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Abstract. The aim of the present study was to assess whether 
(-)-epigallocatechin 3-gallate (EGCG) via epigenetic modifica-
tions, regulates Raf kinase inhibitor protein (RKIP) expression 
and invasive metastatic activity in AsPC-1 pancreatic adenocar-
cinoma cells. Basal levels of RKIP were examined in various 
human pancreatic cancer cell lines and MTT assay was used to 
assess cell viability. AsPC-1 cells were treated with EGCG with/
without trichostatin A (TSA), as the positive control, for 24 h. 
The levels of RKIP and histone H3 induction were analyzed 
by immunoblot analysis. In order to determine the role of 
RKIP induction in NF-κB translocation and invasive metastatic 
activity in AsPC-1 cells, we examined NF-κB translocation, 
invasive metastatic parameters by RT-PCR, metastasis-related 
proteins by western blot analysis and matrix metalloproteinase 
(MMP)-2 and -9 activity by gelatin zymography. To validate 
RKIP induction through the extracellular signal regulated 
kinase (ERK) pathway, the cells were treated with U0126, an 
ERK inhibitor. Our results showed that EGCG induced RKIP 
upregulation via the inhibition of histone deacetylase (HDAC) 
activity which increased histone H3 expression and inhibited 
Snail expression, NF-κB nuclear translocation, MMP-2 and -9 
activity and Matrigel invasion in AsPC-1 cells. The expression 
of E-cadherin in the cells was upregulated. The phosphoryla-
tion of ERK was decreased by RKIP induction following 
EGCG treatment. Furthermore, our results confirmed that 
U0126 treatment repressed ERK phosphorylation and induced 
RKIP expression. Taken together, our results strongly suggest 

that EGCG regulates RKIP/ERK/NF-κB and/or RKIP/NF-κB/
Snail and inhibits invasive metastasis in the AsPC-1 human 
pancreatic adenocarcinoma cell line.

Introduction

Cancer is a serious public health issue worldwide. Pancreatic 
cancer (PC) is the fourth to fifth most common type of cancer 
in Western countries and has the highest case-fatality rate of 
any of the major cancer types (1). In Korea, the prevalence of 
PC is generally increasing by 1.7% per year and in 2008, the 
mortality rate from PC was ranked fifth (2). The only effective 
therapy is surgical excision, yet only 10 to 15% of patients have 
disease localized to the pancreas at the time of diagnosis (3). The 
majority of patients with PC succumb to the disease due to recur-
rence and metastatis. However, the etiology of PC is not yet fully 
understood. Previous studies have demonstrated that inflam-
mation, which occurs as a response to most chronic illnesses, 
may play a significant role in this form of carcinogenesis (3-5). 
For example, pro-inflammatory cytokines induce the activation 
of NF-κB via the phosphorylation of the extracellular signal 
regulated kinase (ERK) pathway, increase Snail expression and 
the secretion of invasion-promorting matrix metalloproteinases 
(MMPs) (5-8). Therefore, controlling inflammation is a signifi-
cant factor in decreasing the risk of developing human PC. 

Protein acetylation influences cellular processes including 
transcriptional regulation via the recruitment of enzymes, 
histone acetyltransferases (HATs) and histone deacetylases 
(HDACs) (9). Acetylation of specific lysine residues within 
the amino-terminal tails of nucleosomal histones is generally 
linked to chromatin disruption and the transcriptional activa-
tion of genes (10). HDAC inhibitors have been reported to 
induce cell growth arrest, apoptosis and differentiation in tumor 
cells (10,11). Thus, dysregulation of the balance between protein 
acetylation and deacetylation is often associated with the initia-
tion of tumorigenesis, cancer metastasis and other diseases.

The antioxidant and/or anti-inflammatory effects of dietary 
polyphenols (curcumin and resveratrol) have been shown to 
play a role in either controlling chromatin remodelling or 
NF-κB activation through the modulation of HDAC activity 
and subsequently, the expression of various genes (11,12). 
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(-)-Epigallocatechin-3-gallate (EGCG), an antioxidant found 
in green tea, has been reported to inhibit HAT and/or HDAC 
activity by a number of studies (13-18). EGCG decreases the 
hyperacetylation of p65 by directly inhibiting the activity 
of HAT enzymes. This hypoacetylation of p65 leads to the 
downregulation of NF-κB activity by diverse inflammatory 
signals (13). Although the regulation of NF-κB activity by 
histone deacetylation is a potential anti-metastatic mechanism 
in various types of cancer, the precise role of EGCG in human 
PC cells remains unclear. Thus, we hypothesized that EGCG 
inhibits invasive metastaic activity through the suppression of 
the NF-κB signaling pathway by inducing RKIP expression and 
inhibiting HDAC activity in human PC cells.

RKIP, a 23-kDa protein, was identified as a physiological 
inhibitor of the Raf-MEK-ERK pathway (6), it is a member 
of the phosphatidylethanolamine-binding protein (PEBP) 
family (19) and is well known for its metastasis suppressor 
function in various types of cancer, including prostate, breast, 
colorectal, cervical cancer and malanoma. The loss or diminu-
tion of RKIP expression has been associated with the increasing 
number of aggressive cancers (20-24). Studies have suggested 
that NF-κB activation by RKIP diminution negatively inter-
feres with NF-κB signaling (25-27). Several genes with tumor 
suppressive functions are thought to be silenced by aberrant 
histone modifications (28). Inhibitors of HDAC, such as tricho-
statin A (TSA), sodium butyrate (NaBT) and suberoylanilide 
hydroxamic acid (SAHA), have displayed anti-cancer activities 
by inducing the expression of downregulated genes related to 
metastasis, motility and invasiveness (28-31). First of all, we 
tested that RKIP expression in PC cell lines was induced by 
TSA through the modulation of HDAC activity. And then 
we examined whether EGCG can prevent PC metastasis by 
inhibiting HDAC activity and inducing RKIP expression, thus 
inhibiting cell signaling pathways involved in proliferation, 
survival and metastasis. 

MMPs, a family of Zinc-dependent endopeptidases, are 
collectively capable of cleaving virtually all extracellular 
matrix (ECM) substrates, and play an important role in some 
physiological and pathological processes (32,33). MMPs have 
also been implicated as possible mediators of invasion and 
metastasis in breast cancer, colon cancer and melanoma cell 
lines (34,35). Since MMPs have many physiological functions 
in metastasis, the inhibition of the activity of MMPs holds 
great promise for the prevention or inhibition of metastasis. 
MMP-2 (gelatinases) is preferentially secreted from fibroblasts 
and various epithelial cells, while MMP-9 (gelatinases) is 
preferentially expressed by inflammatory cells (36), and both 
have been frequently associated with the invasive metastatic 
potential of tumor cells. However, the biochemical mecha-
nisms underlying the EGCG-induced inhibition of metastasis 
and invasion are not clear in AsPC-1 PC cells.

Snail was identified as a transcription factor implicated in 
the epithelial-mesenchymal transition (EMT) during embry-
onic development (37). The increased expression of Snail in 
invasive cancer cells accompanied with the loss of E-cadherin 
expression has been reported in many types of human cancer, 
including melanoma, hepatocarcinoma and squamous cell 
carcinoma (38-40). E-cadherin is a cell-cell adhesion molecule 
that is specifically expressed on the membranes of epithelial 
cells, and its decreased expression has been reported to play 

a role in the invasion and metastasis of cancers (41,42). The 
downregulation of E-cadherin expression has been explained by 
the DNA hypermethylation of its promoter region in breast and 
prostate cancer cells (43). 

Therefore, in this study, we investigated the induction 
of RKIP expression by EGCG through the modification of 
histone deacetlyation. We also examined the effects of RKIP 
induction by EGCG on metastasis and invasive parameters, 
including MMP activity by gelatin zymography, Matrigel 
membrane invasion and metastasis-related proteins by western 
blot analysis using the AsPC-1 human adenocarcinoma meta-
static cell line.

Materials and methods

Cell culture and cell viability. The human PC cell lines 
(Table I), MIA PaCa-2, AsPC-1, PANC-1 and BxPC-3, 
were obtained from the American Type Culture Collection 
(ATCC; (Rockville, MD) and cultured in DMBM and IMDM 
supplemented with 10% fetal bovine serum (FBS) and fetal 
calf serum (FCS) (Gibco BRL, Grand Island, NY) at 37˚C 
in a humidified atmosphere containing 5% CO2. For the cell 
viability assay, the cells were plated at 1x104 cells/well in 200 µl 
medium containing 10 µM EGCG with/without 1 µM TSA 
(Sigma-Aldrich, St. Louis, MO) in a 96-well plate (Nunc™, 
Roskilde, Denmark). After incubation with concentrations of 
0, 5, 10, 15 µM EGCG for 24 h, cell viability was determined 
using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) assay, which is based on the conversion of 
MTT to MTT-formazan by mitochondria. Cells were incubated 
with 1 mg/ml MTT (Chemicon, Temecula, CA) in PBS for 4 h 
at 37˚C in 5% CO2. Isopropanol and hydrochloric acid were 
then added at final concentrations of 50% and 20 mM, respec-
tively. The optical density at 570 nm (OD570) was determined 
using an ELISA plate reader (MN 3663 Molecular Devices Co., 
Sunnyvale, CA) with a reference wavelength of 630 nm.

MMP activity using gelatin zymography. Cell-free superna-
tant was collected and mixed with 2X sample buffer and then 
subjected to Novex Zymogram gels (Invitrogen, Camarillo, 
CA). After electrophoresis, the gels were washed twice at room 
temperature or 30 min in 2.5% Triton X-100, subsequently 
washed in buffer containing 50 mM Tris-HCl, 150 mM NaCl, 
5 mM CaCl2, 1 µM ZnCl2, 0.02% NaN3 at pH 7.5 and incubated 
in this buffer at 37˚C for 24 h. Thereafter, the gels were stained 
with 0.25% (w/v) Coomassie brilliant blue G-250 (Bio-Rad 
Laboratoties, Hercules, CA) and then lightly destained in water 
solution containing methanol and acetic acid for 1 h, respec-
tively. The gelatinolytic activity was evidenced as clear bands 
(area of gelatin degradation) against the blue background of 
stained gelatin.

Matrigel invasion assay. In order to determine the effects of 
EGCG on AsPC-1 cell invasivness, the cells were exposed 
to 10 µM of EGCG for 6 h and the pre-treated cells were 
plated onto the apical side of the Matrigel-coated filters 
(Sigma-Aldrich) in serum-free medium containing either 
EGCG or DMSO. Medium containing 20% FBS was placed 
in the basolateral chamber to act as a chemoattractant. After 
72 h, cells on the apical side were wiped off using a Q-tip. The 
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cells on the bottom of the filter were stained with hematoxylin 
and eosin Y and then counted (three fields of each triplicate 
filter) using an inverted microscope (Nikon, Tokyo, Japan).

RNA isolation and reverse transcription-polymerase chain 
reaction (RT-PCR). Total RNA was isolated using RNeasy 
(Qiagen, Valencia, CA). RNA (1 µg) was reverse-transcribed 
in a 20 µl reaction mixture using MMLV reverse transcriptase 
(Invitrogen). The cDNA was amplified in a 20 µl reaction 
mixture. The PCR conditions were as follows: 0.4 µM of 
each primer (Table II), 0.2 mM deoxynucleoside triphosphate 
mixture (Perkin-Elmer, Norwalk, CT, USA), 50 mM KCl, 
10 mM Tris-HCl (pH 8.3), 1.5 mM MgCl2, and 1.0 U of 
Taq DNA polymerase (Perkin-Elmer). The reaction mixtures 

were incubated in a thermal controller (Model PTC-100; 
MJ Research, Ramsey, MN) for 35 cycles (denaturation at 
94˚C for 45 sec, annealing at 55˚C for 45 sec, extension at 72˚C 
for 90 sec). The PCR products were resolved on 1% agarose 
gels containing ethidum bromide (EtBr). The intensities of the 
bands were measured using an image documentation system 
(ImageMaster VDS; Pharmacia, Uppsala, Sweden) with image 
analysis software (ImageMaste TotalLab; Pharmacia). The 
DNA size marker was run in parallel to validate the predicted 
sizes of the amplified bands (GeneRuler 1 kb DNA Ladder; 
MBI, Amherst, NY). GADPH, MMP-2 and -9, RKIP, Snail, 
E-cadherin and ERK primer sequences were designed using 
Beacon Designer software (Premier Biosoft, Palo Alto, CA) 
and synthesized by IDT (Skokie, IL).

Immunoblot analysis. Western immunoblots were prepared to 
analyze the protein levels. After pre-treatment with the ERK 
inhibitor, U0126, for 1 h and treatment with/without EGCG for 
24 h, the cells were harvested and then proteins were extracted 
with NP-40 protein lysis buffer compositions; 50 mM 
Tris-HCl (pH 7.5), 150 mM NaCl, 5 mM EDTA, 25 mM NaF, 
10 mM sodium pyrophosphate, 25 mM β-glycerophosphate, 
0.2 mM Na3VO4, 10 µg/ml leupeptin, 10 µg/ml aprotinin, 
protease inhibitor and 1 mM PMSF. Cytoplasmic and nuclear 
extracts were prepared using NE-PER nuclear and cytosolic 
extraction reagents (Pierce, Rockford, IL). Quantification 
of protein concentration was carried out using the Bradford 
method (Bio-Rad protein assay reagent) and total protein 
was resuspended in Laemmli sample buffer containing 5% 
β-mercaptoethanol and heated at 65˚C for 10 min. Aliquots 
containing ~20-50 µg of total cell proteins were resolved on 
8-12% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and then transferred onto nitrocellulose 
membranes (Amersham, Arlington Heights, IL). Membranes 
were blocked in 5% non-fat milk (w/v) in Tris-buffered saline 
(TBS) containing 0.05% Tween-20 (TBST) for 1 h at room 
temperature and the membranes were subjected to immu-
noblot analysis with the desired antibodies (Table III). After 
an overnight incubation at 4˚C, the membranes were washed 
in TBST and incubated with the appropriate peroxidase-
conjugated secondary antibody (Santa Cruz Biotechnology, 

Table I. Comparisons of pancreatic cancer cell lines.a

 Organism Growth Disease
  properties

MIA PaCa-2 Homo sapiens Adherent, single cells, Carcinoma
 (human) loosely attached clusters
BxPC-3 Homo sapiens Adherent Adenocarcinoma
 (human)
PANC-1 Homo sapiens Adherent Epithelioid
 (human)  carcinoma
AsPC-1 Homo sapiens Adherent Adenocarcinoma
 (human)  (metastatic cells)

awww. atcc.org (American Type Culture Collection).

Table II. Oligonucleotides used in RT-PCR.

Gene  Primer sequence

GAPDH
 Sense 5'-CGG AGT CAA CGG ATT TGG TCG TAT-3'
 Antisense 5'-AGC CTT CTC CAT GGT GGT GAA GAC-3'
RKIP
 Sense 5'- CAC AAT GTG ATT TTA TGG T -3' 
 Antisense 5'- TCT TCA TTC AGG TTT CTA T -3'
E-cadherin
 Sense 5'- GAA CAG CAC GTA CAC AGC CCT-3' 
 Antisense 5'- GCA GAA GTG TCC CTG TTC CAG-3' 
Snail
 Sense 5'- TAT GCT GCC TTC CCA GGC TTG-3' 
 Antisense 5'- ATG TGC ATC TTG AGG GCA CCC-3'
MMP-2
 Sense 5'-CAG GCT CTT CTC CTT TCG CAA C-3'
 Antisense 5'-AAG CCA CGG CTT GGT TTT CCT C-3'
MMP-9
 Sense 5'-TGG GCT ACG TGA CCT ATG ACC AT-3'
 Antisense 5'-GCC CAG CCC ACC TCC ACT CCT C-3'
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Santa Cruz, CA). The membranes were developed using 
chemiluminescence according to the enhanced chemilumines-
cence western blotting detection reagent (Pierce).

Statistical analysis. All data are presented as the means ± SD. 
Statistical analysis (Student's t-test) was performed using 
GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, CA). 
Densitometry was performed using L process V2.01 and Muti 
Gauge V2.02 (Fuji Film, Stenford, USA). A value of *p<0.05 
was considered to indicate a statistically significant difference. 

All the results presented in the figures shown in this study were 
obtained from at least three independent experiments.

Results

RKIP expression levels differ in human PC cell lines. The 
levels of baseline RKIP were investigated inthe PC cell lines, 
MIA PaCa-2, PANC-1, AsPC-1 and BxPC-3. As shown in 
Fig. 1, the order of the basal levels of RKIP between the cell 
lines was: MIA PaCa-2 > PANC-1 > BxPC-3 > AsPC-1. To 

Figure 1. Baseline RKIP levels in pancreatic cancer cell lines and cell viability. (A) The cells for protein harvest were seeded at a density of 0.4x106 cells/well 
in a 6-well plate, respectively. The cells were lysed and then cellular proteins were separated by SDS-ployacrylamide gels and transferred onto nitrocellulose 
membranes. The membranes were probed with total RKIP, and β-actin antibodies, respectively. Proteins were visualized using an ECL detection system. 
β-actin was used as the internal control for protein loading. (B) Effects of EGCG on cell viability in AsPC-1 for 24 h. Cells were seeded in 12-well plates with 
0.1x106 cells/well. The cells were then treated with or without 1 µM TSA and 0, 5, 10, 15 µM EGCG in 1% FBS-DMEM, respectively. The cell viability was 
measured by the metabolic-dye-based MTT assay. Results are expressed as the means ± SE of three independent experiments. Significance was determined 
by Student's t-test using GraphPhad Prism 5. Densitometry was performed using L process V2.01 and Muti Gauge V2.02. *p<0.05 vs. untreated control cells; 
NS, not significant. 

Table III. List of antibodies used in this study.

Antibody Dilution Species origin Company

MMP-2 1:500 Rabbit polyclonal Santa Cruz Biotechnology
MMP-9 1:500 Rabbit polyclonal Santa Cruz Biotechnology
ERK 1:1000  Rabbit polyclonal Cell signaling
pERK 1:1000 Rabbit polyclonal Cell signaling
NF-κB 1:1000  Rabbit polyclonal Santa Cruz Biotechnology
IκB 1:1000 Rabbit polyclonal Santa Cruz Biotechnology
p65 1:500 Mouse polyclonal Santa Cruz Biotechnology
p50 1:500 Rabbit polyclonal Santa Cruz Biotechnology
Snail 1:500 Rabbit polyclonal Abcam
E-cadherin 1:500 Mouse monoclonal Santa Cruz Biotechnology
Lamin B 1:1000 Rabbit polyclonal Santa Cruz Biotechnology
Actin 1:1000  Mouse monoclonal Sigma
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investigate whether RKIP expression was induced by EGCG 
treatment, we selected the AsPC-1 cell line, which had the 
lowest RKIP level of all the human PC cell lines. For further 
investigation, we examined the effect of EGCG on the viability 
of AsPC-1 cells by MTT assay. There was no toxicity up to 
10 µM EGCG (usual EGCG treatment, 15 µM). The dose of 
10 µM EGCG with/without TSA was used for the following 
experiment.

RKIP expression in AsPC-1 cells is upregulated by EGCG 
treatment. As shown in Fig. 2, treatment with 10 µM EGCG, a 
major polyphenol in green tea, for 24 h induced RKIP expres-
sion in the AsPC-1 cells compared to the control cells. In order 
to confirm whether RKIP regulation in PC is due, in part, to 
histone modifications we performed the same experiments 
while causing RKIP induction with TSA, a known HDAC 
inhibitor. TSA induced RKIP expression and the effects were 
synergistic to those of EGCG. Histone H3 expression was 
significantly increased in the cells in which RKIP expression 
was induced compared to the control cells. Therefore, RKIP 
induction in AsPC-1 cells treated with EGCG is due, in part, 
to HDAC modifications.

EGCG inhibits translocation of NF-κB into the nucleus in 
AsPC-1 cells. The NF-κB signaling pathway is considerably 
involved in cancer cell metastasis and invasion. To investigate 
whether EGCG inhibits NF-κB translocation in AsPC-1 cells, 
cytosolic and nuclear fractions were isolated in AsPC-1 cells. 
As shown in Fig. 3A and B, treatment with EGCG decreased 
the levels of p65 and p50 proteins in the nuclear fractions and 
elevated the levels of NF-κB and IκB in the cytosolic frac-

tions. These results indicte that the metastasis and invasion of 
cancer cells are inhibited by the regulation of NF-κB nuclear 
translocation. Therefore, we suggest that EGCG exerts anti-
metastatic and anti-invasion activities through the inhibition 
of NF-κB nuclear translocation by the induction of RKIP and 
the inhibition of HDAC.

EGCG inhibits MMP activity and invasion in AsPC-1 cells. To 
investigate whether EGCG suppresses the activity of MMP-2 
and -9, gelatin zymography was performed on the AsPC-1 
cells treated with EGCG. The activities of MMP-2 and -9 
were decreased in the EGCG-treated cells compared to the 
control cells (Fig. 4A). EGCG had a greater inhibitory effect 
on MMP-9 activity than on MMP-2 activity. MMP activity 
is considered to be critically involved in cancer cell invasion. 
We then assessed the effects of EGCG on the invasiveness 
of AsPC-1 cells using Matrigel chamber invasion assay. The 
results of the Matrigel invasion assay (Fig. 4B) showed that 
the invasive capability of the AsPC-1 cells treated with EGCG 
was decreased compared to that of the control cells. These 
results indicate that EGCG inhibits the metastasis and inva-
sion of human PC cells through HDAC modulation and the 
repression of MMP activity.

EGCG regulates expression levels of metastasis-related genes 
in AsPC-1 cells. To elucidate the mechanism by which EGCG 
inhibits metastasis and invasion, we examined the levels of 
metastasis-related genes, such as MMP-2 and -9, Snail and 
E-cadherin, using RT-PCR and western blot analysis. As 
shown in Fig. 5A and B, mRNA and protein levels of MMP-2 
and -9, pERK and Snail were significantly downregulated 

Figure 2. Total RKIP expressions levels in AsPC-1 cells following EGCG treatment with/without TSA. Optimal seeding of AsPC-1 cells for protein harvest 
was 0.4x106 cells/well incubated in 10% FBS-DMEM overnight. The cells were then treated with 10 µM EGCG with or without 1 µM TSA in 1% FBS-DMEM 
for 24 h. The cells were lysed and then cellular proteins were analyzed by western blot analysis. The membranes were probed with total RKIP and histone H3 
antibodies. Proteins were visualized using an ECL detection system. β-actin was used as the internal control for protein loading. Results are expressed as the 
means ± SE of three independent experiments. Significance was determined by the Student's t-test using GraphPhad Prism 5 software. Densitometry analysis 
was performed using L process V2.01 and Muti Gauge V2.02. *p<0.05 vs. untreated control cells.



KIM  and  KIM:  RKIP INDUCTION AND INVASION INHIBITION IN AsPC-1 CELLS354

Figure 3. EGCG suppresses NF-κB activity. AsPC-1 cells were incubated with the indicated concentration of EGCG for 24 h. (A and B) Cytosol and nuclear 
proteins were subjected to 10% SDS-PAGE and transferred onto nitrocellulose membranes. Protein levels were analyzed by western blot analysis using a specific 
antibody and then normalized to β-actin for cytosol protein fraction and lamin-B for nuclear protein fraction. Results are expressed as the means ± SE of three 
independent experiments. Significance was determined by the Student's t-test using GraphPhad Prism 5 software. Densitometry analysis was performed using 
L process V2.01 and Muti Gauge V2.02. *p<0.05 vs. untreated control cells.

Figure 4. EGCG reduces the activity of MMP-2 and -9 and decreases cell 
invasion. (A) AsPc-1 cells were treated with the indicated concentration of 
EGCG for 24 h. Conditional medium was collected after 24 h, followed 
by gelatin zymography. (B) Cells pre-treated with EGCG for 24 h were 
plated onto the apical side of Matrigel-coated filters in serum-free medium 
containing either the vehicle or EGCG. Medium containing 20% FBS was 
placed in the basolateral chamber to act as a chemoattractant. After 24 h, 
cells on the apical side were wiped off using a Q-tip. Next, cells on the bottom 
of the filter were stained using hematoxylin and eosin, and then counted. 
Results are expressed as the means ± SE of three independent experiments. 
Significance was determined by the Student's t-test using GraphPhad Prism 5 
software. Densitometry analysis was performed using L process V2.01 and 
Muti Gauge V2.02. *p<0.05 versus untreated control cells.
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in the EGCG-treated AsPC-1 cells compared to those of the 
control cells. The level of E-cadherin, a Snail nuclear translo-
cation inhibitor, was markedly increased by EGCG treatment. 

As RKIP regulates the activation of NF-κB via the MEK/ERK 
signaling pathway (44), we investigated whether treatment 
with EGCG inhibits the phosphorylation of ERK. As shown 

Figure 5. Effects of EGCG on the expression of invasive metastastic param-
eters in AsPC-1 cells. (A) Following treatment with EGCG for 24 h, total 
RNA was isolated and RT-PCR analyses were performed as described in 
Materials and methods. GAPDH was used as the house-keeping control gene. 
(B) Equal amounts of cell lysate were resolved by SDS-PAGE and transferred 
onto nitrocellulose membranes. Western blot analysis was then performed 
using the indicated antibodies and the ECL detection system. β-actin was 
used as the internal control for protein loading. (C) Effects of ERK inhibitor 
on the levels of RKIP expression in AsPC-1 cells. Cells were treated with 
the indicated concentrations of EGCG for 24 h. The cells were treated with 
U0126 (10 µM), an ERK inhibitor, 1 h prior to EGCG treatment. After incu-
bation with EGCG and/or U0126 equal amounts of cell lysate were resolved 
by SDS-PAGE, transferred onto nitrocellulose membranes, and probed with 
the indicated antibodies. β-actin was used as the internal control for loading 
control. Results are expressed as the means ± SE of three independent experi-
ments. Significance was determined by the Student's t-test using GraphPhad 
Prism 5 software. Densitometry analysis was performed using L process 
V2.01 and Muti Gauge V2.02. *p<0.05 vs. untreated control cells. 
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in Fig. 5C, the treatment of cells with EGCG suppressed the 
phosphorylation of ERK compared to the control cells and 
increased RKIP expression. These results prove that the induc-
tion of RKIP expression by EGCG inhibits the phosphorylation 
of ERK and NF-κB activation and decreases Snail expression. 
Therefore, EGCG as a HDAC inhibitor, can prevent the inva-
sive metastasis of human PC cells.

Discussion

PC is the most severe gastrointestinal malignancy due to its 
propensity for local invasion and early metastasis (45,46). 
Modulation of histone deacetylation by a HDAC inhibitor has 
been associated with transcriptional repression, an important 
epigenetic event that plays a critical role in inflammation (47). 
Inhibitors of HDACs, such as TSA, have been shown to display 
anti-cancer activities by inducing the expression of otherwise 
silenced genes (28). In this study, our objective was to treat PC 
cells with EGCG and investigate its effects on RKIP levels 
within the cells and determine whether an association exists 
between RKIP levels and cell metastasis.

RKIP was initially identified as a PEBP in the bovine 
brain. It was later identified as a protein that inhibits the Raf 
kinase activation of MEK (47). RKIP has a multi-functional 
role, exerting an inhibitory effect on pathways involved in cell 
proliferation, survival and metastasis (47-49). Beach et al, as 
well as others have reported that the expression levels of RKIP 
proteins progressively decrease in breast and prostate cancer cell 
lines of increasing metastatic potential (48,50). A decrease in 
RKIP expression can promote invasion in other types of cancer 
and the induction of RKIP expression with HDAC inhibitors 
exerts anti-cancer effects in the majority of cancer cells by 
suppressing the activity of metastasis-related genes (26,49). In 
this study, treatment with EGCG caused the induction of RKIP 
expression in PC cells. Our results confirmed that the regula-
tion of RKIP expression in PC cells was due, in part, to histone 
modifications following treatment with HDAC inhibitors, such 
as TSA. EGCG suppressed the invasive and metastatic abilities 
of the PC cells. These effects correlated with RKIP expression. 
In accordance with our results, Fujimori et al also reported 
that the loss of RKIP expression was associated with tumor 
progression and poor survival. Negative RKIP expression 
combined with positive p-ERK expression is an independent 
predictor of poor outcomes in patients with gastric cancer (51). 
Evidence has emerged that RKIP can function as a suppressor 
of cancer metastasis.

EGCG, a green tea-derived polyphenol, has been reported 
to exert an inhibitory effect on NF-κB activity in various human 
malignancies (13-16). However, the mechanisms behind the 
EGCG regulation of NF-κB-dependent activation in PC cells 
remain unclear (whether EGCG acts by regulating the stability 
or inhibiting the activity of invasive metastatic proteins). In 
this study, to determine whether RKIP is repressed by HDAC 
in PC cells, we investigated the effects of EGCG on RKIP 
expression levels in AsPC-1 cells. EGCG treatment led to the 
induction of RKIP expression within 24 h and inhibited NF-κB 
nuclear translocation by suppressing ERK phosphorylation 
in the cells. The same experiments performed using TSA in 
the cells showed similar results at 1 µM TSA concentration. 
These results confirm that EGCG acts as a HDAC inhibitor to 

suppress pro-inflammatory events, such as NF-κB activation. 
Tang et al and Yeung et al reported that RKIP negatively regu-
lates the Raf/MEK/ERK and NF-κB pathways (5,6). Li et al 
reported that EGCG, in combination with the HDAC inhibitor, 
TSA, led to the synergistic epigenetic reactivation of estrogen 
receptor-α (ERα) in ERα-negative breast cancer cells (16). 

MMPs are considered important proteolytic enzymes 
during organ development and tissue regeneration. However, 
they also play important roles in cancer invasion and metas-
tasis. In particular, MMP-2 and -9 play important roles in tumor 
invasion and angiogenesis; therefore, tumor metastasis may 
be inhibited by blocking MMP synthesis and activity (32,33). 
Hazgui et al (52) reported that the anti-metastatic activity of 
a polyphenolic constituent of green tea, EGCG, was asso-
ciated with a reduction in MMP-2 activity. In a study by 
Shankar et al (53), it was reported that EGCG-treated mice 
with PC had a significantly reduced ERK activity, invasion, 
metastasis and angiogenesis. Takada et al (54) demonstrated 
that indole-3-carbinol, a phytochemical agent, inhibited the 
cell proliferation and invasion of leukemic cells by inhibiting 
MMP-9 activity. Additionally, Jin et al (55) reported that Snail 
plays a critical role in tumor growth and metastasis of ovarian 
carcinoma through the regulation of MMP activity. These 
results may explain why the expression of MMP-2 and -9 
is elevated in parametrial invasion. Our results indicated a 
marked inhibition of MMP-2 and -9 mRNA, protein levels and 
activities following treatment with EGCG with/without TSA. 
Snail and E-cadherin expression has also been related to cancer 
metastasis and MMP activity. In accordance with our results, 
Miyoshi et al suggested that Snail, a zinc-finger transcription 
factor, represses E-cadherin expression and induces MMP 
expression, which causes vascular invasion and intrahepatic 
metastasis in primary hepatocellular carcinoma tumors (56). 
Batlle et al reported that Snail regulates other genes required 
for the scattering process, in conjunction with E-cadherin 
downregulation (38).

Collectively, these data demonstrate that the green tea-
derived polyphenol, EGCG, regulates RKIP expression by 
modulating histone deacetylation. The results from the present 
study demonstrate that EGCG treatment leads to the inactiva-
tion of NF-κB and downstream target genes, such as Snail, as 
well as to the inactivation of MMPs, resulting in the inhibition 
of the invasive metastatic ability of PC cells. Therefore, we 
suggest that EGCG can potentially be a used as a therapeutic 
agent for PC. Further studies are required in order to gain a 
deeper understanding of the efficacy of EGCG in PC preven-
tion. Future studies should focus on elucidating the molecular 
mechanisms involved by using in vivo methods with proper 
animal models of PC.
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