
Abstract. Background: Despite the considerable advances in
the treatment of colorectal cancer, substantial changes in
treatment strategies are required to overcome the problems of
drug resistance and toxicity. Materials and Methods:
Combinations of Pan-deacetylase inhibitor LBH589 and tumor
necrosis factor-related apoptosis-inducing ligand (TRAIL) were
studied in three colon cancer cell lines, HCT116, colo205, and
HT29 (HCT116 and colo205 are TRAIL sensitive, whereas
HT29 is TRAIL resistant). Results: It was found that TRAIL-
induced cytotoxicity was enhanced by LBH589 cotreatment in
the TRAIL-sensitive cell lines, and in the TRAIL-resistant HT29
cell line. The cytotoxicity of low-dose TRAIL plus LBH589 was
found to be comparable to that of high-dose TRAIL plus
LBH589. Additionally, TRAIL and LBH589 were significantly
less toxic to normal UCB mononuclear cells than to the three
colon cancer cell lines examined. Conclusion: LBH589
enhances TRAIL-induced apoptosis in human colon cancer cell
lines, especially those resistant to TRAIL-induced apoptosis.

More than 1 million new cases of colon and rectum cancer
develop every year (1), and its disease-specific mortality rate

has reached almost 33% in the developed world. This situation
persists despite the considerable advances made in our
understanding of the molecular pathogenesis, diagnosis, and
the treatment of colorectal cancer, and the use of active
targeting drugs for the treatment of metastatic colorectal cancer
during the past decade. Furthermore, although overall survival
for non-resectable disease has been improved to almost 2 years,
cure rates remain low (2). Drug resistance and treatment
toxicity are obvious limitations, and because continuous
chemotherapy combined with or without targeting drug
inevitably induces toxicity, patients often cannot continue with
chemotherapy despite practical evidence of cancer control. 

Tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) is a type II transmembrane protein that was initially
identified because of the homology its extracellular domain
shares with CD95L, tumor necrosis factor (TNF), and
lymphotoxin α (3-5). TRAIL is a potent inducer of apoptosis
in a variety of transformed or cancer cells of human and
mouse origin, but it does not appear to be toxic to normal
cells (5-8). Furthermore, a relatively high proportion of the
tumor cell lines tested to date has been found to be sensitive
to the cytotoxic effects of TRAIL (5, 7), and evidence for the
safety and potential efficacy of TRAIL therapy against breast
and colon cancer was recently obtained using a severe
combined immunodeficiency mouse model (9, 10). In
addition, some authors have shown that combinations of
chemotherapeutic agents and TRAIL can augment TRAIL-
induced apoptosis in several cancer cell types, and suggested
that TRAIL may have potential use as a cancer treatment
(11-14). However, although TRAIL has been shown to be a
promising cancer drug, the possibility of TRAIL-induced
hepatotoxicity has yet be resolved (15).
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On the other hand, the histone deacetylase inhibitors
(HDACIs) are a new class of structurally diverse, neoplastic
targeting agents. LBH589 (Panobinostat) is a true pan-
deacetylase inhibitor (DACi), as demonstrated by its potent
inhibition of all class I, II, and IV purified recombinant
HDAC enzymes at nanomolar concentrations (16). LBH589
alters gene expression to promote the up-regulation of pro-
apoptotic genes and the down-regulation of anti-apoptotic
genes (17), and mediates acetylation-dependent changes in
nonhistone proteins involved in cell-cycle regulation, to
regulate multiple oncogenic pathways (18-20). Furthermore,
LBH589 has potent in vitro anti-tumor activity against a
wide range of cancer cell lines representing hematologic
malignancies and solid tumors, including cutaneous T-cell
lymphoma, acute myeloid leukemia, chronic myeloid
leukemia, multiple myeloma, Hodgkin’s lymphoma, and
breast, colon, prostate and pancreatic cancer (21, 22).
Moreover, in contrast to its effect on cancer cell lines,
LBH589 is relatively sparing of normal cell lines (16, 21).

In earlier reports, combinations of HDACIs and TRAIL
were found to demonstrate synergistic activity against
leukemia and prostate cancer cell lines (23, 24). In this study,
we tested combinations of TRAIL and the novel pan-DACi
LBH589 in three colon cancer cell lines. 

Materials and Methods

Reagents. Recombinant human TRAIL was purchased from R&D
Systems, Inc. (Minneapolis, MN, USA). LBH589 was provided by
Novartis (Basel, Switzerland), and dissolved in dimethylsulfoxide
(DMSO) at 20 mM as a stock solution, which was stored in ampules
at –20˚C and thawed immediately prior to experiments. All
chemicals were obtained from Sigma (St. Louis, MO, USA), unless
otherwise stated. 

Antibodies. Antibodies for caspase-3, cleaved caspase-3, X-linked
inhibitor of apoptosis protein (XIAP), and acetyl-histone H3 (Ac-
H3) were obtained from Cell Signal Technology (Beverly, MA,
USA), antibodies for BH3 interacting domain death agonist (BID),
B-cell lymphoma 2 (BCL-2), BCL-2-associated X protein (BAX)
and death receptor 4 (DR4) were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). DR5 antibody was
purchased from ProSci (Poway, CA, USA), caspase-8 antibody from
Stressgen (Ann Arbor, MI, USA), caspase-9, cytochrome c, and
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-
κB) p65 antibodies were obtained from BD Pharmingen (Mountain
View, CA, USA). β-actin antibody was purchased from Sigma.

Cell culture and mononuclear cell (MNC) isolation from umbilical
cord blood (UCB). The HT29 and HCT116 human colon cancer cell
lines were obtained from the American Type Culture Collection
(Manassas, VA, USA). The colo205 human colon cancer cell line
was obtained from the Korean Cell Line Bank (Seoul, Korea). HT29
and colo205 cells were cultured in RPMI-1640 (Gibco, Rockville,
NY, USA) supplemented with 10% heat-inactivated fetal bovine
serum (FBS; Gibco), penicillin (100 U/ml), and streptomycin (100
μg/ml) (Gibco) in an incubator with humidified 5% carbon

dioxide/95% at 37˚C. HCT116 cells were cultured in McCoy’s 5A
medium (Gibco) supplemented with 10% FBS (Gibco), penicillin
(100 U/ml) and streptomycin (100 μg/ml) (Gibco) also in an
incubator with humidified 5% carbon dioxide/95% at 37˚C. Cell
media were changed twice weekly. 

UCB was obtained at the time of full-term delivery, after the
study protocol had been approved by our hospital’s Ethics
Committee. UCB was collected after clamping and cutting cords by
draining blood into sterile collection tubes containing the
anticoagulant citrate-phosphate dextrose. MNCs were isolated from
UCB by Ficoll-Hypaque (1.077 g/cm3; Sigma) density
centrifugation (400 × g for 25 min). Interfacial UCB MNCs were
collected and washed with phosphate-buffered saline (PBS; Gibco).

Cell viability assays. Cell viabilities were assessed using 3-(4,5-
Dimethylthiazol-2-yl)-2,5-dephenyltetrazolium bromide (MTT) assay
kits (Roche, Mannheim, Germany), which measured numbers of viable
cells. Briefly, equal numbers of cells were cultured in 96-well plates.
UCB MNCs, HT29, HCT116, and colo205 cells were treated with
TRAIL (10, 100, 500, 1000 ng/ml), LBH589 (10, 50, 100, 500 nM), or
TRAIL (10, 100 ng/ml) plus LBH589 (50 nM). After 24 hours of
treatment, 10 μl of the yellow MTT labeling reagent was added to
culture media. Cells were incubated for a further 4 hours at 37˚C and
then 100 μl of the solubilization solution was added to dissolve the
purple formazan crystals formed. After standing overnight, absorbance
was measured at 562 nm using an ELISA reader.

Annexin-V-fluorescein staining assay. HT29 cells were treated with
TRAIL (10 or 100 ng/ml), LBH589 (50 nM), or TRAIL plus
LBH589 for 24 hours, whereas HCT116 cells were treated with
TRAIL (10 ng/ml), LBH589 (50 nM), or TRAIL plus LBH589 for
24 hours. The following procedure was conducted using Annexin-
V-fluorescein isothiocyanate (FITC) kits (Biosource, Camarillo, CA,
USA) according to the manufacturer’s instructions. Briefly, cells
(1×106) were washed twice with PBS and incubated with FITC-
conjugated annexin-V at room temperature for 15 minutes in the
dark, resuspended in 400 μl of annexin-V binding buffer and
analyzed by flow cytometry (Cytomics FC500; Beckman Coulter,
Fullerton, CA, USA).

Preparation of nuclear and cytosol extracts. Cells were treated with
TRAIL (10 ng/ml), LBH589 (50 nM), or TRAIL plus LBH589 at
these concentrations for 24 hours. Cells were then harvested by
trypsinization, washed with PBS, and lysed by incubation at 4˚C
for 10 minutes in 100 μl of buffer A [10 mM HEPES, 1.5 mM
MgCl2, 10 mM KCl, 0.5 mM dithiothreitol (DTT), 1 μg/ml
leupeptin, and 0.1 μM aprotinin at pH 7.9]. Cell lysates were
centrifuged and supernatants (cytosol extracts) were stored at
–70˚C. Pellets were resuspended in 50 μl ice-cold buffer B [20 mM
HEPES, 1.5 mM MgCl2, 420 mM KCl, 0.2 mM
ethylenediaminetetra-acetic acid (EDTA), 0.5 mM DTT, 0.5 mM
phenylmethylsulfonyl fluoride (PMSF), 1 μg/ml leupeptin and 0.1
μM aprotinin, and 25% glycerol at pH 7.9]. After incubation at 4˚C
for 30 minutes, 50 μl of ice-cold buffer C [20 mM HEPES, 0.2 mM
EDTA, 0.5 mM DTT, 0.5 mM PMSF, 1 μg/ml leupeptin and 0.1
μM aprotinin, 20% glycerol at pH 7.9] was added. Mixtures were
then centrifuged at 12,000 xg at 4˚C for 15 minutes, and
supernatants (nuclear extracts) were stored at -70˚C. The protein
concentrations of extracts were determined using a colorimetric
bicinchoninic acid method (Pierce, Rockford, IL, USA).
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Total cellular protein extraction. Cells were treated with TRAIL
(10 ng/ml), LBH589 (50 nM), or TRAIL plus LBH589 at these
concentrations for 24 hours, harvested by trypsinization, and
washed with PBS. Total cellular proteins were isolated using ice-
cold PBS containing 1% Nonidet P-40, 0.5% sodium deoxycholate,
0.1% SDS, 2.0 μg/mL aprotinin, and protease inhibitor cocktail
(Roche) by passing them through a 21-gauge needle, and then
centrifuging them at 12,000 × g to remove cellular debris. The
protein concentrations in extracts were determined using the
colorimetric bicinchoninic acid method (Pierce).

Western blotting. Equal amounts of protein were separated by 10%
sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
(PAGE) and electrophoretically transferred to polyvinylidene difluoride
membranes (PVDF; Bio-Rad, Hercules, CA, USA). The membranes
were then blocked with 5% nonfat dried milk (Bio-Rad) in 50 mM Tris-
HCl (pH 7.5), 150 mM NaCl and 0.1% (v/v) Tween 20 (TTBS) for 1
hour at room temperature and then incubated in primary antibodies
diluted to 1:1000; 1:3000 in 5% nonfat dried milk/TTBS overnight at
4˚C with gentle shaking. The membranes were then washed with TTBS
(3×15 minutes) and subsequently incubated with Horseradish
peroxidase (HRP)-conjugated goat anti-rabbit IgG (Dako, Glostrup,
Denmark) or HRP-conjugated goat anti-mouse IgG (Dako) diluted to
1:5000 in 5% nonfat dried milk/TTBS for 2 hours at room temperature.
The membranes were then washed as described above and developed
using the ECL detection system (Amersham, Buckinghamshire, UK). 

Results

Sensitivities of human colon cancer cell lines and normal
UCB MNCs to TRAIL. We first determined the sensitivities of
human colon cancer cell lines (HT29, HCT116, and colo205)
and normal UCB MNCs to TRAIL by using MTT assays.
Cells were exposed to TRAIL at different concentrations (0-
1000 ng/ml) for 24 hours. HCT116 and colo205 exhibited
dose-dependent decreases in cell survival after TRAIL
treatment, whereas HT29 showed minimal response to
TRAIL in terms of decreases in cell survival. Normal UCB
MNCs were affected minimally by TRAIL (Figure 1A). 

Effects of LBH589 on the growth of human colon cancer cell
lines and normal UCB MNCs. To investigate the effects of
LBH589 on the growth and survival of human colon cancer
cell lines and normal UCB MNCs, we used MTT assays
after exposing cells to LBH589 at different concentrations
(0-500 nM) for 24 hours. As shown in Figure 1B, the three
colon cancer cell whereas normal UCB MNCs showed no
LBH589-induced cell reduction in survival.

Acetylation of histone by LBH589. To determine whether
LBH589 induces the hyperacetylation of histone in human
colon cancer cell lines, we treated cells with 50 nM of
LBH589 for 24 hours and analyzed the expression of acetyl-
histone H3 (Ac-H3) by Western blotting. As shown in Figure
1C, all three colon cancer cell lines exhibited a strong
increase in histone H3 acetylation.

Synergistic effects of LBH589 on TRAIL-induced cytotoxicity
and apoptosis. To investigate the synergistic effect of
LBH589 on TRAIL-induced cytotoxicity, we used MTT
assays after exposing cells to TRAIL (10 and 100 ng/ml),
LBH589 (50 nM), or both for 24 hours. As illustrated in
Figure 2A, combined treatment enhanced TRAIL-induced
cytotoxicity in HCT116 and colo205 cells (TRAIL-sensitive)
and in HT29 cells (TRAIL-resistant). In HT29 cells, 10
ng/ml TRAIL plus 50 nM LBH589 significantly reduced cell
viability to 62%, whereas 10 ng/mL TRAIL alone only
reduced viability to 93%. At 100 ng/ml, TRAIL reduced cell
viability to 85%, whereas 100 ng/ml TRAIL plus 50 nM
LBH589 reduced viability to 54%. This result means that the
cytotoxic effect of low dose TRAIL plus LBH589 is
comparable with that of high-dose TRAIL plus LBH589.
Both TRAIL and LBH589 were significantly less toxic to
normal UCB MNCs, and their treatment in combination did
not even have an additive cytotoxic effect. 

To determine whether reductions in viable cell numbers
after treatment with TRAIL plus LBH589 are mediated by
the induction of apoptosis, cells were stained with annexin
V-FITC and analyzed by flow cytometry. In line with our cell
viability data, TRAIL plus LBH589 was much more potent
than the single agents alone in terms of inducing apoptosis
by Annexin V-staining. TRAIL 10 ng/ml and 50 nM LBH589
caused 51.4% and 16% apoptosis, respectively, of TRAIL-
sensitive HCT116 cells, whereas the combination of TRAIL
and LBH589 at these concentrations caused 58.1% apoptosis
(Figure 2B). In TRAIL-resistant HT29 cells, 10 or 100 ng/ml
of TRAIL alone caused 9.8% and 15.9% apoptosis,
respectively, whereas the combination of 10 or 100 ng/ml
TRAIL plus 50 nM of LBH589 caused 42.9% and 43.7%
apoptosis, respectively (Figure 2B). Again, the overall effect
of the TRAIL at 10 ng/ml plus LBH589 at 50 nM
combination was similar to that of TRAIL at 100 ng/ml plus
LBH589 at 50 nM, which suggests that TRAIL at 10 ng/ml
is sufficient to obtain the synergistic effect. Accordingly, in
subsequent experiments, we used low-dose (10 ng/ml)
TRAIL plus LBH589 (50 nM) as the combined treatment.
These results suggest that low-dose TRAIL plus LBH589
benefits from the synergistic enhancement of apoptosis and
that this extends to TRAIL-resistant cell lines.

The activations of caspases by treatments. To determine
whether the increased apoptosis caused by TRAIL (10 ng/ml)
plus LBH589 (50 nM) was mediated by the activation of
caspases, we assessed the activation of caspase-3, -8 and -9
by Western blotting. In HCT116 and colo205 cells (TRAIL-
sensitive), treatment with TRAIL alone enhanced the
activation of caspase-3, -8 and -9, and when these cells were
treated with TRAIL plus LBH589, activations were similar to
those observed for treatment with TRAIL alone (Figure 3A).
However, in HT29 cells (the TRAIL-resistant cell line),
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Figure 1. Effects of TRAIL and LBH589. A: Tumor cell sensitivity to TRAIL. B: Cytotoxicity of LBH589. TRAIL-sensitive (HCT116 and colo205) and
TRAIL resistant (HT29) colon cancer cells, and normal mononuclear cells from umbilical cord blood MNCs were treated for 24 hours with
recombinant human TRAIL or LBH589. Cell viabilities were assessed using MTT assays. Results are given as percentages of the controls (untreated
cells). Data points show the averages of triplicate results from representative experiments. C: Effect of LBH589 on the acetylation of histone. Cells
were treated with 50 nM of LBH589 for 24 hours. Whole-cell lysates were analyzed by Western blotting. β-Actin was used as an internal control.
C, Control (untreated cells); L, 50 nM of LBH589.
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Figure 2. Responses of the three human colon cancer cell lines to TRAIL, LBH589, or TRAIL plus LBH589. A: Synergism of LBH589 on TRAIL-
induced cytotoxicity. The three human colon cancer cells and normal UCB MNCs were treated with 10 or 100 ng/ml of TRAIL, 50 nM of LBH589,
or TRAIL plus LBH589 at these concentrations for 24 hours. Cell viabilities were assessed using MTT assays. The controls were untreated cells.
Results are the means of three independent experiments. B: Synergistic effects of LBH589 on TRAIL-induced apoptosis. i. HCT116 cells were treated
with 10 ng/ml of TRAIL, 50 nM of LBH589, or TRAIL plus LBH589 at these concentrations for 24 hours. ii. HT29 cells were treated with 10 or 100
ng/ml of TRAIL, 50 nM of LBH589, or TRAIL plus LBH589 at these concentrations for 24 hours. Treated cells were stained with annexin-V FITC
and analyzed by flow cytometry. Untreated cells were used as controls. 



treatment with TRAIL or LBH589 alone did not activate
caspase-3, -8 and -9, but combined treatment enhanced the
activation of all three caspases (Figure 3A). These results
suggest that the simultaneous activations of intrinsic and
extrinsic apoptotic pathways are probably responsible for the
synergism shown by TRAIL and LBH589. 

To confirm the caspase dependence of the increased levels
of apoptosis observed, we investigated, using MTT assays,
whether the pan-caspase inhibitor Z-VAD could prevent the
cell death caused by TRAIL, LBH589, or TRAIL plus
LBH589. HT29 cells were pretreated with Z-VAD for 1 hour
before addition the reagents, and Z-VAD was found to
strongly inhibited the cell death induced by TRAIL or by the
combination of TRAIL and LBH589 (Figure 3B).

The expression of TRAIL death receptors (DR4 and DR5).
Since the expression of death receptors is critical for TRAIL-
induced apoptosis, we examined whether TRAIL, LBH589,
or TRAIL plus LBH589 affected the expressions of DR4 and
DR5 by Western blotting. In HCT116 and colo205 cells
(TRAIL-sensitive), treatment with TRAIL alone slightly
increased DR4 expression and markedly increased DR5
expression, but treatment with LBH589 alone had little effect
on the expression of DR4 and DR5 in the HCT116 cells and
had moderate effect in the colo205 cells. When these cells
were treated with TRAIL plus LBH589, the expression of
DR4 and DR5 was affected in the same way as treatment
with TRAIL alone (Figure 4A). On the other hand, in
TRAIL-resistant HT29 cells, neither TRAIL nor LBH589
increased the expression of DR4 and DR5, whereas
treatment with TRAIL plus LBH589 clearly increased their
expression, although the expression of DR5 was more
increased (Figure 4A). 

The expressions of pro-apoptotic and anti-apoptotic proteins.
To evaluate the mechanisms responsible for the synergism
shown by TRAIL and LBH589, we investigated the
expression patterns of several pro-apoptotic and anti-apoptotic
proteins by Western blotting. In HCT116 and colo205 cells
(TRAIL-sensitive), TRAIL markedly reduced the expression
of BID, and LBH589 alone slightly reduced the expression of
BID. In HT29 cells, neither TRAIL nor LBH589 alone
changed BID expression. Treatment with TRAIL and
LBH589 markedly reduced the expression levels of BID in
both TRAIL-sensitive and -resistant cells (Figure 4B). 

BAX and BCL-2 are major regulators of cytochrome c
release from mitochondria to the cytosol. In HCT116 and
colo205 cells, BCL-2 expression was reduced after treatment
with TRAIL or LBH589, and treatment with TRAIL plus
LBH589 markedly reduced BCL-2 expression in colo205 cells.
However, in HT29 cells, neither TRAIL nor LBH589 altered
BCL-2 expression, whereas TRAIL plus LBH589 clearly
reduced its expression (Figure 4B). However, TRAIL plus

LBH589 did not induce an expressional change in BAX neither
in TRAIL-sensitive nor in TRAIL-resistant cells (Figure 4B).
When HT29 cells were treated with TRAIL plus LBH589,
cytochrome c was found to be synergistically released from
mitochondria to the cytosol (Figure 4B). XIAP (a member of
the IAP protein family) can bind to and directly inhibit caspase-
3 and -9, and thus, act as an important modulator of TRAIL
activity. In HT29 and HCT116 cells, TRAIL and LBH589 alone
had little or no effect on the expression of XIAP, whereas
TRAIL plus LBH589 markedly suppressed XIAP expression
(Figure 4B). To determine whether the addition of LBH589 to
TRAIL inhibits NF-κB activation, we measured NF-κB levels
in nuclear fractions. In HT29 and HCT116 cells, TRAIL and
LBH589 alone failed to suppress NF-κB activation, whereas
TRAIL plus LBH589 markedly suppressed NF-κB activation
(Figure 4B). In case of colo205 cells, TRAIL alone markedly
suppressed the activation of XIAP and NF-κB. therefore
synergistic effect of TRAIL and LBH589 is not showed because
they are highly sensitive to TRAIL. 

Discussion

Palliative chemotherapy can improve survival, lessen
symptoms, and improve quality of life for patients with
metastatic colorectal cancer. Survival increases from 12
months with fluorouracil monotherapy to roughly 2 years
after adding irinotecan, oxaliplatin, or targeting drugs. In
fact, the main advance made in the management of
metastatic colorectal cancer during the past 5 years has been
the addition of targeted treatments. However, the only
licensed targeting drugs, cetuximab, bevacizumab, and
panitumumab, have had only a relatively small effect on
survival outcomes (2), and thus, substantive changes in
treatment strategies are urgently required to overcome the
continuing problems of drug resistance and toxicity. 

The death ligand TRAIL has recently emerged as potential
cancer chemotherapeutic agent because it preferentially
induces apoptosis in transformed or malignant cells without
inducing hepatotoxicity (25, 26). Currently, recombinant
human TRAIL is being tested in phase I clinical trials.
Furthermore, agonistic antibodies against DR4 and DR5,
which directly activate the extrinsic apoptotic pathway, have
also undergone phase I and II trials (27). Colon carcinomas
express both DR4 and DR5 receptors, but respond variously
to TRAIL, and some tumors are resistant to TRAIL-induced
apoptosis (28, 29). In the present study, we found that the
HDAC inhibitor LBH589 effectively and synergistically
increases TRAIL-induced apoptosis in human colon cancer
cell lines. Although synergistic activity has been reported for
HDACIs and TRAIL in leukemia, multiple myeloma, prostate
cancer, pancreatic cancer, and mesothelioma cell lines, the
present study provides first evidence of synergistic activity
against colon cancer cell lines (23, 24, 30-32). In HT29 human
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Figure 3. Synergistic effects of TRAIL, LBH589, or TRAIL plus LBH589 on the activation of caspases. A: Protein expression of caspases. Cells were
treated with 10 ng/ml of TRAIL, 50 nM of LBH589, or TRAIL plus LBH589 at these concentrations for 24 hours. Whole-cell lysates were analyzed
by Western blotting. β-Actin was used as an internal control. C, Controls (untreated cells); L, 50 nM of LBH589; T, 10 ng/ml of TRAIL; L+T, 10
ng/ml of TRAIL+50 nM of LBH589. B: The synergism shown by TRAIL and LBH589 depended on caspase activation. HT29 cells were treated for
24 hours with 100 ng/ml of TRAIL alone, 50 nM of LBH589 alone, or TRAIL plus LBH589 at these concentrations with/without pretreatment of 1
hour with the pancaspase inhibitor Z-VAD at 100 μM. Cell viabilities were determined using MTT assays. Untreated cells were used as controls.
Results are the means of three independent experiments. 



colon cancer cells (a TRAIL-resistant cell line) TRAIL and
LBH589 (at nanomolar concentrations) exhibited synergism
in terms of apoptosis induction. Furthermore, the proportions
of apoptosis observed were similar when TRAIL was dosed at
10 or 100 ng/ml with 50 nM LBH589. HCT116 and colo205
colon cancer cells were sensitive to TRAIL and the degree of
apoptosis was dose-dependent. Interestingly, low-dose TRAIL
and high-dose TRAIL plus LBH589 had similar apoptotic
effects in these cells. These results reveal that the 10 ng/ml
TRAIL plus 50 nM LBH589 is sufficient to overcome TRAIL
resistance and can function at lower TRAIL doses for TRAIL-
sensitive cells. The recent treatment trend for inoperable or
relapsed colon cancer is toward continued chemotherapy with
or without targeting drugs until disease progression. Thus

intractable drug toxicity and resistance are major treatment
obstacles. However, although TRAIL and LBH589 are non-
toxic to normal cells, we have concerns about liver toxicity,
and therefore, low-dose TRAIL is justly acceptable. 

DR5 induction is importantly involved in the mechanisms
of drug-mediated augmentation and TRAIL-sensitization
induced apoptosis (32, 33). In the present study, we found
that neither TRAIL nor LBH589 enhanced DR5 expression
in the TRAIL-resistant colon cancer cell line, but that DR5
was expressionally up-regulated when cells were treated with
TRAIL plus LBH589, which suggests that the mechanism
underlying the LBH589-mediated augmentation of TRAIL-
induced apoptosis is similar to that of previously investigated
drugs in colon cancer cell lines (33).
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Figure 4. Effects of TRAIL, LBH589, or TRAIL plus LBH589 on the expressions of TRAIL death receptors and of apoptosis-related proteins. A:
Expressions of DR4 and DR5. B: Changes in the levels of pro- and anti-apoptotic proteins. Cells were treated with 10 ng/ml of TRAIL, 50 nM of
LBH589, or TRAIL plus LBH589 at these concentrations for 24 hours. Whole cell lysates were analyzed by Western blotting. β-Actin was used as
an internal control. C, Control (untreated cells); L, 50 nM of LBH589; T, 10 ng/ml of TRAIL; L+T, 10 ng/ml of TRAIL + 50 nM of LBH589; cf,
cytosolic fraction; nf, nuclear fraction. 



The intrinsic pathway is essential for TRAIL-induced
apoptosis (34). BCL-2 family members, such as, BCL-2 and
BAX, have been suggested to regulate TRAIL-induced
apoptosis, and HDACis are known to enhance TRAIL-induced
apoptosis in some cancer cells by modulating BCL-2 family
members (32, 34, 35). In the present study, the truncation of
BID and the down-regulation of BCL-2 were profound when
the TRAIL-resistant colon cancer cell line was treated with
TRAIL plus LBH589, but BAX expression was not changed.

IAP family members, like XIAP, have also been suggested
to regulate TRAIL induced apoptosis. XIAP is involved in
the inactivations of caspase-3, -7, and -9 (36). Furthermore,
in recent reports, HDACis, such as LBH589 and LAQ824,
have been found to augment TRAIL-induced apoptosis by
downregulating XIAP in various cancer cells (31, 37). In the
present study, we observed marked down-regulation of XIAP
in TRAIL-sensitive and -resistant colon cancer cell lines
treated with TRAIL plus LBH589. It would appear that
XIAP down-regulation is associated with the synergism
shown by LBH589 and TRAIL in colon cancer cell lines.

The constitutive activation of NF-κB has been detected in
several types of cancer, including colorectal cancer, and this
has been implicated in the development of resistance to
TRAIL and chemotherapeutics (38). Furthermore, NF-κB is
also known to be activated by TRAIL (39). In the present
study, NF-κB expression was found to be slightly elevated in
the TRAIL-resistant colon cancer cell line, and this was
markedly reduced after TRAIL plus LBH589 treatment,
which suggests that LBH589 suppresses NF-κB activation by
TRAIL or by chemotherapeutic agents. 

Summarizing, here we report that LBH589 (an HDACi)
enhances TRAIL-induced apoptosis in human colon cancer
cell lines, especially those resistant to TRAIL-induced
apoptosis. Furthermore, the overall effects of low- and high-
dose TRAIL plus LBH589 were similar. This finding provides
initial evidence regarding the potential effectiveness of low-
dose TRAIL plus LBH589 for the treatment of patients with
non-resectable or metastatic colon cancer. Accordingly, we
recommend that this combination be further evaluated in
animal models of colon cancer and that it be considered for
clinical trials. In addition, our findings show that DR5
induction is an initial event during LBH589-mediated
augmentation or LBH589-mediated sensitization to TRAIL-
induced apoptosis, and suggest that this is associated with
changes in the expression of pro- and anti-apoptotic proteins.
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