of
TRAIL, in a transcription factor Sp1-dependent manner. Furthermore, treatment with quercetin significantly decreased the protein levels of
c-FLIP, an inhibitor of caspase-8, through proteasome-mediated degradation. Finally, administration of small interfering RNA against DR5 or
overexpression of c-FLIPs, but not c-FLIP, significantly attenuated quercetin-stimulated TRAIL-induced apoptosis. Collectively, these
findings show that quercetin recovers TRAIL sensitivity in various HCC cells via up-regulation of DR5 and down-regulation of c-FLIPs. J. Cell.
Biochem. 105: 1386-1398, 2008. © 2008 Wiley-Liss, Inc.
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H epatocellular carcinoma (HCC) is the fifth most frequent
neoplasm worldwide (>500,000 death/year) [Bruix et al.,
2004]. Most hepatocellular carcinoma patients are diagnosed
at advanced stages that are unsuitable for the current curative
therapies of resection and transplantation [Avila et al., 2006]. The
current chemotherapeutic options yield poor responses and low
patient survival, making them ineffective for treatment of advanced
HCC [Avila et al., 2006]. Therefore, new therapeutic alternatives are
needed for more effective treatment of this malignancy.

Tumor necrosis factor (TNF)-related apoptosis-inducing ligand
(TRAIL), a member of the TNF family, is considered a promising
anticancer agent due to its ability to induce apoptosis in a variety of

tumor cell types while having only negligible effects on normal cells
[Ashkenazi et al., 1999]. Binding of TRAIL to either DR4 or DR5, two
death receptors of TRAIL, leads to oligomerization and clustering of
their intracellular death domains. The subsequent interaction of DR4
or DR5 with the adaptor molecule, FADD (Fas-associated death
domain), via their respective death domains leads to recruitment and
activation of caspase-8 [Thomas et al., 2004]. Finally, caspase-8
activates the executioner caspases (e.g., caspase-3 and caspase-7),
leading to apoptotic cell death [Srivastava, 2001]. Although TRAIL
has garnered considerable attention as a novel anticancer agent,
recent studies have shown that many cancer cells, including HCC
cells, are resistant to the apoptotic effects of TRAIL, possibly due to
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intrinsic or acquired TRAIL resistance [Yamanaka et al., 2000;
Shankar and Srivastava, 2004]. Therefore, studies aimed at
improving our understanding of the molecular mechanisms
underlying TRAIL-resistance and identifying sensitizing agents
capable of overcoming this resistance may facilitate the establish-
ment of TRAIL-based combined regimens for the improved
treatment of HCC.

Recent epidemiological and dietary intervention studies in
animals and humans have suggested that diet-derived phenolic
compounds, particularly the flavonoids, may play a beneficial role
in inhibiting, reversing or retarding tumorigenesis, suggesting that
these agents could have a potential use in the chemoprevention
of cancer [Brit et al., 2001; Surh, 2003]. Quercetin (3,3',4',5,7-
pentahydroxyflavone) is a flavonoid that serves as the backbone for
many other flavonoids, and many medicinal plants owe much of
their activity to their high quercetin content [Havsteen, 1983].
Several studies have shown that quercetin exerts antiproliferative
effects [Csokay et al., 1997] and/or apoptosis-inducing activity
selectively in cancer cells but not in normal cells [Aghdassi et al.,
2007], suggesting that it may have potential therapeutic value as an
anticancer agent or an adjunct to current cancer therapies. We
herein show that quercetin is a potent sensitizer for TRAIL-induced
apoptosis in a variety of TRAIL-resistant HCC cells. Moreover, we
present clear evidence showing that subtoxic doses of quercetin
commonly and effectively overcome TRAIL-resistance in various
hepatoma cells via Sp1-mediated DR5 up-regulation and protea-
some-mediated c-FLIPg down-regulation, resulting in amplification
of TRAIL-mediated apoptotic signaling.

CHEMICALS AND ANTIBODIES

Recombinant human TRAIL/Apo2 ligand (the nontagged 19-kDa
protein, amino acids 114-281) was from KOMA Biotech, Inc. (Seoul,
South Korea). Quercetin was purchased from Sigma Chemical Corp.
(St. Louis, MO). Calcein acetoxymethyl ester (calcein-AM) and
ethidium homodimer-1 (EthD-1) were from Molecular Probes
(Eugene, OR). The following antibodies were used: anti-caspase-8,
caspase-3, caspase-6, and caspase-7 (Stressgen, British Columbia,
Canada); anti-caspase-9, caspase-2, FAK, Cdk2, DR4, and Bcl-xL
(Santa Cruz Biotechnology, Santa Cruz, CA); poly (ADP-ribose)
polymerase (PARP; Upstate Biotechnology); anti-Bid (Cell Signal-
ing, Beverly, MA); anti-c-FLIP (NF6) (Alexis, San Diego, CA); FITC-
conjugated anti-goat IgG (Sigma); -tubulin, anti-DR5 for Western
blotting (KOMA); anti-DR5 antibody for fluorescence-activated cell
sorting (FACS) analysis (R&D Systems, Minneapolis, MN); and anti-
rabbit IgG horseradish peroxidase, mouse IgG, and goat IgG (Zymed
Laboratories, Inc., South San Francisco, CA).

CULTURE OF HEPATOMA CELLS

The human hepatoma cell lines HepG2 and SK-Hep1 were cultured
in DMEM (Gibco-BRL, Grand Island, NY) supplemented with 10%
fetal bovine serum and antibiotics (Gibco-BRL). SNU-387, SNU-423,
SNU-449 and SNU-475 cells were cultured in RPMI 1640
supplemented with 10% fetal bovine serum (FBS) and antibiotics.

MEASUREMENT OF CELLULAR VIABILITY

Cell viability was assessed by double labeling of cells with 2 M
calcein-AM and 4 M EthD-1.The calcein-positive live cells and
EthD-1-positive dead cells were visualized using a fluorescence
microscope (Axiovert 200M, Zeiss, Oberkohen, Germany).

DNA FRAGMENTATION ASSAY

After treatments, cells were lysed in a buffer containing 10 mM Tris
(pH 7.4), 150 mM NaCl, 5 mM EDTA, and 0.5% Triton X-100 for
30 min on ice. Lysates were vortexed and cleared by centrifugation
at 10,000¢g for 20 min. Fragmented DNA in the supernatant was
extracted with an equal volume of phenol/chloroform/ isoamyl
alcohol mixture (25:24:1) and analyzed electrophoretically on 2%
agarose gels containing 0.1 g/ml ethidium bromide.

REVERSE TRANSCRIPTION-PCR ANALYSIS

Total RNA was extracted from SK-Hepl cells using the TRIzol
reagent (Invitrogen, Carlsbad, CA). Reverse transcription-PCR (RT-
PCR) was done following the manufacturer’s protocol (RNA PCR kit
(TaKaRa Co., Ltd. Japan)). Conditions for final analysis were chosen
when amplification of mRNA was in the middle of the exponential
amplification phase for 200 M quercetin. Human DR5 mRNA was
amplified using the sense primer 5'-GTCTGCTCTGATCACCCAAC-3’
and the antisense primer 5'-CTGCAAACTG TGACTCCTATG-3' (424-bp)
For c-FLIPy, the sense primer 5'-CGGACTATAGAGTGCTGATGG-3’
and the antisense primer 5-GATTATCAGGCAGATTCCTAG-3'
(655-bp); c-FLIPs, the sense primer 5-CGGACTATAGAGTGCT-
GATGG-3' and the antisense primer 5-AGATCAGGACAATGGGC-
ATAG-3’ (561-bp). For glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), the sense primer 5-CGTCTTCACCATGGAGA-3’ and the
antisense primer 5-CGGCCATCACGCCCACAGTTT-3" was used
(310-bp). The PCR cycling conditions (30 cycles) were chosen were
as follows: (a) 30 s at 94°C, (b) 1 min at 70°C for DR5 and 30 s at 60°C
for GAPDH, and (c) 1 min at 72°C, with a subsequent 10-min
extension at 72°C. Reaction products were analyzed on 1.3%
agarose gels. The bands were visualized by ethidium bromide.

FLOW CYTOMETRY OF DEATH RECEPTORS

Cells were analyzed for the surface expression of DR4 and DR5 by
indirect staining with primary goat anti-human DR4 and DR5 (R&D
Systems) followed by FITC-conjugated rabbit anti-goat IgG. Briefly,
4 % 10° cells were stained with 200 1 PBS containing saturating
amounts of anti-DR4 or anti-DR5 antibody on ice for 30 min.
After incubation, cells were washed twice and reacted with FITC-
conjugated rabbit anti-goat IgG on ice for 30 min. After washing
with PBS, the expressions of these death receptors were analyzed by
a FACS sorter (Becton Dickinson and Co., Franklin Lakes, NY).

SMALL INTERFERING RNA

The small interfering RNA (siRNA) duplexes used in this study were
purchased from Invitrogen and have the following sequences: DR5,
AUCAGCAUCGUGUACAAGGUGUCCC; FLIPS, AACAUGGAACU-
GCCUCUACUU; FLIPL, AAGGAACAGCUUGGCGCUCAA; FLIPs,
AAGCAGUCUGUUCAAGGAGCA. Cells were transfected with siRNA
oligonucleotides using LipofectAMINE 2000 (Invitrogen) according
to the manufacturer’s recommendations.
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PLASMIDS

Sp1 reporter constructs were purchased from Clontech (Palo Alto,
CA). The pDR5/Sacl plasmid [containing DR5 promoter sequence
—2500/+3] and pDR5/—605 [containing DR5 promoter sequence
(—605/+3)] were gift from Dr. Sakai (Kyoto Prefectural University).
To localize the promoter regions responsible for quercetin-induced
DR5 up-regulation, deletion mutants of the DR5 promoter, including
pDR5/—1036 [containing DR5 promoter sequence —1036/+3] and
pDR5/—717 [containing DR5 promoter sequence —717/+3], were
constructed. To identify the specific Sp1 binding sites responsible
for quercetin-induced DR5 up-regulation, the reporter constructs
containing single (mSpl-1 and mSp1-2), double (mSp1-3 and
mSp1-4), or triple (mSp1-5 and mSp1-6) point mutations at putative
Sp1-binding sites of DR5 promoter were used. The detailed
procedure to generate these mutants was previously described
[Kim et al., 2004b].

TRANSFECTIONS AND LUCIFERASE ASSAYS

Cells were seeded in 60 mm dishes at a density of 2.5 x 10° cells/dish
and grown for 24 h before transfection. Cells were co-transfected
with 2 g of various plasmid constructs and 1 g of the pCMV--
galactosidase plasmid for 5 h by the Lipofectamine method. After
transfection, cells were cultured in 10% FBS medium with vehicle
or quercetin for 24 h. Luciferase and -galactosidase activities
were assayed according to the manufacturer’s protocol (Promega).
Luciferase activity was normalized for -galactosidase activity in cell
lysate and expressed as an average of three independent
experiments.

CONSTRUCTION OF THE EXPRESSION VECTORS FOR c-FLIP_

AND c-FLIPs

The cDNAs encoding human c-FLIP; and c-FLIPs were PCR
amplified from plasmids (pCA-FLAG-hFLIP, and pCA-FLAG-
hFLIPs; kindly provided by Dr. Park SI (Korea Centers for Disease
Control and Prevention, Seoul, Korea)) to contain these sequences
with the specific primers. c-FLIP; and c-FLIPs cDNA fragment were
digested with Kpnl and Xhol and subcloned into the pcDNA 3.1(+)
vector (Invitrogen, Carlsbad, CA), and the resulting constructs were
confirmed by nucleotide sequencing.

ESTABLISHMENT OF THE CELL LINES STABLY OVEREXPRESSING
Bel-xL, FLIP_ OR FLIPg

Mammalian expression vectors encoding Flag-tagged Bcl-xL was
kindly provided by Prof. A. Strasser (The Walter and Eliza Hall
Institute of Medical Research, Australia). SK-Hep1l cells were
transfected with the expression vectors encoding Flag-tagged Bcl-
xL, FLIP; or FLIPs. Stable SK-Hep1 cell lines overexpressing Bcl-xL
was selected with changes of fresh medium containing puromycin
(4 g/ml). Overexpression of Bcl-xL in the stable cell lines was
analyzed by Western blotting using anti-Flag antibody (Sigma).
Stable SK-Hep1 cell lines overexpressing FLIP; or FLIPs was selected
with changes of fresh medium containing G418 (500 g/ml).
Overexpression of FLIP; or FLIPg in the stable cell lines was
examined by Western blotting using anti-FLIP antibody.

STATISTICAL ANALYSIS

All data are presented as means + SE of at least three independent
experiments. The statistical significance of differences was assessed
using ANOVA (GraphPad software; GraphPad, Santiago, CA),
followed by Student-Newman-Keuls multiple comparison tests.
P < 0.05 was considered significant.

SUBTOXIC DOSES OF QUERCETIN SIGNIFICANTLY

SENSITIZE TRAIL-RESISTANT HEPATOMA CELLS TO
TRAIL-INDUCED APOPTOSIS

First, the cytotoxic activity of human recombinant soluble TRAIL
(amino acids 114-281) was tested in six hepatoma cell lines; HepG2,
SK-Hep1, SNU-449, SNU-387, SNU-423, and SNU-475. Treatment
of various hepatoma cells with 100 ng/ml TRAIL for 24 h induced a
limited cell death (< 10%), as assessed using calcein-AM and EthD-1
(Fig. 1A). These results suggest that these hepatoma cells are
resistant to the cytotoxic effect of TRAIL. Next, we examined
whether quercetin could sensitize these TRAIL-resistant hepatoma
cells to TRAIL-mediated cell death. While treatment with quercetin
alone up to 200 M did not induce any significant cell death, cell
viability was significantly reduced by the combined treatment with
100 ng/ml TRAIL and quercetin in a dose-dependent manner. To
exclude the possibility that the sensitizing effect of quercetin on
TRAIL-mediated apoptosis may result from the non-specific effects
by use of its high dose, we compared the effects of quercetin with
those of other flavonol compounds, including quercitrin, myricetin,
rutin, and morin [Habtemariam, 1997; Xiao et al., 2008], as well as
dihydroquercetin, an inactive analog of quercetin [Budagova et al.,
2003; Loke et al.,, 2008]. We found that neither these flavonol
compounds nor dihydroquercetin at the concentration of 200 M did
stimulate SK-Hep1 cells to TRAIL-mediated apoptosis, suggesting
that quercetin specifically sensitizes hepatoma cells to TRAIL-
mediated apoptosis (Supplementary Fig. 1). Elevated protein levels
of Bel-xL in HCC cells are known to contribute to resistance to
various chemotherapeutic agents [Takehara et al., 2001]. Therefore,
we next examined whether Bcl-xL overexpression in hepatoma cells
affects the cell death induced by combined treatment with quercetin
and TRAIL. Interestingly, quercetin-stimulated TRAIL-mediated cell
death was not inhibited by Bcl-xL overexpression (Fig. 1B). These
results suggest that combined treatment with quercetin and TRAIL
may have a therapeutic effect on hepatoma cells overexpressing
Bcl-xL, which are resistant to many other chemotherapeutic drugs.

INCOMPLETE TRAIL-INDUCED PROTEOLYTIC PROCESSING OF
CAPASE-3 IN HEPATOMA CELLS IS COMPLETED BY

QUERCETIN CO-TREATMENT

Since typical apoptotic morphologies, including cellular shrinkage,
membrane blebbing, formation of apoptotic bodies, and DNA
fragmentation, were observed in SK-Hepl cells co-treated with
quercetin and TRAIL (Fig. 2A,B), we further examined whether the
sensitizing effect of quercetin on TRAIL-mediated cell death is
associated with caspase activation. Treatment of HepG2 or SK-Hep1
cells with 200 M quercetin alone did not induce any proteolytic

1388

SENSITIZATION OF TRAIL-MEDIATED APOPTOSIS BY QUERCETIN

JOURNAL OF CELLULAR BIOCHEMISTRY



A HepG2

SK-Hep1

SNU-449

£8 b HE 28 g+
= g --.__.“l__"ﬁ S 11'_—.-_-,-‘_‘_._.__‘ 'S ol e _""_i
Tl g -1 e =¥
32 2 N 3? ] 32 ]
QUE(uM) 0 50 100 200 0 50 100 200 0 50 100 200
SNU-387 SNU-423 SNU-475
B sy & Tl i ol g
R TN o 5.7 "N 1. B0, S
52 G IR - i I AR
© 0 [ ] = o]
- . . . 2= . . . = . .
QUE(uM) 0 50 100 200 0 50 100 200 0 50 100 200
TRAIL: —8—0puM —A—50pM 4100 pM
B Con. #4 #20
Flag-Bel-xL — ‘
Bel-xL — L %RAIL,' I
ng/m
a-tubulin | — 100 ng/mi
2. Bel-xL#4 =. Becl-xL #20 _— Con.
;e:\: E':: Eﬂ.:
£ i ﬁ 'H i @ ¥ =
5 z : i bs :
ag ; & o " % :; )
: H = s
0 50 100 200 0 50 100 200 0 50 100 200 pM

Fig. 1.

Subtoxic doses of quercetin sensitize human hepatoma cells to TRAIL-induced apoptosis via activation of caspases. A: Viabilities of hepatoma cells treated with

quercetin and/or TRAIL. Various hepatoma cells were treated with 100 ng/ml TRAIL alone, quercetin alone at the indicated concentrations, or 100 ng/ml TRAIL plus quercetin at

the indicated concentrations for 24 h. Cellular viabilities of cells were assessed using calcein-AM and EthD-1. Results shown are the means of three independent experiments;
bars, SE. B: Cell death induced by the combined treatment with quercetin and TRAIL is not blocked by Bcl-xL overexpression. Protein levels of Flag-tagged Bcl-xL in SK-Hep1

stable cell lines overexpressing Bcl-XL were analyzed by Western blotting using anti-total Bel-xL antibody (top). SK-Hep1 cells stably transfected with pcDNA3 (Control cells)
was used as a control. Control cells or Bel-xL overexpressing SK-Hep1 cells were treated with 100 ng/ml TRAIL alone or 100 ng/ml TRAIL plus quercetin at the indicated

concentrations for 24 h. Cellular viability were measured using calcein-AM and EthD-1 (bottom). Columns, average of three independent experiments; bars, SE. “P< 0.001

compared with untreated cells; “*P< 0.01 compared with untreated cells.

processing of caspases (Fig. 2C). In contrast, the 32-kDa procaspase-
3 was partially cleaved to a 20-kDa intermediate form in these cells
treated with 100 ng/ml TRAIL alone for 12 h. Further cleavage into
the active p17 subunit was not detected nor was other caspase-
processing events in these cells treated with TRAIL alone. However,
combined treatment with quercetin and TRAIL induced the complete
processing of caspase-3 into p17/p12. The precursor protein levels of
caspase-8, -9, -2, -6 or -7 were also significantly decreased in cells
exposed to combined treatment with quercetin and TRAIL. Similar
activation patterns of caspases in SK-Hep1 cells were observed in
response to quercetin plus TRAIL. In parallel with the proteolytic
processing of caspases, several key death substrates that indicate the
activation of caspases, including FAK (caspase-3 and -7) and Bid

(caspase-8), were also progressively degraded from 4 to 8 h after the
combined treatment, whereas they were not degraded following
treatment with quercetin alone or TRAIL alone (Fig. 2C). Flow
cytometric analysis demonstrates that co-treatment of SK-Hepl
cells with 200 M quercetin and 100 ng/ml TRAIL for 8 h significantly
increased the accumulation of sub-G1 phase cells with hypodiploid
having slightly fewer than the diploid number of chromosomes,
whereas treatment with quercetin or TRAIL alone did not (Fig. 2D).
Pretreatment with a pan-caspase inhibitor z-VAD-fmk significantly
blocked the accumulation of sub-G1-phase cell populations induced
by quercetin plus TRAIL. Collectively, these results demonstrate that
quercetin enhances TRAIL-mediated apoptosis via activation of
caspases.
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Apoptosis induced by the combined treatment with quercetin and TRAIL is dependent on caspases. A: Morphologies of SK-Hep1 cells treated with quercetin and/or

TRAIL. SK-Hep1 cells were untreated or treated with 200 M quercetin andfor 100 ng/ml TRAIL for 12 h. Representative phase contrast images of cells are shown. B: DNA
fragmentation induced by the combined treatment with quercetin and TRAIL. SK-Hep1 cells were treated with 200 M quercetin alone, 100 ng/ml TRAIL alone, or 200 M
quercetin plus 100 ng/ml for 12 h. Only fragmented DNA was isolated from the treated cells and subjected to agarose gel electrophoresis. C: Activation of caspases during
quercetin-facilitated TRAIL-induced apoptosis. HepG2 or SK-Hep1 cells were treated with 200 M quercetin alone, 100 ng/ml TRAIL alone, 200 M quercetin plus 100 ng/ml
TRAIL for the indicated time points and cell extracts were prepared to detect the changes in the expression of caspases by Western blotting. To confirm the activation of caspases,
Western blotting of FAK and Bid was performed. D: Inhibition of caspases blocks quercetin-stimulated TRAIL-induced apoptosis. SK-Hep1 cells were treated with 200 M
quercetin alone, 100 ng/ml TRAIL alone, or 200 M quercetin plus 100 ng/ml TRAIL for 8 h. To examine the effect of caspase inhibition, SK-Hep1 cells were pretreated with 50 M
2-VAD-fmk for 30 min and further treated with 200 M quercetin plus 100 ng/m| TRAIL for 8 h. Cells were stained with propidium iodide and FACS analysis was performed.

QUERCETIN UP-REGULATES DR5 IN VARIOUS HEPATOMA CELLS

Since TRAIL is known to trigger apoptotic signals via two types of
death receptors, DR4 and DR5 [Pan et al., 1997; Sheridan et al.,
1997], we examined whether the modulation of DR4 and/or DR5
protein levels by quercetin might be involved in its sensitizing effect
on TRAIL-induced apoptosis in various hepatoma cells. We found
that quercetin treatment of HepG2 cells induced a time-dependent
increase in the protein levels of DR5 but did not affect the protein
levels of DR4 (Fig. 3A). Furthermore, treatment with quercetin dose-
dependently increased DR5 protein levels in HepG2, SK-Hep1, and
SNU-387 cells, whereas DR5 up-regulation was prominent in SNU-
449, -423, and -475 cells treated with 50 M quercetin (Fig. 3B). These

results indicate that up-regulation of the TRAIL death receptor, DR5,
is a common response of various hepatoma cells to quercetin
exposure. FACS analysis showed that the quercetin-induced surface
expression of DR5, but not DR4, was also significantly increased in
SK-Hep1 cells (Fig. 3C). To clarify the functional role of DR5 in the
quercetin-mediated stimulation of TRAIL-induced apoptosis, we
employed siRNA-mediated knockdown of DR5. Suppression of DR5
expression by transfection with its siRNA effectively inhibited
quercetin-stimulated TRAIL-induced cell death of SK-Hep1 cells
(Fig. 3D). Collectively, these results demonstrate that quercetin-
induced DR5 up-regulation is critical for the enhancement of TRAIL
sensitivity in hepatoma cells.
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Quercetin-induced DR5 up-regulation is important for quercetin-stimulated TRAIL-induced apoptosis. A: Quercetin up-regulates the protein levels of DR5 but not

DR4. HepG2 cells were treated with quercetin at the indicated concentrations and Western blotting of DR5, DR4, and -tubulin was performed. B: Quercetin-induced DR5  up-
regulation is a common response in human hepatoma cells. Various hepatoma cells were treated with quercetin for the indicated time periods and Western blotting of DR5 was
performed. C: Quercetin up-regulates the surface expression of DR5 but not DR4. SK-Hep1 cells were treated with 200 M quercetin for 12 h and the surface protein levels of DR5
and DR4 were measured by FACS analysis. D: Suppression of DR5 expression by its siRNA transfection blocks quercetin-stimulated TRAIL-induced apoptosis. SK-Hep1 cells were
transfected with the control fluorescent oligonucleotide or siRNA against DR5. Transfected cells were untreated or treated with 200 M quercetin plus 100 ng/ml TRAIL for 12 h.
Suppression of DR5 protein levels were confirmed by Western blotting (top). Cellular viability was measured using calcein-AM and EthD-1 (bottom). Columns, average of three
independent experiments; bars, SE. P < 0.001 compared with untreated cells; /P < 0.001 compared with cells transfected with control oligonucleotide and further treated with

quercetin plus TRAIL.

Sp1 MEDIATES QUERCETIN-INDUCED DR5 UP-REGULATION

Next, we investigated the underlying mechanism of quercetin-
induced DR5 up-regulation. RT-PCR analysis demonstrated that
DR5 mRNA levels increased dose-dependently with respect to
quercetin (Fig. 4A), demonstrating that quercetin modulates DR5
expression at the transcriptional level. Since p53 [Wu et al., 1999],
NF-B [Ravi et al., 2001], CHOP [Son et al., 2007], and Sp1 [Kim et al.,
2004b] have been implicated in regulating DR5 expression, we
examined their possible involvement in quercetin-induced DR5 up-
regulation. DR5 was significantly up-regulated in not only

hepatoma cells with wild-type p53 (e.g., HepG2) and but also those
with mutant p53 (e.g., SK-Hep1, SNU-387, SNU-423, SNU-449, and
SNU-475), suggesting that p53 is not critical for quercetin-induced
DR5 up-regulation in hepatoma cells. Furthermore, the activity
of NF-B, which was assessed by Western blotting using an anti-
phospho-p65 antibody, was not increased by quercetin (data not
shown), suggesting that quercetin-induced DR5 up-regulation
is independent of NF-B. When we further examined the promoter
activity of DR5 using a luciferase gene expression system, we found
that treatment of SK-Hepl cells with 100 M quercetin triggered

JOURNAL OF CELLULAR BIOCHEMISTRY

1391

SENSITIZATION OF TRAIL-MEDIATED APOPTOSIS BY QUERCETIN



A

DR5 GAPDH
0 50 100 200puM 0 50 100 200pM
B -E' 60 [JCON. 0 uM
2 o W QUE 100 uM
5 40 ; :
[=]
E 30
E 2.0
E 1.0
& 0
pDR5-Sac1 pDRS5-1036 pDR5-717 pDRS-605
CHOP  TATA
» sp1spt  Spispt
F 7/ pDR5/Sacl
-2600 lns.“‘;ﬂﬂqﬂlw-'li'l
I { pDR5/-1036
D36
r { pDRS/-T17
; | pDR5/-605
-605
C D
CHOP aan

CHOP ——
DR5 ey~
otUBDULIN |-

0 4 8 12h

Fig. 4.

DR5 = B

a-tubulin
QUE =+ - 4
F-Oligo CHOPsiRNA
QUE * - + - +
TRAIL st o

CHOP is not involved in quercetin-induced enhancement of DR5 up-regulation. A: Changes in the mRNA levels of DR5. SK-Hep1 cells were treated with quercetin at

the indicated concentrations. Total RNA was prepared for RT-PCR of DR5. B: Effect of quercetin on DR5 promoter activity. pDR5/Sacl, pDR5/—1036, pDR5/—717, or pDR5/—605
promoter construct was transfected into SK-Hep1 cells, which were then treated with varying concentrations of quercetin, lysed, and assayed for luciferase activity. Columns,
average of three independent experiments; bars, SE. "P<0.001 compared with untreated cells (top). Schematic structures of the DR5 promoter constructs used for the
luciferase activity assays (bottom). C: Effect of quercetin on CHOP protein levels. HepG2 cells were treated with 200 M quercetin for the indicated time points and Western
blotting of CHOP and DR5 was performed. Western blotting of -tubulin was used for the loading control. D: Suppression of CHOP expression by its siRNA transfection does not
block quercetin-induced DR5 up-regulation and the cell death induced by the combined treatment with quercetin and TRAIL. Effect of CHOP suppression on quercetin-induced
DR5 up-regulation was examined by Western blotting (top). Cellular viability was measured using calcein-AM and EthD-1 (bottom). Columns, average of three independent
experiments; bars, SE. “P < 0.001 compared with untreated cells; **P < 0.05 compared with cells transfected with control oligonucleotide and further treated with quercetin

plus TRAIL.

similar enhancements of the transcriptional activity from reporter
constructs containing 2,500- 1,036-, 717-, and 605 bp fragments of
the DR5 gene promoter region (pDR5/Sacl, pDR/—1036, pDR5/—717
and pDR5/—605) (Fig. 4B). This suggests that one or more quercetin-
responsive elements may be localized within the 605 bp fragment.
Recently, Yoshida et al. [2001] showed that a CHOP binding site is
localized at —270 bp of the DR5 promoter, and the region of the DR5
promoter spanning nucleotides —605 to 43 contains four putative
Sp1 binding sites and a TATA-like box site (Fig. 4B). Therefore, we
tested the possible involvement of CHOP or Spl in quercetin-
mediated DR5 up-regulation. However, CHOP protein levels in

HepG2 cells were not up-regulated by quercetin (Fig. 4C) and neither
quercetin-induced DR5 up-regulation nor quercetin-stimulated
TRAIL-induced apoptosis was blocked by siRNA-mediated knock-
down of CHOP expression (Fig. 4D). These results suggest that CHOP
is not involved in quercetin-induced DR5 up-regulation in these
hepatoma cells. We next examined whether Sp1 is responsible for
quercetin-mediated DR5 up-regulation. We first tested whether Sp1
activity is positively controlled by quercetin using a Sp1 reporter
construct containing three Sp1 binding sites. Treatment of SK-Hep1
cells with quercetin increased the Spl-mediated transcriptional
activity in a dose-dependent manner (Fig. 5A). Furthermore,
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pretreatment with a specific inhibitor of Sp1, mithramycin A, dose-
dependently attenuated the quercetin-mediated up-regulation of
both DR5 promoter activity and DR5 protein levels (Fig. 5B,C). We
further examined which Sp1 site(s) in the DR5 promoter might be
important for quercetin-induced DR5 up-regulation. While mSp1-3
(mutated at the —305 and —309 Sp1 sites; Kim et al., 2004b) showed
slight decrease in the promoter activity, the promoter activities of
Sp1-1 (mutated at the —195 Sp1 sites), mSp1-2 (mutated at the

—159 Sp1 sites), mSP1-4 (mutated at the —195 and —159 sites),
mSp1-5 (mutated at the —305, —300, and —195 Sp1 sites), and
mSP1-6 (mutated at the —305, —300, and —159 sites) were
significantly decreased compared with that from the wild-type
construct (pDR5/—605) (Fig. 5D). These results suggest that the two
putative Sp1-binding sites present at —195 and —159 bp may play
important roles in quercetin-induced enhancement of DR5 promoter
activity.
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Sp1 mediates quercetin-induced DR5 up-regulation. A: Effect of quercetin on the transcriptional activity of Sp1. A reporter vector (pSp1-Luc) that has three Sp1-

binding sites was transfected into SK-Hep1 cells. Transfected cells were treated with quercetin at the indicated concentrations for 24 h, and lysed and luciferase activity was
measured. Columns, average of three independent experiments; bars, SE. P < 0.005 compared with untreated cells. B: Inhibition of Sp1 by treatment with mithramycin A
abolishes quercetin-mediated increase in DR5 promoter activity. SK-Hep1 cells were transfected with pDR5-605 promoter construct and further treated with 50 M quercetin,
together with or without mithramycin A at the indicated concentrations for 24 h. Cells were lysed and luciferase activity was measured. Columns, average of three independent
experiments; bars, SE. “P< 0.001 compared with untreated cells; “*P<0.05 compared with cells treated with quercetin alone. C: Inhibition of Sp1 by treatment with
mithramycin A abolishes quercetin-mediated increase in DR5 protein levels. SK-Hep1 cells were treated with 100 M quercetin, together with or without mithramycin A at the
indicated concentrations for 24 h. Cell extracts were prepared for Western blotting of DR5. Western blotting of HSC70 was performed to confirm the equal loading of protein
samples. D: Mutational analysis of transcriptional regulatory elements in the DR5 promoter region. Schematic structures of the DR5 promoter constructs used to measure
luciferase activity (left). Mutations were introduced into the Sp1 consensus sites of DR5 promoter, SK-Hep1 cells were transfected with the reporter constructs, and lysates from
cells treated with or without quercetin were assayed for luciferase activity (right). Columns, average of three independent experiments; bars, SE. “P < 0.005 compared with cells

transfected with pDR5/—605.
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PROTEASOME-MEDIATED DEGRADATION OF c-FLIPs CONTRIBUTES
TO QUERCETIN-SENSITIZED TRAIL-INDUCED APOPTOSIS

Recently, c-FLIP protein levels were shown to correlate with TRAIL
resistance in some tumor types [Zhang et al., 2004; Dolcet et al.,
2005], and c-FLIP down-regulation has been implicated in
chemotherapy-sensitized TRAIL-induced apoptosis [Kelly et al.,
2002; Palacios et al., 2006]. Although c-FLIP is expressed as
multiple splice variants at the transcript level, two main forms are
expressed at the protein level: c-FLIP short form (c-FLIPs), which is
28 kDa in size and contains two death effector domains: and c-FLIP
long form (c-FLIPy), which is 55 kDa in size and has two death
effector domains and an inactive caspase-like domain [Irmler et al.,
1997]. We examined the possibility that c-FLIP might be involved in
quercetin-sensitized TRAIL-induced apoptosis in hepatoma cells.
Both c-FLIPg and c-FLIP protein levels were significantly reduced
by quercetin treatment in all tested hepatoma cells (Fig. 6A),
showing that c-FLIP down-regulation is a common response of
various hepatoma cells to quercetin. Interestingly, lower doses of
quercetin were required for down-regulation of c-FLIPs protein
levels than c-FLIP;. Since RT-PCR analysis showed that the mRNA
levels of c-FLIP, and c-FLIPs were unchanged following quercetin
treatment (Fig. 6B), we examined the possible involvement of the
proteasomal pathway in the quercetin-mediated down-regulation of
c-FLIP. Pretreatment of cells with the proteasome inhibitor, MG132,
considerably recovered quercetin-induced down-regulation of
c-FLIP, and c-FLIPg (Fig. 6C), suggesting that proteasomal degra-
dation may mediate their quercetin-induced c-down-regulation of
c-FLIP; and c-FLIPs. We next examined the significance of c-FLIP|
and c-FLIPs down-regulation in quercetin-stimulated TRAIL-
induced apoptosis. When we treated SK-Hepl cell lines stably
over-expressing c-FLIP; or c-FLIPs with quercetin and TRAIL, the
cell death induced by the combined treatment was significantly
attenuated by over-expression of c-FLIPg but not c-FLIP, (Fig. 6D).
Furthermore, TRAIL-mediated apoptosis was dramatically stimu-
lated by siRNA-mediated suppression of c-FLIPs alone or suppres-
sion of both c-FLIPs and c-FLIP;, compared with suppression of
c-FLIP, alone (Fig. 6E). Therefore, these results demonstrate that
down-regulation of c-FLIPs may be more critical than c-FLIP,
down-regulation for quercetin-sensitized TRAIL-mediated apopto-
sis in hepatoma cells. Taken together, quercetin recovers TRAIL-
sensitivity in various hepatoma cells via Spl-mediated DR5
up-regulation and proteasome-mediated downregulation of c-FLIP.

The cytokine, TRAIL, is considered a promising substance in the field
of innovative cancer therapy because it is selectively cytotoxic to
tumor cells while sparing normal cells [Walczak et al., 1999; Bruix
et al., 2004]. However, various tumor cells, including HCC cells, are
resistant to the apoptotic effects of TRAIL [Yamanaka et al., 2000;
Pei et al., 2004; Kim et al., 2006]. This resistance could be caused by a
variety of factors. For example, TRAIL is known to trigger apoptosis
through binding to DR4 and DR5 [Sheridan et al., 1997; Avila et al.,
2006; Pan et al., 1997], suggesting that the expression levels of DR4

and/or DR5 may play a role in determining the intensity and/or
duration of TRAIL-induced death receptor-mediated apoptotic
signaling. In addition, endogenous expression levels of c-FLIP, a
protein that has a high level of homology to caspase-8 and -10 but
no protease activity, has been correlated with TRAIL resistance in
some tumor types [Zhang et al., 2004; Dolcet et al., 2005]. Finally,
overexpression of various anti-apoptotic proteins, including IAPs,
Bcl-2, Bel-xL, NF-B, and Akt, may also confer cancer cells resistance
to TRAIL [Chawla-Sarkar et al., 2004; Shankar and Srivastava, 2004;
Kim et al., 2004a; Bai et al., 2005]. Thus, identification of sensitizers
capable of modulating the expression and/or activity levels of these
apoptotic regulators may be an effective strategy for overcoming
TRAIL resistance in cancer cells.

Quercetin, one of the major dietary flavonoid enriched in various
fruits and vegetables, has been reported to exert a broad range of
pharmacological effects, including antioxidant and anti-inflam-
matory activities [Lamson and Brignall, 2000]. For example, chronic
quercetin treatment was shown to lower blood pressure or prevent
the development of hypertension in various experimental models
[Duarte et al., 2001; Perez-Vizcaino et al., 2006]. Consumption of
quercetin, enriched in onions and apples, was found to be inversely
associated with lung cancer risk [Le Marchand et al., 2000].
Furthermore, quercetin was shown to inhibit cancer growth and
induce apoptosis in animal models [Mouria et al., 2002]. Moreover,
quercetin treatment has been associated with selective antiproli-
ferative effects [Nair et al.,, 2004] and induction of cell death,
predominantly through an apoptotic mechanism, in cancer cell lines
but not in normal cells [Chowdhury et al., 2005]. Although the
underlying mechanisms governing these effects are not yet fully
understood, the available evidence collectively indicates that
quercetin may be of therapeutic benefit in clinical settings,
suggesting its potential use as an anticancer agent or an adjunct
to current cancer therapies. We demonstrate here that combined
treatment with subtoxic doses of quercetin and TRAIL effectively
induces apoptotic cell death in various TRAIL-resistant hepatoma
cells.

Bcl-xL is a significant prognostic factor for the progression of
human hepatocellular carcinoma, and its expression is known to
confer resistance to various pro-apoptotic therapeutics [Takehara
et al., 2001]. Furthermore, mutations in the p53 gene have been
found in many human cancers, including up to 50% of HCCs [Hsu
et al., 1991], and many cancer cells with mutations in p53 resist
chemotherapy-induced cell death [Velculescu and El-Deiry, 1996].
Interestingly, the cell death induced by quercetin plus TRAIL was not
blocked by Bcl-xL overexpression, and occurred both in human
hepatoma cells expressing wild-type p53 (HepG2 cells; Hsu et al.,
1993) and hepatoma cells expressing mutant p53 (SK-Hep1, SNU-
387, SNU-423, SNU-449, and SNU-474; Hsu et al., 1993; Kang et al.,
1996). Therefore, these results suggest that combination treatment
with quercetin and TRAIL may provide an effective therapeutic
strategy for the treatment of HCC, which are often resistant to
various anti-cancer therapies due to Bcl-xL overexpression and/or
defects in p53 function. Combined treatment with quercetin and
TRAIL as a potential new strategy for treating TRAIL-resistant
hepatomas seems to warrant additional study including in vivo
experiments with animal models.
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Fig. 6. Quercetin-induced c-FLIPs down-regulation contributes to quercetin-stimulated TRAIL-induced apoptosis. A: Quercetin-induced down-regulation of FLIP. Various
hepatoma cells were treated with quercetin at the indicated concentrations for 12 h. Cell extracts were prepared for Western blotting of FLIP_ and FLIPs. Western blotting of -
tubulin was performed to show equal loading of protein samples. B: mRNA levels of c-FLIP_ or c-FLIPs are not altered by quercetin treatment. Total RNA was extracted from SK-
Hep1 cells treated with 200 M quercetin for 24 h and RT-PCR of c-FLIP,, c-FLIPs, and GAPDH was performed. C: Proteasome-mediated degradation may be involved in
quercetin-induced c-FLIP down-regulation. SK-Hep1 cells were pretreated with MG132 at the indicated concentration for 30 min and further treated with 200 M quercetin for
12 h. Protein levels of c-FLIP were analyzed by Western blotting. D: Quercetin-sensitized TRAIL-induced apoptosis is inhibited in the stable cell lines overexpressing c-FLIPs.
Protein levels of the c-FLIPs in the stable cell lines overexpressing c-FLIP_ or c-FLIPs were examined by Western blotting (top). Control cells (SK-Hep1 cells stably transfected
with pcDNA3) and the stable cell lines overexpressing c-FLIPs were untreated or treated with 200 M quercetin and 100 ng/ml TRAIL for 12 h and cell viability was measured
using calcein-AM and EthD-1 (bottom). Columns, average of three independent experiments; bars, SE. “P< 0.001 compared with untreated cells; /P < 0.001 compared with
control cells treated with quercetin and TRAIL. E: Suppression of c-FLIPs expression, rather than c-FLIP, by its siRNA transfection blocks quercetin-stimulated TRAIL-induced
apoptosis. SK-Hep1 cells were transfected with control fluorescent oligonucleotide, c-FLIPs siRNA alone, c-FLIP, siRNA alone, or siRNA against both c-FLIPs and c-FLIP,.
Transfected cells were untreated or treated with 200 M quercetin plus 100 ng/m| TRAIL for 12 h. Suppression of c-FLIPs protein levels were confirmed by Western blotting (top).
Cellular viability was measured using calcein-AM and EthD-1 (bottom). Columns, average of three independent experiments; bars, SE. “P< 0.001; /P < 0.01 compared with cells
transfected with control oligonucleotide and further treated with TRAIL.

Recently, Kim and Lee [2007] reported that treatment with
quercetin sensitizes prostate cancer cells to TRAIL-mediated
apoptosis through Akt dephosphorylation. In addition, Chen et al.
[2007] reported that treatment with quercetin sensitizes non-small
cell lung cancer cells to TRAIL-mediated apoptosis via DR5
induction and survivin suppression. However, we found that Akt
phosphorylation was somewhat enhanced in HepG2, SK-Hepl,

SNU-449 and SNU-387 cells, whereas it was decreased in SNU-423
and SNU-475 cells (Supplementary Fig. 2A). Furthermore, survivin
protein levels were considerably increased in SNU-449 and SNU-
387 cells, while they were down-regulated in HepG2, SK-HEP1,
SNU-423, and SNU-475 cells (Supplementary Fig. 2B). We cannot
exclude the possibility that either down-regulation of Akt activity or
survivin expression in the respective hepatoma cells may contribute
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to the recovery of TRAIL sensitivity. However, quercetin-induced
Akt inhibition or suppression of survivin may not be a common
mechanism explaining the sensitizing effects of quercetin on TRAIL-
induced apoptosis in hepatoma cells. In addition, quercetin is known
to decrease HSP70 and many cancer cell lines show resistance to
apoptosis because of high levels of HSP70 [Wei et al., 1994;
Aghdassi et al., 2007]. Therefore, we examined the possible
involvement of HSP70 in the quercetin-stimulated TRAIL-induced
apoptosis. HSP70 protein levels were unaltered by treatment with
200 M quercetin for 24 h in various hepatoma cells, although they
were slightly decreased in SK-Hep1 and SNU-387 cells treated with
quercetin for 48 h (Supplementary Fig. 2C). Since about 60-80% of
cells are killed by the combined treatment with quercetin and TRAIL
within 24 h (Fig. 1A), these results suggest that HSP70 may not be
associated with the sensitizing effect of quercetin on TRAIL-
mediated apoptosis in hepatoma cells. In contrast, quercetin
treatment induced significant increases in DR5 protein levels in
all tested hepatoma cells. The critical role of DR5 up-regulation in
quercetin-stimulated TRAIL-mediated apoptosis was confirmed by
our finding that siRNA-mediated knockdown of DR5 expression
inhibited the cell death induced by the combination of quercetin and
TRAIL. Recently, we showed that the generation of reactive oxygen
species (ROS) plays a critical role in the up-regulation of DR5 and the
induction of TRAIL-mediated apoptosis [Kim et al., 2006]. However,
pretreatment with the antioxidant, NAC, did not reduce the
quercetin-induced DR5 up-regulation observed in our study (data
not shown), suggesting that ROS are not involved in quercetin-
induced DR5 up-regulation. Recent studies have shown that DR5 up-
regulation is critical for endoplasmic reticulum stress-mediated
apoptosis in human cancer cells, and that this process involves
CHOP, a member of the C/EBP family of transcription factors
[Yamaguchi and Wang, 2004; Yoshida et al., 2005]. However,
quercetin treatment did not induce CHOP protein levels, and
knockdown of CHOP expression by siRNA duplexes did not inhibit
the cell death induced by combined treatment with quercetin and
TRAIL, demonstrating that the sensitizing effect of quercetin is
independent of CHOP. We did, however, develop a number of lines
of evidence clearly demonstrating the involvement of the Spl
transcription factor in quercetin-induced DR5 up-regulation,
including the findings that: (a) quercetin treatment dose-depen-
dently increased the Spl-mediated transcriptional activity in
hepatoma cells; (b) inhibition of Sp1 activity by mithramycin A
abolished quercetin-induced DR5 up-regulation; and (c) quercetin-
induced activation of DR5 promoter activity was abrogated by the
mutations in the —195 bp and/or —159 bp Sp1 binding sites of the
DR5 promoter.

Another mechanism potentially involved in the regulation of
TRAIL sensitivity is expressional modulation of c-FLIP [Kelly et al.,
2002; Zhang et al., 2004; Dolcet et al., 2005; Palacios et al., 2006;
Son et al., 2007]. This caspase-8 inhibitor is predominantly
expressed as two forms (c-FLIP; and c-FLIPs; Irmler et al., 1997).
c-FLIPs completely inhibits procaspase-8 activation at the death-
inducing signaling complex, while c-FLIP; permits partial cleavage
of procaspase-8 to an intermediate p41/p43 form but prevents
further processing of procaspase-8 to its active p18/p10 subunits
[Micheau et al., 2002]. In the present study, quercetin significantly

down-regulated c-FLIPg protein levels versus c-FLIP| protein levels
in all tested hepatoma cells. We found that quercetin-induced down-
regulation of c-FLIP is not controlled at the transcriptional level, but
rather is mediated via the proteasomal pathway, as shown by our
observation that pretreatment with MG132 attenuated the querce-
tin-induced down-regulation of c-FLIP; and c-FLIPs. Similar to our
results, a recent study showed that FLIPs is more prone to
ubiquitination and has a considerably shorter half-life than FLIP;,
[Poukkula et al.,, 2005]. Very interestingly, we found that
overexpression of c-FLIPs but not c-FLIP,, significantly reduced
the apoptosis induced by quercetin/TRAIL treatment. Furthermore,
siRNA-mediated suppression of c-FLIPs alone or c-FLIPg plus c-
FLIP; (c-FLIPs;1), but not suppression of c-FLIP; alone, led to
significant enhancement of TRAIL-mediated apoptosis. These
results highlight the functional significance of c-FLIPs down-
regulation in quercetin-stimulated TRAIL-mediated apoptosis. Since
both DR5 and c-FLIP are known to be key components controlling
the initial steps of the death receptor-mediated apoptotic signaling
pathway, our findings that quercetin up-regulates DR5 and down-
regulates c-FLIPg provide new insights into the potential underlying
mechanisms necessary to overcome TRAIL-resistance in hepatoma
cells, via amplification of TRAIL-mediated apoptotic signaling
pathway.
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