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factor-related apoptosis inducing ligand (TRAIL)-induced
apoptosis via the NF-kB pathway in hepatocellular carcinoma
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Abstract. Tumor necrosis factor (TNF)-related apop-
tosis-inducing ligand (TRAIL) is known for its ability to
selectively induce apoptosis in malignant cells. However,
human hepatocellular carcinoma (HCC) cells display
resistance to TRAIL-induced cell death. The present study
investigated whether TRAIL-induced apoptosis in HCC
cells was enhanced by the administration of an inhibitor of
glycogen synthase kinase-3f (GSK-3p) or by short hairpin
RNA-mediated inhibition of GSK-3f. The results of the current
study demonstrated that inhibition of GSK-3p significantly
impairs the expression of the nuclear factor-kB (NF-«xB) target
genes Bel-xL and clAP2 in HCC cells (P<0.05). This indicates
that GSK-3 may regulate NF-xB target genes involved in
cell survival. Furthermore, knockdown of Bcl-xL signifi-
cantly enhanced the sensitizing effect of GSK-3f inhibitor on
TRAIL-induced apoptosis (P<0.05). Overall, the present study
provides a rationale for further exploration of GSK-3f inhibi-
tion combined with TRAIL as a novel treatment for HCC.

Introduction

Hepatocellular carcinoma (HCC) is one of the most common
types of malignant primary liver cancer and is the third
leading cause of cancer-related mortality worldwide (1).
Although surgery remains the preferred therapeutic strategy
for HCC, tumor size, hepatic functional reserve and/or portal
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hypertension may all limit the extent of surgical resection (2).
Chemotherapy and internal radiation therapy are also used to
treat liver cancer (3), however, both can lead to the damage
of tissues and organs unaffected by cancer. The prognosis of
HCC is poor due to the development of resistance to current
chemotherapy regimens through the downregulation of
various signaling pathways; in particular, those that control
cell proliferation and survival, such as nuclear factor xB
(NF-kB) (4). Thus, the development of novel, effective
therapeutic strategies for HCC are required to improve the
prognosis of this disease.

Tumor necrosis factor (TNF)-related apoptosis-inducing
ligand (TRAIL) belongs to the TNF superfamily (5) and
possesses anumber of anti-cancer properties (6,7). Forexample,
TRAIL can induce apoptosis in tumor cells by binding to the
plasma membrane death receptors (DRs) TRAIL-R1 (DR4)
and TRAIL-R2 (DRS5) (8). Therefore, TRAIL is a potential
candidate for cancer treatment (9). However, HCC cells are
intrinsically resistant to TRAIL-induced cell death (10). This
resistance to TRAIL is a major clinical challenge that leads to
failure of treatment, poor prognosis and reduced survival of
patients with HCC (10). Previous studies have demonstrated
that TRAIL can activate the NF-«kB signaling pathway, which
activates genes that encode various key anti-apoptotic proteins,
such as B-cell lymphoma-extra large (Bcl-xL) and inhibitor of
apoptosis proteins (IAPs). These proteins contribute to TRAIL
resistance (10,11). Thus, overcoming NF-xB-associated
survival signals may enhance the antitumor effect of TRAIL
in HCC cells.

Glycogen synthase kinase-3 (GSK-3) is a multifunc-
tional serine/threonine protein kinase that participates in
numerous cellular processes, including protein synthesis,
glycogen metabolism, mitosis and apoptosis. Addition-
ally, GSK-3 is involved in various signaling pathways, such
as the Wnt/p-catenin signaling pathway (12). Two major
GSK-3 isoforms (GSK-a and GSK-3p) have been identified
in mammals; they are encoded by distinct genes and perform
different functions (13,14). Mice with a homozygous deletion
of the GSK-3p gene experience massive hepatocyte apoptosis
during embryogenesis, leading to premature death (15).
Furthermore, previous studies have demonstrated that GSK-3[3
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is important in cell survival through its ability to regulate the
NF-«B signaling pathway in hepatocytes (16).

In consideration of the role of NF-xB target genes on
TRAIL-induced apoptosis, the present study aims to evaluate
the effect of GSK-3 on TRAIL-induced cell death and examine
the mechanism by which GSK-3f inhibition sensitizes HCC
cells to TRAIL-induced apoptosis.

Materials and methods

Cell culture. HL7702, SMMC7721, HuH-7, HuH-6 and
HepG2 Human HCC cell lines were purchased from the Amer-
ican Type Culture Collection (Manassas, VA, USA). Cells were
grown at 37°C in a 5% CO, humidified atmosphere, and cultured
as a monolayer in RPMI-1640 medium (HyClone, Logan, UT,
USA) supplemented with 100 U/ml penicillin, 100 pg/ml strep-
tomycin, 2 mmol/l glutamine and 10% fetal bovine serum. HCC
cell growth was observed and recorded regularly.

Reagents and antibodies. Annexin V-R-phycoerythrin (PE)
and propidium iodide (PI) were purchased from Invitrogen
Life Technologies (Carlsbad, CA, USA), and GSK-3f inhibitor
(SB216763) was purchased from Sigma-Aldrich (St. Louis, MO,
USA). Rabbit anti-human monoclonal antibodies raised against
GSK-3f (cat no. 12456; 1:1,000), TRAIL (cat. no. 3219; 1:500),
GAPDH (cat. no. 2118; 1:2,000) and p-catenin (cat no. 8480;
1:1,000) were purchased from Cell Signaling Technology, Inc.
(Danvers, MA, USA). Rabbit anti-human monoclonal antibodies
raised against Bcl-xL (cat no. ab2568; 1:1,000) and cellular TAP2
(cIAP2; cat no. ab32059; 1:1,000) were purchased from Abcam
(Cambridge, UK). Recombinant Ad5.TRAIL, short hairpin
(sh) GSK-3p, shBcl-xL and short shcIAP2 constructs were
obtained from the Central Laboratory, The Affiliated Hospital,
Qingdao University (Qingdao, China).

GSK-3p inhibitor (SB216763). SB216763 is potent and selec-
tive ATP-competitive GSK-3 inhibitor. It is equally effective
at inhibiting human GSK-3a and GSK-3f (17). HepG2 and
HuH-7 cells (1x10° cells/well) were seeded in 96-well plates and
incubated with Dulbecco's modified Eagle's medium (DMEM,;
HyClone) for 24 h. The cells were then pretreated with 10 uM
SB216763 in 10% fetal bovine serum and 1 gmol/l DMEM for
24 h at 37°C in an atmosphere of 5% CO,.

Construction of the pGenesil-GSK-3 short interfering (si)RNA.
Three pairs of shRNAs were used for screening to obtain the most
effective downregulation of the gene fragment. Non-targeting
siRNA (Wuhan Genesil Biotechnology Co., Ltd., Wuhan, China)
was used as the negative control. Using siRNA design software
(http://sirna.wi.mit.edu/), the following three coding regions
corresponding to the target GSK-33 were selected as siRNA
target sequences in the enzyme site of the GFP-tagged pGen-
esil-1 vector (pGenesil-1-GFP; Wuhan Genesil Biotechnology
Co., Ltd.): 5"ACTGGTCGCCAT-CAAGAAA-3' (471-489 bp);
5'-GAAAGCTA-GATCACTGTAA-3' (536-554 bp); and
5-GCCACT-GATTATACCTCTA-3' (922-940 bp). In addition,
an unrelated sequence was designed for the negative control:
5" TTCTCCGAACGTCTCACGT-3". Two oligonucleotides
encoding the target shRNA and its complementary sequence were
annealed and ligated, and the pGenesil-1-GFP vector was cleaved
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by BamHI and HindIIl (Wuhan Genesil Biotechnology Co.,Ltd.).
Then the products of both reactions were recovered and purified.
The shRNA oligonucleotide fragment and the pGenesil-1-GFP
vector were ligated using T4 ligase (Takara Bio, Inc., Shiga,
Japan), and the recombinant plasmids were termed pGenesil-GFP
GSK-3p shRNA 1-3. Next, pGenesil-GFP-GSK-3 shRNAs 1-3
(8 pg) were transfected into HepG2 cells, respectively, using
20 ul Lipofectamine 2000 reagent (Invitrogen Life Technologies),
according to the manufacturer's instructions. The most effec-
tive ShRNA expression cassette, p-Genesil-GSK-3p3 shRNA 1,
was selected as described previously (18), and excised from the
pGenesil-1-GFP vector by BamHI and Mlul, and ligated into a
pLV-mCM V-ZsGreen-PGK-puro shuttle vector (Wuhan Genesil
Biotechnology Co., Ltd.), termed pLV-GSK-3f3 shRNA. Plasmids
were purified with a MaxPrep kit (Wuhan Genesil Biotechnology
Co., Ltd.) and successful ligations were verified by sequencing
(Sangon Biotech Co., Ltd., Shanghai, China). Recombinant lenti-
viral vectors were produced by co-transfecting HepG2 cells with
the lentiviral expression plasmid and packaging plasmids using
the calcium phosphate method. Briefly, 8 g shRNA plasmid
DNA, 5 pg lentiviral helper-1, 6 ug lentiviral helper-2 plasmids
were mixed with sterile ddH,O to a final volume of 450 pl and
mixed with 50 pl of 2.5 M CaCl,. Following transfection, infec-
tious media containing shRNA lentiviral vectors was harvested
at48 and 72 h.

Cell viability assay. The effect of shGSK-3p and
shRNA on HCC cell viability was measured using the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay. The HepG2 cell line, which is derived from
well-differentiated hepatocellular carcinoma, can be grown
successfully on a large scale, secretes numerous plasma proteins,
and is composed of adherent epithelial-like cells that grow as
monolayers and in small aggregates; therefore, these cells were
used to investigate cell viability. HepG2 cells (5x10* cells/well)
were seeded in 96-well plates in triplicate, and infected with
shGSK-3p and negative control shRNA at a multiplicity of infec-
tion (MOI) of 10. Control cells were treated with DMEM. After
growing for 24, 48 and 72 h at 37°C in a 5% CO, atmosphere,
20 ul of 5 mg/ml MTT [in phosphate-buffered saline (PBS)]
was added to each well and continually incubated for 4 h at 37°C
in a CO, incubator. The formazan granules obtained from the
cells were dissolved in 150 ul dimethylsulfoxide for 10 min.
Cell viability was measured in terms of the optical density using
an enzyme-linked immune detector (Multiskan GO; Thermo
Fisher Scientific, Inc., Waltham, MA, USA) at a wavelength of
570 nm. Each cell viability assay was performed in triplicate.

Flow cytometric analysis. HuH-7 cells were treated with 10 yuM
GSK-3p inhibitor, Ad5.TRAIL, shBcl-xL and shcIAP2 alone
or in combination at an MOI of 10 for 48 h at 37°C in a 5% CO,
atmosphere. Adherent and suspended cells were collected,
washed in PBS and then suspended in Annexin binding buffer
(Immunotech, Marseille, France). Subsequently, cells were
stained with Annexin V-PE or PI to distinguish between apop-
totic and dead cells. All steps were conducted in accordance
with the Annexin binding buffer manufacturer's instructions.
Finally, the stained cells were analyzed by flow cytometry
using a FC 500 MPL Flow Cytometer (Becton Dickinson, San
Jose, CA, USA).
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Figure 1. Expression of GSK-3f3 in five hepatocellular carcinoma cell lines. (A) Western blot analysis of GSK-3f expression. GAPDH served as an internal
control. (B) Grayscale scanning analysis revealing that HuH-7 cells express high levels of GSK-3 compared with HL7702 cells. ““P<0.05. GSK-3f, glycogen

synthase kinase 3 3.
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Figure 2. Effect of GSK-3p knockdown by shGSK-3f in HepG2 hepatocellular carcinoma cells. HepG2 cells were transfected with pGenesil vector har-
boring shRNA targeting GSK-3f3. Lane 1, shRNA transfected into HepG2 cells; lane 2, blank HepG2 cells; lane 3, shGSK-3p transfected into HepG2 cells.
(A) RT-qPCR and (B) western blot analysis of GSK-3 mRNA and protein expression level, respectively. (C) Grayscale scanning analysis revealing that
the expression of GSK-3f3 was reduced in HepG2 cells transfected with shGSK-3f. (D) Effect of shGSK-3f on the viability of HepG2 cells. HepG2 cells
were treated with shGSK-3p for 72 h and cell viability was determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay. “P<0.05.
RT-qPCR, reverse transcription-quantitative polymerase chain reaction; GSK-3p, glycogen synthase kinase 3 3; DMEM, Dulbecco's modified Eagle's medium;

sh, short hairpin; Con, control.

Western blot analysis. Cell samples were lysed in ice-cold lysis
buffer (Beyotime Institute of Biotechnology) with 1% phenyl-
methylsulfonyl fluoride for 30 min and then centrifuged at
10,000 x g for 20 min at 4°C. The protein concentration of the
resulting supernatant was determined using a bicinchoninic acid
protein assay kit (Beyotime Institute of Biotechnology). Proteins
(50 pg) were separated by 12% SDS-PAGE electrophoresis
(Beyotime Institute of Biotechnology) and subsequently trans-
ferred to polyvinylidene difluoride membranes. Membranes
were blocked with 5% non-fat dry milk in Tris-buffered
saline/Tween-20 (0.05%, v/v) for 2 h at room temperature and
incubated overnight at 4°C with the rabbit TRAIL, GSK-3,
B-catenin, Bcl-xL, cIAP2 and GAPDH primary antibodies.
The blots were washed and incubated with a horseradish

peroxidase-conjugated secondary antibody (Agilent Tech-
nologies, Santa Clara, CA, USA) and developed with the
chemiluminescent substrate ECL Plus (Pierce Biotechnology,
Inc., Rockford, IL, USA). An autoradiograph was obtained,
and protein levels were measured using a Fluor-S scanner for
grayscale determination and Quantity One software for analysis
(Bio-Rad Laboratories, Inc., Hercules, CA, USA).

Quantification by reverse transcription quantitative-poly-
merase chain reaction (RT-gPCR). Transfected and untreated
cells were collected and washed with PBS. Total RNA was
extracted from the cells using TRIzol® reagent (Invitrogen
Life Technologies) and complementary (c)DNA (1 pl) was
generated using a PrimeScript® RT reagent kit (Takara,
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Figure 3. Effect of GSK-3p knockdown by GSK-3f3 inhibitor in HepG2 hepatocellular carcinoma cells. (A) Western blot analysis of GSK-3f protein expres-
sion levels. An anti-GAPDH antibody was used to confirm equal protein loading (bottom panel). (B) Grayscale scanning analysis revealing that GSK-3[3
inhibitor reduced the expression of GSK-3. Lane 1, blank HepG2 cells; lane 2, HepG2 cells transfected with shGSK-3f3; lane 3, HepG2 cells treated with
GSK-3f inhibitor (SB216763). (C) Western blot analysis of -catenin expression levels in HepG2 cells treated with the indicated concentrations of GSK-3f
inhibitor. (D) Grayscale scanning analysis revealing that the higher the concentration of GSK-3f inhibitor, the higher the expression of f3-catenin. “P<0.05.

GSK-38, glycogen synthase kinase 3 f3.

Chiga, Japan) at a total volume of 20 yl, according to the
manufacturer's instructions. This cDNA was then used
in each amplification reaction. The primers used were as
follows: Forward, 5'-CTGGGCTACACTGAGCACC-3' and
reverse, 5“"AAGTGGTCGTTGAGGGCAATG-3' for GSK-3p;
and forward, 5'-AGACGCTCCCTGTGATTTATGT-3' and
reverse, 5'-CCGATGGCAGATTCCAAAGG-3' for GAPDH.
Reactions were performed using SYBR® Premix Ex Taq™
(Takara) under the following PCR conditions: 95°C for 30 sec,
followed by 40 cycles of 95°C for 5 sec and 60°C for 30 sec.
Amplification specificity was also confirmed by generating
a melting curve for each sample. The expression of proteins
was assessed by normalization of the cycle threshold (Ct) of
these genes to that of the housekeeping gene GAPDH. A Ct
value was obtained from each amplification curve using the
software provided by the manufacturer (Roche Diagnostics
GmbH, Mannheim, Germany).

Statistical analysis. Student's t-test and one-way analysis of
variance were performed for continuous variables. The %* or
Fisher's exact test were used for categorical variables. Error
bars in all cases represent the standard error of the mean. All
statistical analyses were performed using SAS 9.0 software
(SAS Institute, Inc., Cary, NC, USA) and, using two-sided
tests, P<0.05 indicated a statistically significant difference.

Results

GSK-3p downregulation inhibits the proliferation of HCC
cells. Previous studies have reported that direct downregulation
of GSK-3 protein expression inhibits glioma cell growth (19).

GSK-3p is one of the two GSK-3 isoforms and its expression
was determined in five cell lines using western blot analysis
in the present study (Fig. 1). To examine the role of GSK-3f
in HCC cells, the effect of downregulation of GSK-3f protein
expression on HCC cell growth was investigated. HepG2 cells
were divided into three groups: Blank HepG2 cells,
shGSK-3p-treated cells and shRNA-treated control cells.
Western blotting and RT-qPCR identified that GSK-3[ protein
and mRNA expression levels, respectively, were significantly
downregulated by shGSK-3f in HepG2 cells (P<0.05;
Fig. 2A-C). Furthermore, shRNA-mediated downregulation
of GSK-3f resulted in growth inhibition, as revealed by the
MTT assay. Compared with the shRNA control cells, there
was a significant growth delay in shGSK-3f3-treated cells by
72 h (P<0.05; Fig. 2D). These results demonstrate that GSK-3f3
downregulation inhibited the proliferation of HCC cells.

GSK-3p inhibitor sensitizes HCC cells to TRAIL-induced
apoptosis. The protein expression level of GSK-3f3 was
detected by western blotting following treatment of
HepG2 cells with SB216763 (a specific of inhibitor of
GSK-3f) and GSK-3p shRNA. As GSK-3 phosphorylates
B-catenin for proteasomal degradation, the level of phos-
phorylated -catenin reflects the activity of GSK-3. It follows
that pretreatment with a GSK-3 inhibitor completely inhibits
phosphorylation of B-catenin, thus, increasing the levels of
[B-catenin (20). To determine the effects of GSK-3f inhibitor
on GSK-3p activity in HepG2 cells, western blot was used to
analyze the protein expression levels of p-catenin. Western
blotting confirmed that the GSK-3f inhibitor significantly
inhibited GSK-3f expression compared with the blank control
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Figure 4. Glycogen synthase kinase 3 f (GSK-3p) inhibition enhances tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)-induced apoptosis in
HuH-7 hepatocellular carcinoma cells. (A) Detection of the apoptosis of HuH-7 cells by flow cytometric assay. HuH-7 cells were treated with GSK-3f inhibitor
and Ad5.TRAIL alone or in combination at the indicated doses for 48 h. The cells were then harvested and stained with Annexin V-phycoerythrin or propidium
iodide to distinguish between apoptotic and dead cells. Finally, the stained cells were analyzed by flow cytometry (a, control; b, GSK-3f inhibitor; ¢, AdS5.
TRAIL; d, GSK-3f inhibitor plus Ad5S.TRAIL). The total apoptotic cells were considered as the percentage of quadrant (Q)IV (early apoptosis) cells plus the
percentage of QII (late apoptosis) cells. (B) Apoptosis index represented by the mean percentage of Annexin V-positive cells. Each data point represents the
mean =+ standard deviation (bars). GSK-3f inhibitor and Ad5.TRAIL treatment significantly induced the apoptosis of HuH-7 cells. “P<0.01.
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Figure 5. Effect of glycogen synthase kinase 3 § (GSK-3f3) inhibition on Bcl-xL and cIAP2 expression. HepG2 cells were divided into three groups: Lane 1, blank
HepG?2 cells; lane 2, HepG2 cells transfected with GSK-3f short hairpin RNA; lane 3, HepG2 cells treated with GSK-3 inhibitor. (A) Western blot analysis
of Bel-xL and cIAP2 protein expression levels. (B) Grayscale scanning analysis revealing that GSK-3 inhibition reduced the expression of Bel-xL and cIAP2.
“P<0.05. cIAP2, cellular inhibitor of apoptosis protein 2; Bel-xL, B-cell lymphoma-extra large.

(P<0.05; Fig. 3A and B). The results also demonstrated that
GSK-3p inhibition significantly enhanced p-catenin expres-
sion (P<0.05), indirectly indicating effective inhibition
of GSK-3f activity in HepG2 cells. This enhancement of
B-catenin expression occurred in a dose-dependent manner
(Fig. 3C and D). Our previous study verified that infection of
non-small cell lung cancer cells with AdS.TRAIL resulted in
significant cytotoxicity (21). To investigate the potential role of
GSK-3p in TRAIL-induced apoptosis, the effect of a GSK-33
inhibitor on TRAIL-induced cytotoxicity was analyzed using
fluorescence-activated cell sorting. Due to the high expression

of GSK-3f compared with the other HCC cells investigated,
HuH-7 cells were used for this experiment. HuH-7 cells
were treated with GSK-3p inhibitor and Ad5.TRAIL alone
or in combination. The results indicated that combined
treatment with GSK-3f inhibitor and Ad5.TRAIL led to a
significant increase in apoptosis compared with untreated
cells (P<0.01). By contrast, GSK-3f inhibitor/Ad5.TRAIL
combined treatment resulted in a significant induction of cell
apoptosis (P<0.05). Thus, the present study demonstrated that
TRAIL-induced apoptosis is enhanced following GSK-3f3
inhibition in HuH-7 cells (Fig. 4A and B).
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Figure 6. Knockdown of B-cell lymphoma-extra large (Bcl-xL) enhances the effect of glycogen synthase kinase 3 § (GSK-3p) inhibitor on tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL)-induced apoptosis. HuH-7 cells were divided into five groups of cells treated with: a, Blank control;
b, Ad5.TRAIL and short hairpin (sh)Bcl-xL; ¢, Ad5.TRAIL and sh cellular inhibitor of apoptosis protein 2 (cIAP2); d, Ad5STRAIL, shBcl-xL and GSK-3f
inhibitor; and e, AdS.TRAIL, shcIAP2 and GSK-3f inhibitor. (A) Detection of apoptotic HuH-7 cells by flow cytometric assay. (B) Apoptosis index dem-
onstrating that the apoptosis of cells treated with Ad5.TRAIL, shBcl-xL and GSK-3f inhibitor were significantly enhanced. “P<0.05. PI, propidium iodide.

GSK-3f modulates a specific set of NF-xB target genes.
NF-«B is a critical factor in protecting hepatocytes from
apoptosis (22). TRAIL has been reported to activate the tran-
scription factor NF-kB, which transactivates genes encoding
the key anti-apoptotic proteins Bcl-xL and IAPs, both of which
have been implicated in TRAIL resistance (10,11). The current
findings demonstrated that GSK-3f inhibitor sensitizes HCC
cells to TRAIL-induced apoptosis, suggesting that GSK-3f3
may be involved in the regulation of NF-kB activation. To
prove this hypothesis, the effect of GSK-3f on NF-«xB target
genes, which encode the key anti-apoptotic proteins Bcl-xLL
and cIAP2, was evaluated. Western blotting demonstrated that
downregulation of GSK-3f by shGSK-3p or GSK-3f3 inhibitor
in HepG2 HCC cells significantly decreased the expression of
Bcel-xL and cIAP2 (P<0.05; Fig. SA and B). The results indi-
cated that GSK-3f has the potential to regulate NF-xB target
genes involved in cell survival.

Knockdown of Bcl-xL enhances the effect of GSK-3
inhibitor on TRAIL-induced apoptosis. A recent study

revealed that Bcl-xL downregulation contributes to GSK-3f3
inhibitor-induced sensitization to TRAIL in pancreatic ductal
adenocarcinoma cells (11). To evaluate the role of Bcl-xLL and
cIAP2 on TRAIL-induced apoptosis in HCC cells, sShRNA
was used to generate HuH-7 cells with stable knockdown
of each gene. Subsequently, the response of shBcl-xL- and
shcIAP2-treated HuH-7 cells to TRAIL-induced apoptosis
was determined. The results indicated that Bcl-xL and
cIAP2 knockdown each markedly enhanced TRAIL-induced
apoptosis (Fig. 6). To further examine whether Bcl-xL actively
participates in GSK-3p inhibitor-mediated TRAIL sensitiza-
tion, apoptosis was measured following treatment with GSK-3[3
inhibitor (Fig. 6). The results indicated that knockdown of
Bcl-xL significantly enhances the effect of GSK-3p inhibitor
on TRAIL-induced apoptosis (P<0.05; Fig. 6).

Discussion

GSK-3p modulates cell survival and apoptosis through multiple
intracellular signaling pathways (23,24). In the present study,
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downregulation of GSK-3f resulted in growth inhibition in
HCC cells, which is consistent with previous reports (12). The
aim of the current study was to investigate whether inhibition
of GSK-3p could induce TRAIL-reduced apoptosis in HCC
cells. The results herein demonstrated that chemical inhibi-
tion or genetic silencing of GSK-3f sensitizes HCC cells to
TRAIL-induced apoptosis. Furthermore, it was found that
GSK-3p inhibitor-induced TRAIL sensitization depends upon
the activity of NF-kB. These results provide a novel mecha-
nism for GSK-3f modulation of TRAIL sensitivity in HCC
cells.

TRALIL resistance has been observed in a variety of cell
types (25,26) and is caused by the differential expression of
TRAIL receptors, as well as by intracellular molecules, such
as Akt and Bcl-2, which modulate the downstream effect of
TRAIL signaling (27,28). GSK-3p has been implicated in
apoptosis under a variety conditions, including DNA damage,
endoplasmic reticulum stress and hypoxia (13,29,30). GSK-33
inhibitors are used in the treatment of Alzheimer's disease,
diabetes and inflammatory disorders (31,32). In an oncology
setting, previous studies have shown that GSK-3p inhibitors
sensitize prostate cancer cells to TRAIL-induced apoptosis (33).
The present study demonstrates the mechanism by which
GSK-3p inhibits TRAIL-induced apoptosis of sensitized HCC
cells. The rationale was based on the premise that GSK-3f3
inhibition in HCC cells downregulates the expression of key
anti-apoptotic proteins that mediate TRAIL resistance. For
example, previous studies have demonstrated that TRAIL
stimulates NF-xB activation, while inhibition of NF-xB
sensitizes cells to TRAIL-mediated apoptosis in various cell
lines (10,34). Since the first report that genetic ablation of the
murine GSK-3f gene perturbs NF-xB activation (35), the role of
GSK-3f in NF-«xB signaling has been investigated in a number
of cell types. However, conflicting results have been reported
regarding the role of GSK-3f in promoting NF-xB activity,
ranging from major defects in TNFa-induced inhibitor of kBa
(IxkBa) phosphorylation to minor effects on cytosolic signaling
pathways and p65 nuclear translocation (16,36). In addition,
Bcl-2 was reported to inhibit TRAIL-mediated cell death (27).
IAPs constitute a protein family that regulates programmed cell
death (37),and a recent study demonstrated that GSK-3f3 induces
Bcel-xL and cIAP2 expression in pancreatic cancer cells (11).
Consistent with this, the results of the present study indicate that
GSK-3p may also regulate the expression of the BCL2L1 and
BIRC3 genes, which encode anti-apoptosis proteins Bcl-xL
and cIAP2 in HCC cells, respectively, and are known down-
stream targets of NF-«B. Notably, suppression of Bcl-xL and
cIAP2 sensitized HCC cells to TRAIL-induced apoptosis.
Furthermore, knockdown of Bcl-xL signaling enhanced the
effect of GSK-3f inhibitor on TRAIL-induced apoptosis. These
results are consistent with a previous study that demonstrated a
role for Bel-xL in mediating TR AIL resistance (25). A limitation
of the current study is that only two NF-kB target genes were
examined. Thus, it is unknown whether the NF-xB inhibitor
IxBa and a number of other NF-«B target genes are not involved
in mediating TRAIL resistance. The detailed mechanisms
underlying GSK-3p regulation of the NF-xB signaling pathway
have yet to be fully elucidated.

GSK-3f inhibition can overcome TRAIL resistance
through the extrinsic apoptotic pathway by promoting the
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initial step of death-inducing signaling complex forma-
tion, leading to caspase-8 and caspase-3 activation in breast
cancer cells (38). The results of the current study revealed
that GSK-3f can regulate the TRAIL-dependent inhibition of
apoptosis at the mRNA and protein levels in HCC cells. Thus,
the NF-«B signaling pathways are promising targets for cancer
therapy (39). The canonical and noncanonical pathways can
be inhibited to modulate NF-«kB activity, and possibly treat
various types of disease. The present study indicates that
GSK-3p inhibitor enhances TRAIL-induced apoptosis in HCC
cells. Furthermore, GSK-3f contributes to TRAIL resistance
by modulating the expression of a set of specific anti-apoptotic
NF-«B target genes. The subcellular location (nucleus or cyto-
plasm) in which GSK-3p regulates NF-xB function was not
explored in the present study. Future studies may determine
whether GSK-3f contributes to the expression of Bcl-xL and
cIAP2 via nucleic or cytoplasmic targeting and, thus, indicate
whether the signaling cascades differ.

In conclusion, the present study demonstrates that
GSK-3f suppression sensitizes HCC cells to TRAIL-induced
apoptosis, and is dependent on the NF-kB signaling pathway.
An understanding of the role of GSK-33 in TRAIL resistance
may offer improved therapeutic strategies for patients with
HCC.
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