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Abstract. Invasion by hepatocellular carcinoma (HCC) has
been reported to occur via the up-regulation of nuclear factor-
kappaB (NF-KB). Sorafenib can improve the overall survival
in patients with HCC, however, the association of its inhibitory
mechanisms with the inactivation of NF-KB remains unclear.
Here, Huh7 cell line transfected with NF-KB-luc2 vector was
used to study the effects of sorafenib on NF-KB activity, on
expressions of matrix metalloproteinase-9 (MMP-9) and
vascular endothelial growth factor (VEGF), which were
induced by 12-O-tetradecanoylphorbol-13-acetate (TPA). TPA
increased the NF-KB activity and the expressions of MMP-9
and VEGF significantly, but its effects were suppressed by
sorafenib in a dose-dependent manner. Similar results were
Sfound with PD98059, an inhibitor of extracellular signal-
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regulated kinase (ERK). Furthermore, transfection of Huh7
cell with an inhibitor of kappaB-o mutant vector, led to
reduced TPA-induced MMP-9 and VEGF mRNA expressions.
Sorafenib inhibits TPA-induced MMP-9 and VEGF
expressions via the suppression of ERK/NF-KB pathway in
HCC cells.

Hepatocellular carcinoma (HCC) is ranked fourth regarding
cancer-related mortality worldwide (1). The prognosis of
HCC is generally poor, mainly due to the invasion of liver
vessels and distant metastases (2). Degradation of the
extracellular matrix (ECM) and basement membrane are the
key steps for cancer cells to initiate the invasion process (3).
Matrix metalloproteinases (MMPs) are a family of ECM-
degrading enzymes, and may augment the tumor
invasiveness and metastasis, with MMP-9 playing a crucial
role (4). Increased microvessel density is associated with a
poor outcome after surgery, and correlates well with the risk
for vascular invasion, metastasis, and worse disease-free
interval (5). Vascular endothelial growth factor (VEGF) is the
principal mediator of angiogenesis, and VEGF is usually
found overexpressed in HCC (2, 6). Furthermore, high VEGF
expression has been shown to be associated with poor
survival in HCC (2).

HCC usually develops in patients with chronic hepatitis,
in which nuclear factor-kappaB (NF-kB) provides a
mechanistic link between chronic inflammation and liver
cancer initiation (7, 8). NF-KB is a key molecule responsible
not only for pre-malignant and malignant cells to escape
apoptosis-based tumor surveillance (9, 10), but for the
development and progression of HCC (7, 11). NF-KB is also
involved in the regulation of angiogenesis and invasiveness
in HCC (12, 13). NF-KB-regulated down-stream genes, such
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as those encoding pro-inflammatory cytokines, adhesion
molecules, angiogenic factors and ECM degradation
enzymes, are associated with tumor progression (14).
NF-kB/Rel dimer is generally sequestered in the cytoplasm
by inhibitor of kappaB (IKB), which binds with high affinity
to p65 (RelA) of the NF-KB family. In order to activate the
NF-KB signaling pathway, IKB needs to be phosphorylated
by IKB kinase (IKK) to release the bound NF-KB/Rel dimer
for subsequent nuclear translocation, in order to regulate
down-stream genes in HCC (12, 15). Therefore, IKK may be
a good target for inhibition of NF-KB signaling (16). On the
other hand, the RAF/mitogen-activated protein kinase kinase
(MEK)/extracellular signal-regulated kinase (ERK) signaling
cascade is another pathway responsible for development of
HCC (17). Sorafenib (BAY 43-9006, Nexavar®, Bayer Inc.,
Leverkusen, North Rhine-Westphalia, Germany) is a multi-
kinase inhibitor against RAF kinase and several receptor
tyrosine kinases (RTKs), including VEGF receptor 2 and 3
(VEGFR2/3), platelet-derived growth factor receptor
(PDGFR), Feline sarcoma virus-strain McDonough (FMS)-
like tyrosine kinase 3 (FLT3), rearranged during transfection
(RET), and Mast/stem cell growth factor receptor (c-KIT)
(18-20). It has been shown, in a phase III clinical trail and
by the US FDA, that sorafenib prolongs the survival of
patients with advanced HCC for months (21). Malignant
transformation of rat liver epithelial cells is mediated through
RAS/RAF/NF-KB pathway, which can be reversed by the
inhibition of IKK-a (22). Inhibition of NF-KB reduces the
invasion and angiogenesis via the suppression of MMP-9 and
VEGF expressions in HCC (12). Nevertheless, whether
sorafenib can inhibit the invasion and angiogenesis through
the inactivation of NF-KB and its regulated down-stream
genes in HCC, remains unclear. 12-O-Tetradecanoylphorbol-
13-acetate (TPA), a promoter for malignant formation, has
been reported to have the capability to induce the
invasiveness of tumor cells through NF-KB activity and the
subsequent MMP-9 and VEGF expressions, in HCC and
other tumor cell lines (23-25).

Bioluminescent imaging (BLI) with NF-KB-driven
luciferase gene is a rapid and non-invasive biotechnological
tool for screening drugs with anti-NF-KkB effects both in vitro
and in vivo (16). Here, we investigated the effects of
sorafenib on NF-KB activity, and the expressions of its
regulated down-stream proteins, mainly MMP-9 and VEGF,
in HCC using TPA as the inducer. Investigations were
assayed with BLI and other biotechnological tools.

Materials and Methods

Cell culture. Huh7 cell line was provided kindly by Dr. Chia-Hsien
Cheng at the Department of Radiation Oncology, National Taiwan
University Hospital, Taipei, Taiwan, and maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS). All cultures were maintained at 37°C in a
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Figure 1. Cytotoxicity of sorafenib on Huh7/NF-KB-luc2 cells occurs in
a dose-dependent manner. Cells were treated with 0-15 uM sorafenib
for 6 and 24 h, respectively. Cell viability was determined by the 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.
Data are presented as means+SD (n=3). **p<0.01 as compared with
that of dimethyl sulfoxide (DMSO)-treated control. The experiments
were repeated three times.

humidified incubator containing 5% CO,. The Huh7/NF-KkB-/uc2
stable clone was maintained in the same condition except 500 ug/ml
G418 (Calbiochem, Darmstadt, Hesse, Germany) was added.

Construction of NF-KB/luc2 vector. Standard cloning technique was
used to insert the NF-kB-responsive element into a pGL4-luc2
vector (Promega, Madison, WI, USA). pGL4-luc2 was digested
with Asel and BsAl, then blunted with Klenow enzyme. The NF-KB-
responsive elements were isolated from pNF-kB-luc vector
(Clontech, Mountain View, CA, USA) by Mlul and Hindlll, and
then blunted with Klenow enzyme. The NF-kB-responsive element
was inserted and ligated into digested pGL4-/uc2, resulting in a
pNF-KB-luc2 vector.

Plasmid transfection and stable clone selection. The transfection of
Huh7 was performed using jetPEI™ (Polyplus Transfection, New
York, NY, USA). 2x100 cells were seeded in a 100-mm diameter
dish 24 h before transfection. Both 8 pg of pNF-kB-/uc2 vector
DNA and 16 pl of jetPEI™ solution were diluted into 500 pl of 145
uM NaCl, respectively, then immediately mixed together, and
incubated for 30 min at room temperature. The jetPEI™/DNA
mixture was added to the cells in the 100-mm dish, which was then
incubated at 37°C for 24 h. Cells were then trypsinized and cultured
with DMEM containing 1 mg/ml G418, supplemented with 10%
FBS for two weeks. The surviving clones were isolated, and
transferred to 96-well plates for growth. The Luc2 protein
expression in each clone was assayed using BLI. The recombinant
bioluminescent cell clone was renamed as Huh7/NF-KB-luc2 cell
line. IKBa mutant vector (p-IkBaM, Clontech, Mountain View, CA,
USA) was used to transfect Huh7/NF-KB-/uc2 cells with the same
protocol as described previously. The inhibitory effects of p-IKBaM
super repressor on NF-KB activity was confirmed with BLI and
electrophoretic mobility shift assay (EMSA) and was used as a
negative control.
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Figure 2. Intrinsic nuclear factor kappaB (NF-KB) activity, matrix metalloproteinase-9 (MMP-9) and vascular endothelial growth factor (VEGF) expressions
are inhibited by sorafenib in a dose-dependent manner in Huh7/NF-KB-luc2 cells. Cells were incubated with different concentration of sorafenib for 6
hours. A: Left: Bioluminescent imaging (BLI) of the relative NF-KB activity versus the concentration of sorafenib; right: quantification of the relative NF-
KB activity. B: Top: Western blotting of MMP-9 and VEGF expressions using [3-actin as the internal control; bottom: quantification of the western blotting.
The ratios of MMP-9/f-actin and VEGF/f3-actin in sorafenib-treated groups are compared with those of the dimethyl sulfoxide (DMSO)-treated control. Data
are presented as means+SD (n=3). *¥*p<0.01 as compared with that of DMSO-treated control. The experiments were repeated three times.

Extraction of sorafenib from Nexavar® tablets. Extraction of
sorafenib from commercial Nexavar® tablets was described in our
previous study (26). In brief, a Nexavar® tablet, composed of 200
mg sorafenib, was ground to fine powder and transferred to a 100
ml conical flask. The powder was washed with 15 ml deionized
distilled water three times to remove water-soluble components; 15
ml ethyl acetate was then used to extract the precipitate three times
in order to recover the sorafenib. The organic phases were combined
and dried over anhydrous sodium sulfate, followed by evaporation
under reduced pressure. The residue was recrystallized with acetone
and hexane to yield a white solid, which weighed about 122 mg
(60% recovery). Nuclear magnetic resonance (NMR) spectra were
recorded with a spectrometer (Varian Gemini 200; Oxford
Instruments, Abingdon, Oxfordshire, UK) to determine the chemical
structure of the sorafenib extract. High-performance liquid

chromatography (HPLC) was conducted using a PU-2089 plus
quaternary gradient pump (Jasco, Tokyo, Japan), equipped with a
UV-2075 Plus intelligent UV/VIS detector (Jasco, Tokyo, Japan).
The 'H-NMR spectrum of the recovered sorafenib was the same as
the one reported by Bankston ef al. (27). Greater than 98% chemical
purity, as determined with HPLC, was achieved for the recovered
sorafenib (retention time=16.2 minutes).

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay. MTT (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in
phosphate-buffered saline (145 mM NaCl, 1.4 mM KH,PO,, 4.3 mM
Na,HPOy,, and 2.7 mM KCI, pH 7.2). Huh7/NF-KB-luc2 cells were
seeded into 96-well plates at a density of 3x104 cells/well and were
cultured for 24 h before treatment with different concentrations of
sorafenib [0, 5, 10, and 15 uM in 0.1% dimethyl sulfoxide (DMSO)]
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Figure 3. Intrinsic nuclear factor kappaB (NF-KB) activity, matrix metalloproteinase-9 (MMP-9) and vascular endothelial growth factor (VEGF)
expressions are increased by 12-O-tetradecanoylphorbol-13-acetate (TPA) in a dose-dependent manner in Huh7/NF-KB-luc2 cells. Cells were
incubated with various concentrations of TPA for 6 hours. A: Top: Bioluminescent imaging (BLI) of the relative NF-KB activity versus the
concentration of TPA; bottom: quantification of the relative NF-KB activity. B: Top: Western blotting of MMP-9 and VEGF expressions using [>-
actin as the internal control; bottom: quantification of the western blotting. Data are presented as means+SD (n=3). *p<0.05, **p<0.01 as compared
with that of dimethyl sulfoxide (DMSO)-treated control. The experiments were repeated three times.

for an additional 6 and 24 h, respectively. After washing with fresh
medium, 100 pl of 5 mg/ml MTT solution was added to each well.
After 2 h incubation at 37°C, 100 pl DMSO were added to dissolve
the MTT formazan product and the absorbance was determined with
an ELISA reader (Power Wave x340; Bio-Tek Instrument Inc.,
Winooski, VT, USA) using a wavelength of 570 nm for excitation.

NF-KB luciferase reporter gene assay. Huh7/NF-KB-luc2 cells,
3x10%/well were cultured in a 96-well plate for 24 h, and then
treated with sorafenib, TPA, and sorafenib or PD98059, 30 min
prior to the addition of TPA, respectively, for 6 h. One hundred
microliters of 500 pM D-luciferin (Xenogen, Hopkinton, MA, USA)
were added to each well, and images were acquired for 1 min using
an IVIS50 Imaging System (Xenogen, Hopkinton, MA, USA).
Signals were quantified as photons/second, and compared with that
of the DMSO-treated control to obtain the relative NF-KB activity
with the Living Image software (Xenogen, Hopkinton, MA, USA).
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Western blotting. Huh7/NF-KB-luc2 cells, 2x10¢ were seeded into
100-mm diameter dishes for 24 hours, and then treated with
sorafenib, TPA, combination of sorafenib with TPA and PD98059
with TPA, respectively, for 6 h. Cells were lysed with 100 pl lysis
buffer (50 mM Tris-HCI pH 8.0, 120 mM NaCl, 0.5% NP-40, 1| mM
phenylmethanesulfonylfluoride). Forty micrograms of total protein
were separated by 10% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE), were transferred to a polyvinylidene
difluoride membrane (Millipore, Billerica, MA, USA), blocked with
5% nonfat milk in TBS-Tween buffer (0.12 M Tris-base, 1.5 M NaCl,
and 0.1% Tween 20) for 1 h at room temperature, then were incubated
with the appropriate primary antibodies, including MMP-9, VEGF,
phosphorylated-ERK (p-ERK), total-ERK (T-ERK) and B-actin
(Millipore) overnight at 4°C, followed by incubation with horseradish
peroxidase-conjugated secondary antibodies for 30 min at room
temperature. The bound antibody was detected by enhanced
chemiluminescence (ECL; Millipore). The ImageJ software (National
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Figure 4. 12-O-Tetradecanoylphorbol-13-acetate (TPA)-induced nuclear factor kappaB (NF-KB) activity, matrix metalloproteinase-9 (MMP-9) and
vascular endothelial growth factor (VEGF) overexpressions are inhibited by sorafenib in Huh7/NF-KB-luc2 cells. Cells were treated with dimethyl
sulfoxide (DMSO) and sorafenib 30 min prior to the addition of TPA, respectively, and cultured for another 6 hours. A: Top: Bioluminescent imaging
(BLI) of the relative NF-KB activity; bottom: quantification of the relative NF-KB activity. B: Top: Western blotting of MMP-9 and VEGF expressions
using f-actin as the internal control; bottom: quantification of the western blotting. Data are presented as means+SD (n=3). **p<0.01 as compared
with that of DMSO-treated control; *p<0.05, "p<0.01 as compared with that of TPA-treated group. The experiments were repeated three times.

Institutes of Health, Bethesda, Maryland, USA) was used for the
quantitative analysis, and the protein expressions of the treated groups
were compared against those of the DMSO-treated control.

Electrophoretic mobility shift assay (EMSA). Cells were treated
similarly, as described for western blotting. DNA/NF-KB binding was
analyzed with an EMSA kit (Pierce, Rockford, IL, USA). Nuclear
fractions of Huh7/NF-KB-luc2 cells were isolated using the Nuclear
Extraction Kit (Chemicon International). The isolation and analysis
procedures followed the protocols provided by the manufacturer. The
following DNA sequences were synthesized for EMSA analysis. Sense:
AGTTGAGGGGACTTTCCCAGGC; antisense: GCCTGGG
AAAGTCCCCTCAAC. The NF-KB/DNA binding activity was
evaluated using the LightShift Chemiluminescent EMSA kit (Pierce).
Nuclear extracts were incubated with the biotin-labeled DNA probe for
20 min at room temperature. The DNA/protein complex was separated
from the free oligonucleotides on a 10% polyacrylamide gel, was

transferred to a nylon membrane and cross-linked by UV light. The
membrane was incubated with streptavidin-horseradish peroxidase, and
detected by ECL (Pierce). The Imagel] software was used for the
quantitative analysis, and the NF-KB/DNA binding activities of treated
groups were compared with those of the DMSO-treated control.

Reverse transcription polymerase chain reaction (RT-PCR) analysis.
Huh7/NF-KB-luc2 cells 2x10¢ were seeded into 100-mm diameter
dishes for 24 h before treatment. Six h post treatment with TPA, total
RNA extraction was performed with a commercialized kit
(NucleoSpin®; Macherey-Nagel, Diiren, North Rhine-Westphalia,
Germany), and the concentration of total RNA was determined. RNA,
1 pg was converted to cDNA with a RT-PCR kit (Epicentre
Biotechnologies, Madison, WI, USA), according to the
manufacturer’s instruction. The primer sequences used were: 5’-
CCCGGACCAAGGATACAG-3’ (sense), and 5-GGCTTTCTCT
CGGTACTG-3’ (antisense) for MMP-9; 5’-AATCGAGACCCTG
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Figure 5. 12-O-Tetradecanoylphorbol-13-acetate (TPA)-induced nuclear factor kappaB (NF-KB) activity, matrix metalloproteinase-9 (MMP-9) and
vascular endothelial growth factor (VEGF) expressions suppressed by sorafenib in Huh7/NF-KB-luc2 cells via the suppression of extracellular
signal-regulated kinase (ERK) signal pathway. Cells were treated with dimethyl sulfoxide (DMSO), sorafenib, and PD98059 30 minutes prior to
the addition of TPA, respectively, and incubated for another 6 hours. A: TPA-induced ERK phosphorylation is inhibited by sorafenib. B: No
cytotoxicity was found in cells treated with various concentrations of PD98059 for 6 hours. C: Intrinsic NF-KB activity is inhibited by the treatment
with PD98059 for 6 hours. Top: Bioluminescent imaging (BLI) of the relative NF-KB activity; bottom: quantification of BLI. D: Intrinsic and TPA-
induced MMP-9 and VEGF expressions are suppressed by PD98059. Top: Western blotting; bottom: quantification of the western blotting. E:
Inhibitor of kappaB-a mutant vector (p-IKBaM), a super repressor of NF-KB, bound to NF-KB with high affinity, preventing its phosphorylation by
inhibitor of kappaB kinase (IKK). As a consequence, NF-KB is sequestered in the cytoplasm. F: Intrinsic and TPA-induced NF-KB activities are
decreased in cells treated with sorafenib, PD98059, and transfection with p-IKBaM, respectively. Top: BLI of the relative NF-KB activity; bottom:
quantification of BLI. G: Intrinsic and TPA-induced NF-KB/DNA binding activities are blocked in cells treated with sorafenib, PD98059, and
transfection with p-IKBaM, respectively. Top: NF-KB/DNA binding activity as determined by EMSA; bottom: quantification of EMSA. Data are
presented as means+SD (n=3). ¥p<0.05, **p<0.01 as compared with that of DMSO-treated control; "p<0.05, #p<0.01 as compared with that of
TPA-treated only group. The experiments were repeated three times.
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GTGGACA-3’ (sense), and 5’-TTAACTCAAGCTGCCTCGCC-3’
(antisense) for VEGF; 5’-GCGGGAAATCGTGCGTGACATT3’
(sense), and 5’-GATGGAGTTGAAGGTAGTTTCGTG-3’ (antisense)
for B-actin. The conditions for MMP-9 and f-actin PCR were the
following. One cycle of initial denaturation for 5 min at 94°C was
followed by 30 and 21 cycles of amplification for MMP-9 and f3-
actin, respectively. The amplification cycle consists of 1 min at 94°C,
1 min at 60°C, and 1 min at 72°C. The last step was one cycle of final
extension for 10 min at 72°C. For PCR of VEGF, the protocol
consisted of an initial denaturation for 2 min at 95°C, followed by
amplification for 30 cycles (95°C for 1 min, 53°C for 1 min, and 68°C
for 2 min) and a final extension step for 10 min at 68°C. The PCR
product was analyzed by electrophoresis in a 1.5% agarose gel and
stained with ethidium bromide.

Gelatin zymography assay. Polyacrylamide gels, 10%, containing
0.1% gelatin were prepared for zymography. Culture media were
resuspended in sample buffer (0.125 M Tris-Hcl, 20% glycerol, 10%
SDS, 72 uM bromophenol blue) and run on the 10% polyacrylamide
gel. After electrophoresis, gels were washed with buffer (2.5%
Triton X-100) on a shaker for 30 min at room temperature, to
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Figure 6. Blockade of nuclear factor kappaB (NF-KB) activity results in
the decrease of 12-O-tetradecanoylphorbol-13-acetate (TPA)-induced
matrix metalloproteinase-9 (MMP-9) and vascular endothelial growth
factor (VEGF) expressions, and the secretion of MMP-9 into the
cultured medium of Huh7/NF-KB-luc2 cells. Cells were treated with
sorafenib and inhibitor of kappaB-a mutant vector (p-IKBaM) 30
minutes prior to the addition of TPA, and incubated for another 6 hours.
A: The mRNA expressions of MMP-9, VEGF, and f3-actin were assayed
with RT-PCR. B: Top: the MMP-9 protein released into the cultured
medium was analyzed with gelatin zymography; bottom: quantification
of the top panel. Data are presented as means+SD (n=3). **p<0.01 as
compared with that of dimethyl sulfoxide (DMSO)-treated control;
Mp<0.01 as compared with that of TPA-treated only group. The
experiments were repeated three times. C: The suggested mechanism for
TPA-induced MMP-9 and VEGF expressions inhibited by sorafenib
through extracellular signal-regulated kinase (ERK)/NF-KB pathway.

remove SDS. The gels were then incubated in an incubation buffer
(50 mM Tris—HCl, 5SmM CaCl,, 0.15M NaCl, and 1% Triton X-100)
for 48 h at 37°C. The gels were subsequently stained with
Coomassie blue G-250 and destained in a solution composed of
30% methanol and 10% acetic acid to detect MMP-9 secretion.

Statistics. Statistical analysis was determined either by one-sample
t-test, when compared with the DMSO-treated control or by the
Student’s 7-test when compared with the TPA-treated group. Data
are shown with means+standard deviations.

Results

Effects of sorafenib on Huh7/NF-KB-luc2 cell viability. The
cytotoxicity of sorafenib on Huh7/NF-KB-luc2 cells was
determined by the MTT assay. Figure 1 shows that the cell
viability was reduced by 14-33% compared to that of the control,
after treatment with different concentrations of sorafenib for 24
h (p<0.01). Notably, no obvious cytotoxicity was found when
cells were treated with 5-15 uM sorafenib for 6 h.

Sorafenib reduces NF-KB activity, MMP-9 and VEGF
expression. The effect of sorafenib on NF-KB activity was
evaluated with luciferase reporter gene assay. Huh7/NF-KB-
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luc2 cells were treated with 0, 5, 10, and 15 uM sorafenib for
6 h. Figure 2A shows that the relative NF-KB activity of the
cells was inhibited by sorafenib in a dose-dependent manner,
with 20-45% reduction compared to that of the control
(p<0.01). In addition, the effects of sorafenib on MMP-9 and
VEGF expressions were evaluated with western blotting.
Figure 2B shows that relative protein levels of MMP-9 and
VEGF were also inhibited in a dose-dependent manner, by
30-80% compared to those of the control (p<0.01).

NF-KB activity, MMP-9 and VEGF expressions are induced
by TPA. Huh7/NF-KB-luc2 cells were treated with 0-1 uM
TPA for 6 h. Figure 3A shows that the NF-KB activity in the
luciferase reporter gene assay was increased in a dose-
dependent manner, by 30-75% compared to that of the control
(p<0.05). In addition, the relative protein levels of MMP-9
and VEGF were also increased by 0.5-1.5-fold compared to
those of the control (p<0.05), as shown in Figure 3B.

Sorafenib suppresses TPA-induced NF-KB activity, MMP-9
and VEGF overexpressions. Huh7/NF-KB-luc2 cells were
treated with 1 pM TPA alone, and 0-15 pM sorafenib 30 min
prior to the addition of 1 pM TPA, respectively, and were
incubated for another 6 h. The relative NF-KB activity
increased, following TPA treatment by 80%, compared to
that of the control. Notably, sorafenib reduced TPA-induced
relative NF-KB activity by 60-75% compared to that of the
TPA-treated group (Figure 4A, p<0.01). Moreover, Figure
4B shows that overexpression of MMP-9 and VEGF, induced
by TPA, are inhibited by sorafenib. The relative protein
expressions of MMP-9 and VEGF following TPA treatment
were increased by 0.8- and 1.5-fold compared to that of the
control as shown in Figure 4B (p<0.01). Notably, the
overexpression of MMP-9 and VEGF, induced by TPA, was
also suppressed by the pretreatment with sorafenib (p<0.05).

Sorafenib inhibits TPA-induced NF-KB activity, MMP-9 and
VEGF overexpression via suppression of ERK phosphorylation.
To determine the regulatory mechanism of sorafenib on TPA-
induced NF-KB activity, Huh7/NF-kB-luc2 cells were treated
with 15 pM sorafenib and 100 uM PD98059, an ERK
inhibitor, 30 min prior to the addition of 1 pM TPA,
respectively, and incubated for another 6 h. Figure 5A shows
that ERK phosphorylation was increased in Huh7/NF-KB-luc2
cells after treatment with TPA alone. The induction, however,
was inhibited by pretreatment with 15 uM sorafenib. On the
other hand, the cell viability was not significantly changed
when cells were treated with 0-100 uM PD98059 for 6 h
(Figure 5B). PD98059 significantly reduced intrinsic and TPA-
induced relative NF-KB activity, MMP-9 and VEGF expression
(Figures 5C and 5D), in a pattern similar to the effects of
sorafenib. Huh7/NF-KB-luc2 cell line was also co-transfected
with p-IKBaM super repressor to sequester NF-KB in the

cytoplasm (28), as a negative control (Figure 5E). Figure 5F
shows that both sorafenib and PD98059 significantly
suppressed intrinsic and TPA-induced relative NF-KB activity
(p<0.01). Intrinsic and TPA-induced NF-kB/DNA binding
activity assayed by EMSA was reduced by sorafenib treatment
as shown in Figure 5G.

Sorafenib and p-IKBaM reduces TPA-induced MMP-9 and
VEGF overexpression, and MMP-9 activity. To evaluate the
role that NF-KB signaling pathway plays in TPA-induced
MMP-9 and VEGF expressions, RT-PCR was used to analyze
the mRNA levels of both genes. Huh7/NF-KB-luc2 cells were
transfected with p-IKBaM prior to the addition of 1 uM TPA,
and were incubated for 6 h. Figure 6A shows that TPA-
induced MMP-9 and VEGF mRNA levels, were reduced in the
cells transfected with p-IKkBaM. Furthermore, the effect of p-
IkBaM or sorafenib on intrinsic and TPA-induced MMP-9
secretion in the cultured medium, was assayed with gelatin
zymography. Figure 6B shows that TPA-induced MMP-9
secretion of Huh7/NF-KB-luc2 cells was reduced when cells
were transfected with p-IKBaM or pre-treated with 15 uM
sorafenib for 30 min prior to the addition of 1 uM TPA.

Discussion

How sorafenib exerts its inhibitory action on tumor metastasis
and angiogenesis in HCC has not been completely elucidated.
In this study, we used TPA, a potent tumor promoter, to induce
the MMP-9 and VEGF expression, in order to elucidate the
effect of sorafenib on the NF-KB activity and its correlation
with these two proteins in HCC. We found that the inhibition of
TPA-induced MMP-9 and VEGF expression by sorafenib
occurred via the ERK/NF-KB pathway. This finding may
implicate the potential application for sorafenib as an NF-KB
inhibitor to reduce metastasis and invasiveness of human HCC.

Activation of NF-KB is a common and early event found in
human HCC, caused by viral or nonviral factors, and has also
been associated with the acquisition of a transformed
phenotype during hepatocarcinogenesis (10). Many NF-KB-
regulated down-stream gene products, such as B-cell
lymphoma-extra large (BCL-xL), cyclin D1, MMP-9, VEGEF,
and cyclooxygenase-2 (COX-2), contribute to the tumor
progression and invasion in HCC (12, 29). Angiogenic and
metastatic signaling pathway through the RAS/RAF/MEK/
ERK cascade has been shown not only to be involved in the
development of HCC, but also in the regulation of cell
proliferation, apoptosis, cytokine expression and production of
MMPs and VEGF in HCC (30, 31). Several studies have
reported that phosphorylation of AKT is not affected by
sorafenib treatment in HCC, and TPA-induced invasion and
migration occurs through activation of the protein kinase C
(PKC)-0/ERK/NF-KB pathway in glioblastoma cells (20, 23).
Although phosphatidylinositol-3-kinase (PI3K)/AKT pathway
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and RAS/RAF/MEK/ERK signaling pathway are involved in
the NF-KB activation of various cancer cell types (32, 33), the
regulatory effect of sorafenib on the ERK/NF-KB pathway in
HCC remains unclear.

The antitumor effects of sorafenib take place through the
inhibition of RAF kinase and down-stream ERK
phosphorylation and may also be attributed to the inhibition
of receptor tyrosine kinase function of VEGFR and PDGFR,
resulting in suppression of tumor proliferation and
angiogenesis (18-20). Sorafenib also inhibits growth factor-
induced cell migration via down-regulation of MMP-9
expression in HCC (34). Here, Huh7/NF-KB-luc2 cells were
treated with 5-15 pM sorafenib for 6 h to clarify the regulatory
effect of sorafenib on the ERK/NF-KB pathway, since the cell
viability was not significantly changed as compared with that
of the control (Figure 1). Therefore, the decrease in protein
expression after 6-hour sorafenib treatment appears to be due
to the change in signal transduction rather than the cell death.
This may also apply for HCC cells treated with PD98059
(Figure 5B). The concentrations of 15 pM sorafenib and 100
uM PD98059 were used in this study since the maximal
suppression of NF-KB activity was found under these
conditions (Figure 2A and 5C). Intrinsic NF-KB activity and
down-stream effector proteins, such as MMP-9 and VEGF,
were suppressed by sorafenib, but were induced by TPA
(Figure 2 and 3). Nevertheless, TPA-induced NF-KB activity,
MMP-9 and VEGF overexpression were still suppressed by
sorafenib  (Figure 4). Notably, TPA-induced ERK
phosphorylation was inhibited by sorafenib (Figure 5A). Cells
pre-treated with 5-15 uM sorafenib and 100 pM PD98059
(ERK inhibitor), respectively, prior to the treatment of 1 uM
TPA, had reduced TPA-induced NF-KB activity, MMP-9 and
VEGEF overexpressions as well (Figure 5D and 5F). On this
basis, we suggest that the suppression of the NF-KB activation,
and MMP-9 and VEGF expressions by sorafenib occur
through the inhibition of ERK phosphorylation. However, the
effects of sorafenib on the NF-KB pathway in HCC may be
different in other cancer cell lines. It has been shown that
sorafenib-down-regulated expression of anti-apoptotic
proteins, such as myeloid leukemia cell differentiation protein-
1 (MCL-1) and cellular inhibitor of apoptosis protein 2
(cIAP2), takes place via the inhibition of tumor necrosis factor
a (TNFa)-related apoptosis-inducing ligand (TRAIL)-induced
NF-KB activation in human colorectal cancer cells (35). On
the contrary, NF-KB activation in pancreatic cancer stem cells,
induced by sorafenib, may lead to the induction of epithelial
mesenchymal transition, resulting in the selection of a more
invasive phenotype among pancreatic cancer cells (36). In this
study, we found that sorafenib suppressed TPA-induced NF-
KB/DNA binding activity with similar efficacy, as shown with
PD98059 and p-IKBaM transfection (Figure 5G).
Consequently, the suppression of NF-KB pathway leads to the
reduced transcription of MMP-9 and VEGF mRNA (Figure
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6A) and of subsequent protein expressions, as shown in Figure
4B. Decreased MMP-9 enzyme activity by sorafenib and p-
IKBaM transfection, assayed by zymography (Figure 6B and
6C), suggests that inhibition of NF-KB pathway may reduce
the invasion of HCC cells. Furthermore, TPA-induced MMP-
9 and VEGF expressions suppressed by sorafenib via the
ERK/NF-KB pathway (Figure 6C), also suggest that NF-KB
may be a potential target for HCC treatment.

Sorafenib suppresses the ERK/NF-kB signaling
pathways, and is an effective inhibitor of TPA-induced
MMP-9 and VEGF expression in human HCC cells. The
ERK/NF-KB pathway implicates the mechanistic link to the
therapeutic efficacy of sorafenib, to reduce the invasive
capability of HCC cells. Therefore, sorafenib may be a
promising ingredient for multi-modality anticancer
treatments through inhibition of metastasis and angiogenesis
in patients with HCC.
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