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β-Ionone (ION), an end-ring analogue of β-carotenoid, has been known to inhibit tumor cell growth
and induce apoptosis in various types of cancer cells. Nevertheless, its apoptosis-related molecular me-
chanisms remain unclear. Here, we first investigated the molecular mechanisms by which ION sensitizes
cancer cells to the therapeutic potential of tumor necrosis factor–related apoptosis-inducing ligand
(TRAIL). Notably, treatment with subtoxic concentrations of ION and TRAIL effectively inhibited cell
viability in the hepatocellular carcinoma cell line Hep3B and other cancer cell lines such as colon carcino-
ma cell line HCT116 and leukemia cell line U937. Combined treatment with ION and TRAIL was also
more effective in inducing DR5 expression, caspase activities, and apoptosis than treatment with either
agent alone. ION-mediated sensitization to TRAIL was efficiently reduced by treatment with a chimeric
blocking antibody or small interfering RNA specific for DR5. Electrophoretic mobility shift assay and a chro-
matin immunoprecipitation assay confirmed that ION treatment upregulates the binding of transcription
factor Sp1 to its putative site within the DR5 promoter region, suggesting that Sp1 is an ION-responsive
transcription factor. In addition, ION significantly increased hepatocellular carcinoma cell sensitivity to
TRAIL by abrogating TRAIL-induced NF-κB activation and decreasing the expression of antiapoptotic
proteins such as XIAP and IAP-1/2. Taken together, these data suggest that ION is a useful agent for
TRAIL-based cancer treatments. Mol Cancer Ther; 9(4); 833–43. ©2010 AACR.
Introduction

Tumor necrosis factor (TNF)–related apoptosis-induc-
ing ligand (TRAIL), a member of the tumor necrosis fac-
tor superfamily, is considered a promising anticancer
agent because it can induce apoptosis in various cell
types. Moreover, the cytotoxic activity of TRAIL is selec-
tive for human tumor cells and leaves normal cells un-
harmed (1, 2). Thus, TRAIL is a promising anticancer
cytokine (3). TRAIL induces apoptosis in various types
of tumor cells through the death receptor pathway by
using a mechanism that resembles one involving TNF-
α (2). TRAIL reacts with the death receptor DR4 or DR5,
leading to the aggregation of the receptors, recruitment
of the adaptor molecule Fas-associated death domain
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protein, and activation of initiator caspase-8 (4). Activat-
ed caspase-8 is released into the cytoplasm and initiates
a protease cascade that activates effector caspases such
as caspase-3 and caspase-7 (4). Therefore, agents that
can sensitize cells to TRAIL-mediated apoptosis are
good candidates for chemotherapy against various
types of cancer.
β-Ionone (ION), an end-ring analogue of β-carotenoid,

has been known for in vivo and in vitro protection against
various types of cancer cells (5, 6). It is also well estab-
lished that ION suppresses the proliferation of melanoma
(7, 8), leukemia (9), and meningioma cells (10). Despite
many previous studies, the exact mechanisms of ION re-
main unclear. Therefore, we investigated the usefulness
of ION as a potent sensitizer of TRAIL-resistant human
hepatocellular carcinoma cells for TRAIL-induced apo-
ptosis. This report provides the first evidence that sub-
toxic doses of ION increase the expression of DR5 by
upregulating the binding of Sp1 to its DR5 promoter,
leading to a rapid induction of TRAIL-mediated signal-
ing and cell death. Additionally, TRAIL-induced NF-κB
activation is a major factor that prevents TRAIL-induced
apoptosis; this is achieved through the expression of anti-
apoptotic proteins (11). We also found that ION strongly
abrogates TRAIL-induced NF-κB activation and potenti-
ates TRAIL-mediated apoptosis in TRAIL-resistant hepa-
tocellular carcinoma cells.
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Here, we show that ION increases the sensitivity of can-
cer cells to TRAIL by enhancing DR5 expression, and not
DR4 expression, and by activating Sp1 in theDR5 promoter
and inhibiting TRAIL-mediated NF-κB activation.

Materials and Methods

Reagents and antibodies
Antibodies against Sp1, nucleolin, p50, p65, caspase-3,

caspase-8, caspase-9, poly ADP ribose polymerase
(PARP), DR4, DR5, IAP-1, IAP-2, XIAP, Bcl-2, and Bid
were purchased from Santa Cruz Biotechnology. The an-
tibody against β-actin was purchased from Sigma. Perox-
idase-labeled donkey anti-rabbit and sheep anti-mouse
immunoglobulin, recombinant human TRAIL/Apo2 li-
gand (the nontagged 19-kDa protein, amino acids 114–
281), anti-Fas antibody, and TNF-α were purchased from
KOMA Biotechnology. The blocking antibody against
DR5 was purchased from R&D Systems. 3,3-PDTC,
MG132, and PS341 were purchased from Sigma. ION
was also purchased from Sigma and dissolved in DMSO
(vehicle). z-VAD-fmk was purchased from Calbiochem.

Cell culture and viability assay
Human hepatocellular carcinoma cell lines Hep3B and

HepG2, human colon cancer cell line HCT116, and hu-
man leukemia cell line U937 were obtained from the
American Type Culture Collection. Cells were cultured
at 37°C in a 5% CO2-humidified incubator and main-
tained in RPMI 1640 culture medium containing 10%
heat-inactivated fetal bovine serum (Life Technologies
Bethesda Research Laboratories and 1% penicillin-strep-
tomycin (Sigma). The cells were seeded (4 × 104 cells/mL),
grown for 24 h, and then incubated for up to 24 h with
ION and/or TRAIL. MTT assays were done to assess
cell viability.

Flow cytometric analysis
Cells were fixed in 1 U/mL of RNase A (DNase free)

and 10 μg/mL of propidium iodide (Sigma) overnight in
the dark at room temperature. To assess whether apopto-
sis had occurred, the cells were incubated with Annexin
V (R&D Systems). A FACSCalibur flow cytometer (Bec-
ton Dickinson) was used to determine the number of ap-
optotic cells, i.e., cells with sub-G1 DNA that were
Annexin V positive.

Determination of mitochondrial membrane
potential
The mitochondrial membrane potential was monitored

by measuring the uptake of dihexyloxacarbocyanine io-
dide (DiOC6;Molecular Probes). Briefly, the cells were har-
vested, loaded with 50 nmol/L DiOC6 at 37°C for 30 min
in the dark, and then analyzed using a flow cytometer.

In vitro caspase activity assay
A caspase activation kit was used according to the

manufacturer's instructions (R&D Systems) to measure
the activity of caspase-like proteases.
Mol Cancer Ther; 9(4) April 2010
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DNA fragmentation
Cells were treated under various conditions and then

lysed on ice in a buffer containing 10 mmol/L Tris-HCl
(pH 7.4), 150 mmol/L NaCl, 5 mmol/L EDTA, and
0.5% Triton X-100 for 30 min. Lysates were vortexed
and cleared by centrifugation at 10,000 g for 20 min. Frag-
mented DNA in the supernatant was extracted with an
equal volume of neutral phenol/chloroform/isoamylal-
cohol (25:24:1, v/v/v) and was analyzed electrophoreti-
cally on a 1.5% agarose gel containing ethidium bromide.

Western blot
Total cell extracts were prepared using the PRO-PREP

protein extraction solution (iNtRON Biotechnology).
Cytoplasmic and nuclear extracts were prepared using
NE-PER nuclear and cytosolic extraction reagents
(Pierce), respectively. Total cell extracts were separated
by PAGE and standard procedures were then used to
transfer them to nitrocellulose membranes. The mem-
branes were developed using an enhanced chemilumi-
nescence (Amersham) reagent (Amersham).

RNA extraction and reverse transcription-PCR
Total RNAwas extracted using the Trizol reagent (Invi-

trogen) and reverse transcription-PCR was conducted.
The sense primer 5-GTC TGC TCT GAT CAC CCA AC-3
and the antisense primer 5-CTGCAACTGTGACTCCTA
TG-3 were used to amplify human DR5 mRNA. For glyc-
eraldehyde-3-phosphate dehydrogenase, the sense primer
5-CGT CTT CAC CATGGAGA-3 and the antisense prim-
er 5-CGG CCATCA CGC CCA CAG TTT-3 were used.

Gel mobile shift assays (electrophoretic mobility
shift assay)
DNA-protein binding assays were carried out with the

nuclear extract. Synthetic complementary NF-κB– and
Sp1-binding oligonucleotides (5-AGT TGA GGG GAC
TTT CCC AGG C-3 and 5-ATT CGA TCG GGG CGG
GGCGAGC-3, respectively) were 3-biotinylated using a bi-
otin 3-end DNA labeling kit (Pierce) according to the
manufacturer's instructions. Assays were done using a
Lightshift electrophoretic mobility shift assay (EMSA)
Optimization kit (Pierce) according to the manufacturer's
protocol.

Chromatin immunoprecipitation assay
A chromatin immunoprecipitation assaywas donewith a

EZ-Chip assay kit used according to the manufacturer's in-
structions (Upstate Biotechnology). The primers used to am-
plify the Sp1-binding site in the DR5 promoter region were
5-GCC AGG GCG AAG GTTA-3 (sense) and 5-GGG CAT
CGT CGG TGTAT-3 (antisense; a 276-bp DNA product).

Plasmids, transfections, and luciferase gene assays
The pDR5/SacI plasmid [containing aDR5promoter se-

quence (-2500/+3)], pDR5/-605 plasmid [containing a
DR5 promoter sequence (-605/+3)], and point-mutated
plasmids containing sequences with the Sp1-binding sites
Molecular Cancer Therapeutics
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in the DR5 promoter region were gifted by Dr. Sakai T.
(Kyoto Prefectural University, Kyoto, Japan). Plasmid
transfection was done using the FuGENE 6 Transfection
Reagent (Roche Molecular Biochemicals) according to
the manufacturer's instructions. Cells were plated onto 6-
well plates at a density of 4 × 104 cells per well and grown
overnight. The cells were then cotransfected with 1 μg of
various plasmid constructs and 1 μg of the pCMV-β-galac-
tosidase plasmid for 24 h. After transfection, the cells were
cultured in 10% FCSmediumwith a vehicle or with drugs
for 24 h. Luciferase and β-galactosidase activities were as-
sayed according to themanufacturer's protocol (Promega).
Luciferase activity was normalized with β-galactosidase
activity in the cell lysate and was expressed as an average
of the results of three independent experiments.

Small interfering RNA
The 25-nucleotide small interfering RNA (siRNA)

duplexes used in this study were purchased from
www.aacrjournals.org
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Santa Cruz Biotechnology. Cells were transfected with
the siRNA oligonucleotides by using the FuGENE 6
Transfection Reagent according to the manufacturer's
recommendations.

Statistical analysis
All data from the MTT assays, caspase activity, lucif-

erase activity, and fluorescence-activated cell sorting
analysis were derived from at least three independent
experiments. The images were visualized with Chemi-
Smart 2000 (Vilber Lourmat). Images were captured
using Chemi-Capt (Vilber Lourmat) and transported in-
to Photoshop. All bands were quantified by the Scion
Imaging software (12). Statistical analyses were con-
ducted using the SigmaPlot software, and values were
presented as mean ± SD. The significance of the differ-
ences between the groups was determined using the
unpaired Student's t test. A value of P < 0.05 was
considered statistically significant.
Figure 1. Effect of ION and/or TRAIL on cell viability. A, hepatocellular carcinoma Hep3B cells, colon cancer HCT116 cells, and leukemia U937 cells
were cotreated with the indicated concentrations of ION in the presence of 100 ng/mL TRAIL for 24 h. Cell viability was measured by an MTT assay. B, to
examine the effect of caspase inhibition, Hep3B cells were pretreated with 25 μmol/L z-VAD-fmk for 30 min and then treated with ION/TRAIL for 24 h.
DNA content (top) and Annexin V-FITC–positive cells (middle) were analyzed by flow cytometry. Morphology of cells was examined under light microscopy
(×400; bottom). C, a DNA fragmentation assay was done for the Hep3B and HepG2 cells. After the Hep3B and HepG2 cells were treated as indicated
for 24 h, fragmented DNAs were extracted from the treated cells and analyzed on a 1.5% agarose gel. Columns, mean from three independent experiments;
bars, SD. Statistical significance was determined by the Student's t test (*, P < 0.05 versus vehicle control).
Mol Cancer Ther; 9(4) April 2010 835
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Results

ION sensitizes various types of cancer cells to
TRAIL-induced apoptosis
We first investigated the cytotoxic effect of ION alone

or in combination with TRAIL in various types of cancer
cell lines. Treatment with TRAIL (100 ng/mL) alone re-
sulted in the death of only a few Hep3B cells and
HCT116 cells; no >10% cells had died after 24 hours
Mol Cancer Ther; 9(4) April 2010
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(Fig. 1A). This observation suggests that these cell
lines are quite resistant to TRAIL-induced apoptosis.
Treatment with ION alone decreased cell viability in a
dose-dependent manner up to 400 μmol/L. However,
treatment with both ION (increasing concentrations)
and TRAIL (100 ng/mL) synergistically reduced cell via-
bility in a dose-dependent manner. This effect was slight
in HCT-116 cells and more drastic in U937 cells than in
Hep3B cells. To further investigate whether the combined
Figure 2. Effect of ION and/or TRAIL on the expression of caspases and various intracellular regulators of apoptosis. Hep3B cells were treated with
100 ng/mL TRAIL alone, ION alone, or a combination of both for 24 h. Cell extracts were prepared for Western blot analysis by using specific antibodies.
A, caspases-8, Bid, caspase-9, caspase-3, and PARP; E, Bcl-2, IAP-1, IAP-2, and XIAP. B, caspase-3, caspase-8, and caspase-9 activities were
determined by doing the analysis according to the manufacturer's protocol, after cells were treated with 100 ng/mL TRAIL alone, 100 μmol/L ION alone,
or a combination of both for 24 h. C, mitochondria potential was measured by flow cytometry using DiOC6 dye. D, the translocation of cytochrome c
was analyzed with cytosolic extracts by Western blot analysis. F and G, Hep3B cells were cotreated with the indicated concentrations of ION
(100 μmol/L) in the presence of TRAIL (100 ng/mL) for the indicated periods. Cell viability was measured by an MTT assay (F) and cell lysates were subjected
to Western blot for detecting the procaspase-8, procaspase-9, procaspase-3, and the cleavage of PARP (G). Columns, mean from three independent
experiments are expressed; bars, SD. Statistical significance was determined by the Student's t test (*, P < 0.05 versus vehicle control).
Molecular Cancer Therapeutics
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treatment triggered cell death through caspases, we used
a caspase-8 inhibitor, z-VAD-fmk. Flow cytometric anal-
yses revealed cells exhibiting apoptotic shrinkage, con-
firming that the combined treatment had a synergistic
effect on apoptosis in the sub-G 1 population and Annex-
in V–positive cells (Fig. 1B). However, z-VAD-fmk effec-
tively blocked the apoptosis induced by the combined
treatment, indicating that ION sensitizes Hep3B cells to
TRAIL-induced apoptosis in a caspase-dependent man-
ner. Additionally, the DNA fragmentation assay revealed
typical DNA fragmentation in Hep3B cells treated with a
combination of ION and TRAIL; DNA fragmentation
was rarely seen in cells treated with ION or TRAIL alone
(Fig. 1C). Pretreatment with z-VAD-fmk significantly
blocked DNA fragmentation induced by the combined
www.aacrjournals.org
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treatment of ION and TRAIL. Furthermore, these results
were also observed in another hepatocellular carcinoma
cell line, HepG2, which was treated identically. The re-
sults indicate that ION sensitizes cancer cells to TRAIL's
actions through a caspase-dependent mechanism.

ION enhances TRAIL-mediated signaling by
engaging the mitochondrial death pathway
To assess whether ION induces apoptosis by triggering

the mitochondrial apoptotic pathway, we investigated
the changes that are responsible for resistance to
TRAIL-induced apoptosis. The changes we studied in-
cluded the activation of caspases, mitochondrial perme-
ability, cytochrome c release, expression of the Bcl-2
family proteins that contribute to increased mitochondrial
Figure 3. Effect of ION on DR4 and DR5 expression. A, HepG2 cells were treated with the indicated concentrations of IONwith or without 100 ng/mL TNF-α or
100 ng/mL anti-Fas antibody for 24 h. Cellular viabilities were analyzed by MTT assays. B, Hep3B cells were treated with increasing concentrations of ION
for 24 h (top) and 200 μmol/L ION for the indicated times, and Western blot analysis was done for DR5 and DR4. β-Actin was used as the loading control. C,
surface-expression levels of DR5 and DR4 were analyzed using flow cytometry. X axis, fluorescence intensity; Y axis, relative number of cells. Black lines,
nontreated cells; gray lines, treated cells with ION. D, human hepatocellular carcinoma HepG2, leukemia U937, and colon cancer HCT116 cells were treated
with 200 μmol/L ION for up to 24 h, and cell extracts were prepared for Western blot analysis of DR5. E and F, Hep3B cells were pretreated with or
without 200 μmol/L ION or 100 ng/mL TRAIL for 24 h in the presence of indicated concentrations of the DR5-specific blocking chimera antibody (Ab) or siRNA
duplexes against DR5 mRNA. Cell viability was assessed by an MTT assay (E) and a DNA fragmentation assay (F) was done to confirm cell death. Columns,
mean from three independent experiments; bars, SD. Statistical significance was determined by the Student's t test (*, P < 0.05 versus vehicle control).
Mol Cancer Ther; 9(4) April 2010 837

. © 2010 American Association for Cancer Research. 

http://mct.aacrjournals.org/


Kim et al.

838

Published OnlineFirst March 30, 2010; DOI: 10.1158/1535-7163.MCT-09-0610 
permeability, and expression of the IAP family of pro-
teins. Cells were treated with increasing concentrations
of ION and 100 ng/mL TRAIL for 24 hours. The activa-
tion status of two initiation caspases, including caspase-
8 and caspase-9, and effector caspase-3 was measured by
Western blot analyses. Treatment with ION or TRAIL
alone slightly decreased the expression of procaspases
(Fig. 2A). However, combined treatment significantly
downregulated procaspases in a dose-dependent manner.
Correspondingly, combined treatment caused the signifi-
cant truncation of Bid and cleavage of PARP. To further
confirm caspase activation, we examined caspase
activities with a caspase activation assay. The result
revealed that increase in caspase activities correlated with
the ION concentration in cells cotreated with TRAIL
Mol Cancer Ther; 9(4) April 2010
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(Fig. 2B). Combined treatment also decreased the percent-
age of cells labeled with DiOC6, although staining
was slightly less in the cells treated with ION alone
(Fig. 2C). After the combined treatment, the amount of
cytochrome c released from the intermembrane space of
the mitochondria into the cytosol increased (Fig. 2D).
However, pretreatment with z-VAD-fmk blocked this
release. Because the antiapoptotic molecules Bcl-2, Bcl-
xL, and IAPs can protect some tumor cell lines from
TRAIL-induced apoptosis (13, 14), we investigated the
expression levels of Bcl-2 and proteins belonging to the
IAP family. The combined treatment induced the down-
regulation of the antiapoptotic proteins Bcl-2, IAP-1, IAP-
2, and XIAP (Fig. 2E). However, the levels of antiapopto-
tic Bcl-xL did not change significantly. We also examined
Figure 4. Effect of ION on DR5 transcriptional activity. A, Hep3B cells were treated with up to 200 μmol/L ION for 24 h. Total RNA was isolated, and reverse
transcription-PCR analysis for DR5 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was done. B, top, schematic structures of the full DR5
promoter constructs used to measure luciferase activity. Bottom, Hep3B cells transfected with the reporter constructs and lysates from cells treated with or
without the indicated concentrations of ION were assayed for luciferase activity. C, left, a schematic structure series of the DR5 promoter constructs
mutated at the Sp1 consensus site(s). Right, cells transfected with each reporter construct, and lysates from cells treated with or without indicating
concentrations of ION were assayed for luciferase activity. Columns, mean from three independent experiments; bars, SD. Statistical significance was
determined by the Student's t test (*, P < 0.05 versus vehicle control).
Molecular Cancer Therapeutics
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the time course effects of ION on TRAIL-initiated cell
death and caspase cascade. Dramatic cell deathwas found
at 12 hours after treatment with ION and TRAIL (Fig. 2F).
Notably, treatment with ION augmented the TRAIL-
induced downregulation of procaspase-8, procaspase-9,
and procaspase-3 as well as the cleavage of one of the
caspase-3 substrated PARP (Fig. 2G). These results
indicate that combined treatment with ION and TRAIL
activates the mitochondrial apoptotic pathway.

DR5 upregulation is important for ION/TRAIL-
induced apoptosis
Because a previous study showed that members of the

TNF superfamily have protein structures similar to those
of the proteins involved in death receptor–mediated apo-
ptosis signaling pathways (2), we did experiments to
examine whether ION could sensitize cancer cells to
TNF-α– or anti-Fas antibody–mediated apoptosis. As
shown in Fig. 3A, no synergistic cytotoxic effect was
www.aacrjournals.org
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observed in HepG2 cells treated with TNF-α or anti-Fas
antibody in the presence of ION. These results suggest
that ION selectively executes TRAIL-induced apoptosis
but not TNF-α– or anti-Fas antibody–mediated apoptosis.
To elucidate the molecular mechanism underlying the

enhancement of TRAIL-induced apoptosis by ION, we
examined the expression of TRAIL receptors DR4 and
DR5. As shown in Fig. 3B, ION treatment increased the
DR5 level in dose- and time-dependent manners but did
not affect the levels of DR4. Fluorescence-activated cell
sorting analyses also showed that the ION-induced cell
surface expression levels of DR5 but not DR4 were signif-
icantly increased in Hep3B cells (Fig. 3C). ION treatment
also consistently increased DR5 protein levels in other
cancer cell lines such as HepG2, HCT116, and U937
(Fig. 3D). These results suggest that DR5 upregulation is
a common response of cancer cells to ION treatment.
Therefore, to confirm the functional role of DR5 in cells
sensitized to TRAIL-induced apoptosis by ION, we
Figure 5. Effect of ION on Sp1's DNA-binding activity with regard to the DR5 promoter. Hep3B cells were incubated with 200 μmol/L ION for the indicated
time and with increasing concentrations of ION for 24 h. A and B, cytosolic and nucleus protein extracts were prepared, and Western blotting analysis
of Sp1 was done. C, Sp1's DNA-binding activity was analyzed using the nucleus extracts (left and middle). Nuclear extracts from cells that were
subjected to the combined treatment were incubated with the indicated concentrations of PP2A for 30 min in vitro, followed by an EMSA assay (right).
D, chromatin immunoprecipitation (CHIP) assay was done using antibodies against Sp1 in Hep3B cells. Rabbit IgG was used as the negative control,
and 10% input was used as the positive control.
Mol Cancer Ther; 9(4) April 2010 839
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examined the effect of a dominant-negative form of the
TRAIL receptor (DR5/Fc chimeric protein) on ION/
TRAIL-induced apoptosis. DR5/Fc chimeric protein sig-
nificantly inhibited cell death following the combined
Mol Cancer Ther; 9(4) April 2010
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treatment (Fig. 3E). In addition, suppression of DR5 ex-
pression by transfection of Hep3B cells with DR5 siRNA
also effectively blocked combined treatment–induced ap-
optosis (Fig. 3E). To confirm these results, we did a DNA
Figure 6. Effect of ION on TRAIL-induced NF-κB activation. A, Hep3B and HepG2 cells were incubated with 50 ng/mL TRAIL for 3 h with or without
pretreatment with 200 μmol/L ION. Nuclear extracts were then prepared and assayed for NF-κB by doing an EMSA. B, nuclear extracts from nontreated or
ION-treated cells were incubated with unlabeled NF-κB oligoprobe (competitor) and then assayed for NF-κB activation by EMSA. C, cells were treated
with ION and with or without 50 ng/mL TRAIL. Then, NF-κB transcriptional activity was measured by a NF-κB–responsive luciferase reporter assay.
D, Hep3B cells were treated with 200 μmol/L ION for 1 h, followed by treatment with 50 ng/mL TRAIL for the indicated time intervals. Equal amounts of
cytosolic and nucleus proteins (50 μg) were used. Western blotting was done to check for p65, p50, p-Akt, and Akt. Nucleolin and β-actin were used as
the loading controls. E, Hep3B cells were pretreated with 20 μmol/L of PDTC, 20 μmol/L MG-132, or 10 μmol/L PS-341 for 2 h before treatment with
50 ng/mL TRAIL alone or 50 ng/mL TRAIL plus 200 μmol/L ION for 24 h. Cellular DNA content of was analyzed by flow cytometry. Columns, mean from three
independent experiments; bars, SD. Statistical significance was determined by the Student's t test (*, P < 0.05 versus vehicle control).
Molecular Cancer Therapeutics
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fragmentation assay under identical conditions. ION/
TRAIL-induced synergistic cytotoxicity was abolished
by pretreatment with DR5/Fc and by pretreatment with
DR5 siRNA (Fig. 3F). These results indicate that ION en-
hances TRAIL's actions through interactions between
TRAIL and TRAIL receptors.

ION enhances DR5 transcription through Sp1
binding at −300/−305 in the DR5 promoter region
To determine whether ION-induced DR5 upregulation

is controlled at the transcriptional level, we analyzed the
expression of DR5 mRNA by subjecting ION-treated
Hep3B cells to reverse transcription-PCR. As shown in
Fig. 4A, ION treatment increased DR5 mRNA expression
in a dose-dependent manner. Therefore, we investigated
whether ION activates the DR5 promoter by using a lu-
ciferase gene expression system. We first examined the
effects of ION on the promoter activities of a reporter
construct containing the full-length DR5 gene promoter
region (Fig. 4B). Cells were transfected with a plasmid
containing the wild-type construct (pDR5-Sac I), and lu-
ciferase activities were assayed 24 hours after treatment
with different concentrations of ION. We found that
ION significantly increases DR5 promoter activity in a
dose-dependent manner, supporting the idea that ION-
induced DR5 upregulation is controlled at the transcrip-
tional level. Previously, Yoshida et al. (15) showed that
the region of the DR5 promoter spanning nucleotides
−605 to +3 contains typical transcription factor–binding
sites, including four Sp1 sites and a TATA-like box site
(Fig. 4C). To determine which Sp1 site(s) in the DR5 pro-
moter is responsible for ION-induced DR5 upregulation,
we analyzed reporter constructs with mutations at differ-
ent Sp1-binding sites with luciferase assays (Fig. 4C).
Transfection with mSp1-3 (mutated at the −305 and
−300 Sp1 sites), mSp1-5 (mutated at the −305, −300,
and −195 Sp1 sites), and mSp1-6 (mutated at the −305,
−300, and −159 sites; ref. 21) showed significantly de-
creased ION-induced DR5 promoter activities compared
with transfection with the wild-type construct (pDR5/
−605). Although all cells with constructs containing any
mutated Sp1 site decreased DR5 promoter activity, these
significant declines confirmed that the two putative Sp1-
binding sites present at −305/−300 play a critical role in
the ION-induced enhancement of DR5 promoter activity.

ION enhances the direct binding of Sp1 on DR5
promoter
To further investigate the role of ION in the upregula-

tion of Sp1 activity, Western blot analysis was done to
measure Sp1 protein levels in Hep3B cells treated with
ION. At 18 hours after ION treatment, the nuclear Sp1
protein levels had increased, whereas the cytosolic Sp1 le-
vels had decreased (Fig. 5A). In addition, Sp1 protein
translocation into the nucleus also increased in a dose-
dependent manner at 24 hours (Fig. 5B). To examine the
effect of ION on the constitutive DNA-binding activity of
Sp1, we did an EMSA by using the nuclear extracts of
www.aacrjournals.org
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Hep3B cells treated with ION. As shown in Fig. 5C,
ION treatment increased constitutive Sp1-binding activity
in time- and dose-dependent manners (left and middle).
Additionally, to investigate whether ION-induced Sp1
DNA–binding activity was due to Sp1 phosphorylation,
we incubated the nuclear extract with the serine-threo-
nine phosphatase PP2A before the binding reaction. The
increased Sp1 DNA–binding activity provoked by the
ION treatment was blocked in the lanes treated with
PP2A (right). We also investigated the effects of ION on
the direct induction of Sp1's binding to the DR5 promoter
by doing a chromatin immunoprecipitation assay
(Fig. 5D). ION treatment directly induced binding of
Sp1 to the DR5 promoter after 18 hours, using primers
that target the Sp1 element in the DR5 promoter. RNA po-
lymerase II was the positive control. These results suggest
that ION increases sensitivity to TRAIL-induced apopto-
sis by increasing the activity of Sp1, which in turn leads to
increased DR5 promoter activity and DR5 transcription,
ultimately increasing surface DR5 protein expression.

ION-induced inhibition of NF-κB activity
potentiates TRAIL-mediated apoptosis
Previous studies have shown that TRAIL-induced NF-

κB activation in cancer cells contributes to resistance to
TRAIL-induced apoptosis (16, 17). To investigate
TRAIL-induced NF-κB activation, NF-κB DNA–binding
activity was measured in Hep3B and HepG2 cells by
EMSA. As shown in Fig. 6A, NF-κB activity was activat-
ed in both hepatocellular carcinoma cell lines from 1 hour
after the treatment with 50 ng/mL TRAIL; however,
treatment with ION suppressed NF-κB activity. Addition
of excess unlabeled NF-κB probe (competitor; 100-fold)
caused complete disappearance of the NF-κB activity in-
duced by TRAIL (Fig. 6B). NF-κB transcriptional activity
was also measured with a NF-κB–responsive luciferase
reporter assay. In keeping with the EMSA results, data
showed an increase in NF-κB luciferase activity after
TRAIL stimulation, but treatment with ION abolished
this activity in a dose-dependent manner (Fig. 6C). Next,
we confirmed the effect of ION on TRAIL-mediated
NF-κB activation in Hep3B cells by using Western blot
analysis. As shown in Fig. 6D, ION treatment decreased
TRAIL-induced translocation of p65 and p50 in the
nuclear extract. Consistent with these observations, the
decrease in translocated NF-κB protein levels correlated
with decreased phosphorylation of AKT.
To further examine the role of NF-κB in ION/TRAIL-

induced apoptosis, we investigated the effect of noncyto-
toxic concentrations of NF-κB inhibitors, including
PDTC, and proteasome inhibitors (MG-132 and PS-341)
on cancer cells. Cells pretreated with NF-κB inhibitors
were significantly sensitized to TRAIL-induced apoptosis
following treatment with ION or TRAIL alone and after
combined treatment (Fig. 6E). These results indicate that
the attenuation of NF-κB activity by NF-κB inhibitors
rendered the Hep3B cells more prone to ION/TRAIL-
induced apoptosis. In summary, we confirmed that ION
Mol Cancer Ther; 9(4) April 2010 841
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treatment potentiates TRAIL-induced apoptosis through
the inhibition of the NF-κB–mediated survival pathway.

Discussion

TRAIL has attracted public attention for its potential as
an anticancer agent based on evidence of its beneficial
therapeutic effects for a range of advanced cancers of he-
matologic and solid tumor origin. However, there are re-
ports that many cancer cells resist TRAIL-mediated
apoptosis (1–3). Therefore, a TRAIL-sensitizing agent is
believed to be required in chemotherapy for TRAIL-
resistant cancers. Recently, several chemical compounds
that sensitize cancer cells to TRAIL-induced apoptosis,
including histone deacetylase inhibitors (18), cyclin-
dependent kinase inhibitors (19), proteasome inhibitors
(20), and some natural products (21–23), have been iden-
tified. Most of these TRAIL-sensitizing compounds regu-
late two death domain–containing receptors and are
thought to have potential cancer chemotherapeutic appli-
cations. In particular, a previous study also showed that
fresh melanoma isolates are relatively resistant to TRAIL-
induced apoptosis because they have low levels of
TRAIL-death receptors (24). Another recent study em-
phasized that DR5 may play a significantly more promi-
nent role than DR4 in TRAIL-induced apoptosis (25). Our
study is the first investigation into the ability of ION to
potentiate TRAIL-induced apoptosis in hepatocellular carci-
noma cells through DR5 upregulation. Additionally,
because ION did not enhance TNF-α- or anti-Fas antibody–
induced apoptosis, other mechanisms that participate in
TRAIL-specific sensitization, including upregulation of
DR5 expression, remain to be clarified.
Sp1 is known to bind to G-rich elements such as the

GC-box (GGGGCGGGG) and GT-box (GGTGTGGGG;
ref. 26). Recently, it has been shown that the binding of
Sp1 to promoter regions tightly regulates DR5 transcrip-
tion in a variety of cancer cells. Further, the required spe-
cific Sp1 site is mainly found −195/−159 bp from the
transcription start site (27, 28). In this study, reporter gene
analysis showed two regions (−305 and −300) of the DR5
promoter that seem to be important in the ION regulation
of DR5 promoter activity. Additionally, Sp1 is known to
participate in inducible gene expression by posttransla-
tional modifications such as phosphorylation (29, 30).
We also confirmed that the serine-threonine phosphatase
PP2A reduces ION-induced Sp1-binding activity. This re-
sult suggests that ION increases the binding activity and
phosphorylation of Sp1. Although Sp1 is the main regula-
tor of DR5 transcription, many other transcription factor
binding sites exist in the DR5 promoter region, including
cyclophosphamide-Adriamycin-vincristine-prednisone
(Oncovin) and Yin Yang 1 (15, 31, 32). Therefore, further
studies are required to verify the regulation of DR5 tran-
scription by ION. Recent reports have also shown that
several other factors could modulate the death signal of
the TRAIL pathway, including mitogen-activated protein
kinase (33, 34). c-Jun-NH2-kinase 1/2 may directly
Mol Cancer Ther; 9(4) April 2010
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phosphorylate Sp1, thereby altering its DNA-binding ac-
tivity to upregulate DR5 expression (35). However, com-
bined treatment with ION and TRAIL did not affect
mitogen-activated protein kinase activation in this study
(data not shown). These data indicate that TRAIL-sensi-
tizing agents enhance different pathways to induce sensi-
tivity to TRAIL-induced apoptosis. Other studies also
reported that Egr-1 may play a cooperative role with
Sp1 in gene induction (36). These data indicate that tran-
scriptional factors or protein kinases need to be character-
ized in greater detail to elucidate the mechanism
underlying Sp1-dependent TRAIL-induced apoptosis.
Resistance to cell death occurs as a result of the abnor-

mal activation of intracellular antiapoptotic pathways, in-
cluding those involving NF-κB, in many cancer cells (37).
Ravi et al. (38) have recently reported that Rel-A−/−mouse
fibroblasts that are highly sensitive to TRAIL-induced ap-
optosis and anti-CD40–mediated activation of NF-κB,
including Rel-A, effectively blocked TRAIL-induced
apoptosis. A previous study has also shown that NF-κB
inhibition suppresses the transcription repressor Yin Yang
1, leading to DR5 upregulation (39). NF-κB inhibition can
also lead to Bcl-xL downregulation and Bax induction,
contributing to mitochondrial membrane depolymeriza-
tion (40, 41). In this study, treatment with ION and TRIAL
resulted in the activation of the mitochondrial apoptotic
pathway, inhibition of antiapoptotic gene products, and
activation of caspases resulting in apoptosis. Nevertheless,
blockedNF-κB activation bymutant IκBαdid not sensitize
Hep3b cells to TRAIL-induced apoptosis (20). Therefore,
more creditable evidence will be needed, although, at first
glance, NF-κB inhibition seems to play a role in ION-
mediated TRAIL-sensitization.
In conclusion, we provide the first evidence that ION

sensitizes TRAIL-induced apoptosis through the upregu-
lation of Sp1-dependent DR5 expression and suppression
of TRAIL-mediated NF-κB activation in hepatocellular
carcinoma cells. Our results imply that treatment with
both ION and TRAIL is a promising strategy for enhanc-
ing the susceptibility of cancer cells to TRAIL-mediated
cancer therapeutics. Nevertheless, further studies are nec-
essary to elucidate the exact in vivomechanisms by which
combined treatment with ION and TRAIL increases the
sensitivity of cancer cells to TRAIL-mediated apoptosis.
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