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Abstract
Tristetraprolin (TTP) is an mRNA-binding protein that can induce mRNA degradation. It controls cell growth 

and factors related to tumor development by binding AU-rich elements located in the 3′ untranslated region (UTR) 
of mRNA, leading to rapid mRNA decay. Resveratrol, which is a natural flavonoid polyphenolic compound, has 
been shown to exert biological activities on various human cancers. However, there are no studies assessing 
its effects with TTP regulation on human gastric cancer. The present novel study demonstrated that the tumor 
suppressing effects of resveratrol were mediated via the induction of TTP expression in gastric cancer. We found 
that resveratrol induced TTP mRNA and protein expression in the gastric cancer cell lines SNU484 and SNU638. 
Treatment with resveratrol enhanced the decaying activity of TTP on luciferase mRNA containing cIAP2, LATS2, 
Lin28, and E2F1 in their 3′ UTR. We also confirmed that TTP was upregulated. Target genes of TTP (E2F1, LATS2, 
and Lin28) were downregulated by resveratrol treatment in SNU484 cells as observed in a microarray experiment. 
Furthermore, we observed that resveratrol affects cell proliferation, metastasis, and tumor formation in SNU484 
and SNU638 cells. Overall, the results of the present study suggest that resveratrol induced the mRNA and protein 
levels of TTP by regulating the decay of cIAP2, LATS2, Lin28, and E2F1 mRNA. It can thus be concluded that 
resveratrol can be utilized as a potential therapeutic anticancer agent for treating human gastric cancer.

Keywords: Tristetraprolin; Resveratrol; Gastric cancer; Proliferation; 
Metastasis

Introduction
Gastric cancer is one of the most fatal cancers and is the second 

leading cause of cancer-related deaths worldwide [1-4]. The highest 
incidence of and mortality rates due to gastric cancer are found in 
eastern and western Asian countries including South Korea. Moreover, 
the incidence of gastric cancer in South Korea has been observed to 
be 60-64% higher than in Asian countries with the highest incidence 
[4,5]. Since the mid-20th century in Asian countries, gastric cancer 
incidence and mortality rates have been steadily decreasing because 
of the declining prevalence of Helicobacter pylori infection; however, 
the corresponding rates have been increasing in the United States of 
America and many Western countries due to increasing prevalence of 
obesity [4,5]. Hence, developing a new classification system for gastric 
cancer and understanding the molecular pathogenesis of gastric cancer 
are required for to develop effective therapeutic approaches. In this way, 
a promising new method could be established that may help further 
reduce gastric cancer incidence and mortality rates. Therefore, it is 
urgent to identify novel therapeutic targets and preventive treatments 
to control the high mortality rates due to gastric cancer.

Recent studies have investigated a mechanism for the regulation of 
oncogenes at the post-transcriptional level through the tristetraprolin 
(TTP) family of CCCH tandem zinc finger protein (ZFP) [6-8]. The 
TTP family of proteins consists of three well-characterized members 
in mammals (ZFP36 or TTP, ZFP36L1 or TIS11B, and ZFP36L2 
or TIS11D) and a fourth member in mice or rats but not in humans 
(ZFP36L3) [9-12]. TTP is an AU-rich element (ARE)-binding protein 
that mediates the decay of ARE-containing mRNAs such as those 
encoding inflammatory cytokines and proto-oncogenes [11,13-
15]. In previous studies, TTP negatively regulated the expression 
of cIAP2, LATS2, Lin28, E2F1, and other target genes [16-20]. This 
observation demonstrates a possible role for TTP in tumor growth and 
development. Further, mRNAs encoding TNF-α and GM-CSF have 

been stabilized in TTP knockout mice and in cells derived from them 
[21]. Moreover, the upregulation of TTP has been observed to cause 
significant decrease in TTP target gene expression and inflammatory 
responses in several cancer and immune cells [22-24]. These results 
supported the hypothesis that TTP is a potent tumor suppressor and 
an anti-inflammatory protein.

The possibility of natural agents inhibiting tumorigenesis has 
attracted the widespread attention in cancer prevention and treatment. 
The natural agent resveratrol (trans-3,4′,5-trihydroxystibene) has 
been detected in more than 70 plant species, including grapes, berries, 
plums, peanuts, pines, and other plants [25,26]. It has been reported 
to possess antioxidant, anticancer, antiplatelet aggregation, and anti-
inflammatory properties [26,27]. There are several recent reports that 
have shown the ability of resveratrol to suppress cancer cell growth either 
alone or in combination with various anticancer drugs/ phytochemicals 
as well as to suppress growth factor-related cancer development [28-
33]. These results showed that resveratrol regulates cell proliferation, 
invasion, and metastasis of cancer cells by controlling several signaling 
pathways. In addition, resveratrol reduces the expression of multiple 
cytokines in breast cancer cell lines and promotes TTP expression at the 
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mRNA and protein levels in a dose- and time-dependent manner [34]. 
Resveratrol has been also been reported to increase TTP expression in 
U87MG human glioma cells with destabilized urokinase plasminogen 
activator and urokinase plasminogen activator receptor mRNAs by 
binding to their regions containing the 3′ UTR of their mRNAs [35]. 
In addition, our recent study demonstrated that resveratrol inhibits 
the proliferation and metastasis of colorectal cancer cells by activating 
TTP (unpublished data). Although the activity of resveratrol in some 
biological events has been reported [34], its critical molecular targets 
and its mechanism of action on cancer development are still unclear. 
Therefore, the present study aimed to investigate the mechanisms 
of action of resveratrol that affected the growth and development of 
gastric cancer cells. We demonstrated that resveratrol increases the 
ARE-containing mRNA decaying activity of TTP and that resveratrol 
has antiproliferative and anti-invasive effects, indicating suppression of 
tumor growth and development.

Materials and Methods
Cell lines and reagents

The gastric cancer cell lines SNU484 and SNU638 were purchased 
from Korean Cell Line Bank (Seoul, Korea). Cells were cultured in 
RPMI-1640 medium containing 10% heat-inactivated fetal bovine 
serum (FBS) and 1% penicillin/streptomycin (P/S) (Capricorn 
Scientific, Germany) and were incubated in a humidified atmosphere 
containing 5% CO2 at 37°C. Resveratrol was procured from Sigma-
Aldrich (34092, Sigma-Aldrich, Inc) and was dissolved in dimethyl 
sulfoxide (DMSO) (D2650, Sigma-Aldrich, Inc). Resveratrol treatment 
was given for 24 h to gastric cancer cells through a medium that 
contained 2% FBS.

Plasmid construction and luciferase assay

The pGL3/TTPp-1411 promoter [16] and several target genes of 
TTP in the psiCHECK2 luciferase reporter vector [psiCHECK2/3′ 
UTR region of cIAP2 [17], E2F1 [20], LATS2 [19], and Lin28 
[18]] have been already explained in our earlier studies. Cells were 
transfected with various kinds of plasmid DNA using jetPRIME in vitro 
transfection reagent (Polyplus Transfection, NY, USA). For luciferase 
assays, SNU484 and SNU638 cells were transfected with various 
plasmid DNAs and, after a day, were treated with resveratrol for 24 h. 
Transfected cells were lysed with lysis buffer (Promega, WI, USA) and 
mixed with luciferase assay reagent, and the chemiluminescent signal 
was measured using a Wallac Victor 1420 multilabel counter. Firefly 
luciferase was normalized to renilla luciferase in each sample. All 
luciferase assays reported here represented at least three independent 
experiments, each consisting of three wells per transfection.

Cell lysis and western blotting

Proteins were extracted from SNU484 and SNU638 cells using cell 
lysis buffer [150 mM sodium chloride, 50 mM Tris HCl (pH 7.5), 1.5% 
sodium deoxycholate, 2 mM EDTA, 1% (v/v) Triton-X 100, 0.1% (w/v) 
SDS] and protease inhibitor cocktail (Roche, Mannheim, Germany). 
Protein concentrations were determined using BCA protein assay 
(Thermo Scientific, IL, USA). Proteins were separated by SDS-PAGE 
and transferred onto nitrocellulose blotting membranes (GE Healthcare 
Life Sciences, IL, USA). They were probed with human TTP antibody 
(T5327, Sigma-Aldrich, Inc), β-actin (A2228, Sigma-Aldrich, Inc), and 
GAPDH (AbC-1001, AbClon, Korea). Immunoreactive bands were 
detected using the ECL detection system (Advansta, California, USA). 
Films were exposed at various points to avoid image saturation.

Reverse transcription and quantitative real-time PCR

Total RNA was isolated using RNAiso reagent (Takara, Japan) 
and was reverse transcribed to cDNA using PrimeScript RT 
Master Mix (Takara, Japan) following the manufacturer's protocol. 
cDNA was used PCR using SYBR Premix Ex Taq (Takara, Japan) 
and the CFX96 Optics Module (Bio-Rad, CA, USA). PCR primer 
pairs were as follows: TTP; 5’-CGCTACAAGACTGAGCTAT, 
GAGGTAGAACTTGTGACAGA-3’ and 
β-actin; 5’-CCCTGGAGAAGAGCTACGAG, 
AGGTAGTTTCGTGGATGCCA-3’. The specificity of primer pairs was 
confirmed by melting curve analysis and agarose gel electrophoresis. 
TTP expression was normalized by β-actin.

RNA isolation

Total RNA of samples was extracted using a mirVana TM miRNA 
isolation labeling kit (Thermo Fisher Scientific, TX, USA). Total 
RNA was quantified using a Nanodrop ND-1000 spectrophotometer 
(BioTeck, Winnoski, VT, USA).

Microarray experiment and data analysis

The microarray experiment was performed according to the 
manufacturer’s protocols (Illumina Inc, CA, USA). Briefly, total RNA 
was labeled and hybridized with cyanin-3-streptavidin (GE Healthcare, 
NJ, USA), and bead chips were scanned with the Illumina BeadArray 
Reader (Illumina, CA, USA). Data were extracted using Genome Studio 
(Illumina, CA, USA) and normalized using quantile normalization. 
The expression of each gene was transformed into a log 2 base. For 
obtaining the heat map of gene expression, Cluster and TreeView 
programs were used.

Cell proliferation assay

For cell proliferation assays, cells were seeded at 1 × 104 cells/well 
in triplicate in 96-well culture plates with RPMI-1640 medium (10% 
FBS and 1% P/S). Cells were incubated with different concentrations of 
resveratrol (10, 20, 50, or 100 μM) for time-dependent analysis. Then, 
cells were incubated with MTT (5 mg/mL) (Sigma Aldrich Korea) for 
90 min at 37°C. After incubation for 90 min, the medium and MTT 
solution were removed and the formazan product was dissolved in 
DMSO (D2650, Sigma-Aldrich, Inc). The absorbance of each well 
at 490 nm (OD490) was measured by a VICTOR3 Multilabel Reader 
(Perkin Elmer, MA, USA) to calculate cell counts after 12 h, 24 h, 36 
h, and 48 h of culture. This assay was replicated in three independent 
experiments with four duplicated wells.

Migration and invasion assays

The in vitro invasion assays of SNU484 and SNU638 were 
investigated using Boyden chambers (NeuroProbe, USA) precoated 
with Matrigel (BD Biosciences, USA) and Transwell inserts with 
collagen (C7661, Sigma-Aldrich, Inc) precoated on a membrane used 
for migration assay. Cells were incubated for 1 h at 37°C. Bottom wells 
were filled with 28 μl of RPMI-1640 medium with 2% serum medium. A 
total of 1 × 105 cells per well were seeded onto the upper compartment 
and incubated for 24 h at 37°C and 5% CO2. After incubation for 24 h, 
cells attached to the upper surface of the filter were removed using a 
cotton swab and those attached to the lower surface of the filter were 
stained using Diff-Quik (Sysmex Co., Japan) and then counted (five 
fields/well). The invasion percentage showed cells passing through the 
membrane coated with Matrigel. The average number of stained cells 
was counted from five different fields of each well at 100 × magnification 
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Results
Resveratrol induced TTP expression in gastric cancer cells

TTP expression has been shown to decrease in various cancers. 
Resveratrol has also been found to have anticancer effects in various 
cancers. Therefore, we hypothesized that resveratrol has antitumor 
effects via TTP mediation. To investigate whether TTP is a mediator 
or functions independently of the effect of resveratrol on gastric 
cancer cells, we treated SNU484 and SNU638 cells with different 
concentrations of resveratrol (0, 20, and 50 μM) for 24 h and examined 
the mRNA and protein levels of TTP. As shown in Figure 1A, resveratrol 
significantly increased the mRNA and protein expression levels of TTP 
in a dose dependent manner in SNU484 and SNU638 cells (Figure 1A). 
We determined that the TTP expression was induced by resveratrol in 
a dose-dependent manner in gastric cancer cells. To further examine 
whether resveratrol controls the TTP expression, SNU484 and 
SNU638 cells were transfected with scRNA or TTP siRNA (100 nM). 
TTP silencing significantly decreased the relative expression of TTP 
mRNA levels in SNU484 and SNU638 cells (Figure 1B). To investigate 
whether resveratrol can rescue the TTP siRNA-induced reduction 
in TTP mRNA expression, we combined siRNA and resveratrol 
treatment in SNU484 and SNU638 cells. We further observed that TTP 

using an Axiovert 40 CFL inverted fluorescence microscope (Carl Zeiss 
Microscopy, NY, USA). Both assays were repeated three times.

Colony formation assay

SNU484 and SNU638 cells were seeded in a 12 well-plate at 2 
× 103 or 1 × 104 cells confluence and were incubated for 24 h. Cells 
were treated with resveratrol in a dose-dependent manner (5, 10, and 
20 µM). Cells were incubated for 10 days. Fresh medium containing 
resveratrol was added on the third day. On the 10th day, the medium 
was removed from dishes and washed with PBS. Colonies were fixed 
and stained with methanol (25% v/v) containing crystal violet (0.05% 
w/v) for 30 min. This was followed by the removal of the time residual 
staining solution, and the plates were then washed with water. The 
dishes were dried at room temperature, and colonies were counted 
under a light microscope and were photographed.

Statistics

GraphPad Prism 5.0 (Graph Pad Software, CA, USA) was utilized 
for statistical analyses. Data are presented as mean ± standard deviation. 
For statistical comparisons, P-values were determined using Student’s 
t-test.

Figure 1: Resveratrol induces TTP expression in gastric cancer cells. (A) Resveratrol increased the relative mRNA and protein expression of TTP in a dose-
dependent manner in SNU484 and SNU638 cells. SNU484 and SNU638 cells were treated with 10 μM, 20 μM, and 50 μM of resveratrol in RPMI-1640 containing 
2% FBS for 24 h. TTP expression was measured using quantitative real-time PCR and western blotting. β-actin was used as a loading control in real-time PCR 
and western blotting. Each bar represents the mean ± SD of three independent experiments (*P<0.05; **P<0.01). (B) Resveratrol restored TTP expression in 
gastric cancer cells with reduced TTP expression using TTP siRNA. SNU484 and SNU638 cells were transfected with scRNA or TTP siRNA (100 nM). After 24 h, 
DMSO or RSV (20 μM) was added to SNU484 and SNU638 cells, and RNA was extracted 24 h later. β-actin was used as a loading control in quantitative real-time 
PCR. Each bar represents the mean ± SD of three independent experiments (*P<0.05; **P<0.01; ***P<0.001).
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mRNA expression was significantly restored by resveratrol treatment 
in SNU484 and SNU638 cells (Figure 1B). These data indicate that 
resveratrol significantly increases the reduced expression induced by 
TTP siRNA and augmented the expression levels of TTP in gastric 
cancer cells.

Resveratrol induced TTP to regulate the downstream target 
gene of TTP

We next investigated whether TTP promoter activity increased by 
resveratrol treatment in the reporter assay. SNU484 and SNU638 cells 
were transfected with the pGL3/hTTPp-1411 construct and were then 
treated with resveratrol. When SNU484 and SNU638 cells were treated 
with resveratrol for 24 h, TTP promoter activity significantly increased 
(Figure 2A). As our previous studies showed that TTP reduced the 
expression of cIAP2, E2F1, LATS2, and Lin28 mRNA and inhibited 
the growth of various cancer cells, we further examined whether TTP 
regulates the stabilities of target genes (cIAP2, E2F1, LATS2, and Lin28) 
in gastric cancer cells. Luciferase reporter constructs containing the 3′ 
UTR of cIAP2, E2F1, LATS2, and Lin28 mRNA (psiCHECK2/cIAP2, 
psiCHECK2/E2F1, psiCHECK2/LATS2, and psiCHECK2/Lin28) 
were transfected in SNU484 and SNU638 cells. The TTP target genes 
construct-transfected SNU484 and SNU638 cells were treated with 
resveratrol, and their luciferase activity was measured after 24 h. As 
shown in Figure 2B, the luciferase activities of TTP target genes (cIAP2, 
E2F1, LATS2, and Lin28) were significantly suppressed by resveratrol 
treatment in SNU484 and SNU638 cells. Resveratrol enhanced the TTP 

inhibitory activities of the target genes by inducing the expression of 
TTP in SNU484 and SNU638 cells. Therefore, our results suggested 
that resveratrol modulates TTP expression and promotes mRNA 
degradation of the target genes.

TTP was upregulated by resveratrol in the microarray 
experiment

To further investigate the effects of resveratrol on gastric cancer 
cells, we used the microarray experiment using the Illumina Bead Array 
Reader. We observed that multiple genes were regulated by resveratrol 
treatment in SNU484 cells (Figure 3). Specifically, oncogenes (TNF, 
E2F1, LATS1, and LIN28) and proliferation- (CTNNB1, MYC, 
CCND1, and KRAS), angiogenesis- (VEGFA, VEGFB, and VEGFC), 
and metastasis- (FOXM1, PTGS1, PTGS1, and TWIST1) related 
genes were downregulated by resveratrol treatment in SNU484 
cells. Importantly, TTP gene expression significantly increased with 
resveratrol treatment in SNU484 cells. This result was consistent with 
our data shown in Figure 1 showing that mRNA and protein levels 
of TTP increased after resveratrol treatment in gastric cancer cells. 
Although the luciferase activities of the TTP target genes (cIAP2, E2F1, 
LATS2, and Lin28) significantly decreased by resveratrol treatment in 
SNU484 and SNU638 cells, the microarray experiment revealed that 
the luciferase activities of the TTP target genes slightly decreased by 
resveratrol treatment (Figure 3). Therefore, these results suggested that 
resveratrol induces the upregulation of TTP and their target genes in 
gastric cancer cells.

Figure 2: Resveratrol induces TTP promoter activities in SNU484 and SNU638 cells. (A) SNU484 and SNU638 cells were transfected with pGL3/TTPp-1411 
containing the TTP promotor (−1343 to +68) for 24 h and were then treated with resveratrol in a dose-dependent manner for 24 h. After treatment with RSV for 
24 h, luciferase activity was measured. Expression levels obtained from pGL3-basic- (empty vector) transfected cells without resveratrol treatment were set to 1. 
Each bar represents the mean ± SD of three independent experiments. (B) Resveratrol induced the mRNA decaying activity of TTP. SNU484 and SNU638 cells 
were transfected with psiCHECK2-cIAP2, LATS2, Lin28 and E2F1 3′ UTR. At 24 h post transfection, cells were treated with resveratrol at a concentration of 20 
μM for 24 h, and luciferase activity was measured. Renilla luciferase activity was normalized to firefly activity. Luciferase activity obtained from psiCHECK2-cIAP2, 
LATS2, Lin28, MDM2 and E2F1 3′ UTR-transfected and DMSO-treated cells was set to 1. Each bar represents the mean ± SD of three independent experiments 
(*P<0.05; **P<0.01; ***P<0.001).
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Resveratrol inhibited the proliferation of gastric cancer cells

Given the tumor-suppressive potential of resveratrol, we 
investigated the biological functions of resveratrol in regulating the 
growth of gastric cancer cells. As shown in Figure 4A, resveratrol 
significantly suppressed the proliferation of SNU484 and SNU638 cells 
in a time- and a dose-dependent manner at 48 h. In addition, the colony 
formation assay showed that colony formation by gastric cancer cells 
was significantly inhibited by the increase in resveratrol concentration 
(Figure 4B). To further test whether the resveratrol-mediated inhibition 
of cell proliferation correlated with TTP expression, SNU484 and 
SNU638 cells were transfected with scRNA or TTP siRNA (100 nM) 
and had undergone resveratrol treatment. As shown in Figure 4C, TTP 
siRNA, but not scRNA, decreased the inhibitory effects of resveratrol 
on the growth of SNU484 and SNU638 cells. Taken together, these 
results suggest that resveratrol inhibits gastric cancer cell growth 
mediated through TTP and that resveratrol induces the expression of 
TTP in gastric cancer cells.

Resveratrol inhibited invasiveness and migratory ability in 
gastric cancer cells

We further tested whether resveratrol regulates migration and 
metastasis in gastric cancer cells. To confirm cell invasion and 
migration, the invasiveness and migratory ability of SNU484 and 
SNU638 cells treated with resveratrol were measured by the invasion 
and migration assays, respectively. The invasion assay was performed 
using Boyden chambers precoated with Matrigel. As shown in Figure 
5A, resveratrol significantly suppressed the invasiveness of SNU484 
and SNU638 cells in a dose-dependent manner. In the migration assay, 
the migratory ability of SNU484 and SNU638 cells were significantly 
inhibited in a dose-dependent manner (Figure 5B). These results 
suggest that resveratrol inhibits the invasion and metastasis of gastric 
cancer cells.

Discussion
Gastric cancer is one of the most common cancers in Asian countries 

including South Korea. To date, the well-known therapeutic options 
available for gastric cancer include chemotherapy, radiotherapy, and 
surgical procedures; however, these are associated with side effects. 
Hence, discovering a secure and an effective anticancer treatment is 
currently drawing considerable attention. Over recent years, natural 
compounds with potential anticancer effects have been acknowledged 
for their possible role as chemopreventive agents. Resveratrol is 
a natural polyphenolic flavonoid compound produced by many 
commonly consumed plants including grapes, apples, raspberries, 
blueberries, plums, and peanuts [30,36]. It has multiple health-
promoting effects, mainly against oxidative stress, inflammation, 
and apoptosis. Furthermore, it decreases migration and invasion by 
regulating multiple mechanisms in gastric cancer cells [37-43]. Yang et 
al. have shown that resveratrol inhibited the growth of gastric cancer by 
inducing G1-phase arrest and senescence in a sirt1-dependent manner 
[41]. However, the mechanism of the antitumor effects of resveratrol 
on gastric cancer has not been clearly understood. Investigating the 
precise mechanism will help our understanding of the experimental 
and theoretical bases for the application of resveratrol in treating 
gastric cancer.

TTP is an ARE-binding protein that regulates the stability of 
mRNAs and involved in the post-transcriptional regulation of 
many proinflammatory cytokines and transcription factors [44]. 
TTP expression was suppressed in various cancers. TTP may act as 
a tumor suppressor by inhibiting its target oncogenes [45]. Further, 

TTP upregulation has been found to suppress the development 
of inflammation and many cancers [34,46]. Recent studies have 
demonstrated that TTP expression changed with resveratrol treatment 
in some cancers [34,35]. Using breast cancer cells, Li et al. have reported 
that resveratrol suppressed the growth of cancer cells by increasing TTP 
expression and changing the expression of the downstream effectors of 
TTP including VEGF, COX-2, and iNOS [34]. Ryu et al. have reported 
that resveratrol suppressed cell growth and induced apoptosis by 
increasing TTP expression in human glioma cells [35]. Moreover, our 
recent study showed that TTP upregulation by resveratrol treatment 
suppressed the proliferation and metastasis of colorectal cancer cells 
(unpublished data). Therefore, it is valuable to examine whether 
resveratrol acts against cancers through the engagement of TTP. In the 
present study, we explored whether TTP is regulated by resveratrol in 
gastric cancer cells. We also investigated the molecular mechanisms 
behind TTP regulation that governed cell proliferation and migration/ 
invasion in gastric cancer cells. We found that resveratrol increased 
the expression of TTP in a dose-dependent manner in SNU484 and 
SNU638 cells (Figure 1A). The relative TTP mRNA levels showed a 
significant decrease by TTP silencing in SNU484 and SNU638 cells 
(Figure 1B). TTP mRNA expression was significantly restored by 
resveratrol treatment in SNU484 and SNU638 cells. In addition, 
siRNA-induced TTP inhibition attenuated the effects of resveratrol on 
cell growth. These results suggest that TTP is involved in the effect of 
resveratrol on the inhibition of gastric cancer cell growth and indicate 
that resveratrol significantly increased the reduced expression induced 
by TTP siRNA. Our observations are in agreement with those made 
in earlier studies wherein TTP expression was increased by resveratrol 
treatment in glioma and breast cancer cells (34, 35). These results 
suggest that resveratrol increases TTP expression in gastric cancer 
cells. We next investigated whether TTP promoter activity would 
be regulated by resveratrol treatment. TTP promoter activity was 
significantly increased by resveratrol treatment after 24 h in SNU484 
and SNU638 cells (Figure 2A). In previous studies, we found that TTP 
downregulated many oncogenes, such as cIAP2, E2F1, LATS2, Lin28, 
and VEGF, in various cancer cells [16,17,19,20]. Therefore, we further 
studied whether TTP controls the stabilities of target genes such as 

Figure 3: Hierarchical clustering analysis. The effects of resveratrol on 
oncogenes and proliferation-, angiogenesis-, and metastasis-related genes 
in the heat map of SNU484 cells. Data are shown in the matrix format, with 
rows revealing the individual gene and columns revealing each sample. 
Red and green indicate increased and decreased gene expression levels, 
respectively, as indicated in the scale bar (log2 transformed).
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cIAP2, E2F1, LATS2, and Lin28 in gastric cancer cells. The luciferase 
activities of cIAP2, E2F1, LATS2, and Lin28 significantly decreased by 
resveratrol treatment in SNU484 and SNU638 cells (Figure 2B). In the 
microarray experiment, TTP was upregulated and target genes (E2F1, 
LATS2, and Lin28) were downregulated by resveratrol treatment in 
gastric cancer cells (Figure 3). These findings are in agreement with 
those obtained in earlier studies that demonstrated a decline in the 
stability of E2F1 and Lin28 mRNAs by TTP overexpression [20,47] 
and TTP regulated the stability of cIAP2 and LATS2 mRNAs by 
binding to the 3′ UTR of cIAP2 mRNA or promoting let-7 biogenesis 
[19,48]. These results indicate that cIAP2, E2F1, LATS2, and Lin28 
are physiological targets of TTP and that TTP directly regulated cell 
death through the decay of cIAP2, E2F1, LATS2, and Lin28 mRNAs. 
Therefore, resveratrol enhances the TTP inhibitory activities of the 
target genes by inducing the expression of TTP in gastric cancer cells.

The present study also demonstrated that resveratrol significantly 
inhibited the viability of SNU484 and SNU638 cells in a time- and dose-
dependent manner (Figure 4A). Moreover, resveratrol suppressed 
colony formation by gastric cancer cells in a dose-dependent manner 
(Figure 4B). In addition, the inhibition of TTP by siRNA attenuated the 

effects of resveratrol on cell growth (Figure 4C). Moreover, resveratrol 
reduced the invasion and metastasis of gastric cancer cells (Figure 5). 
Hence, the expression of resveratrol-potentiated TTP induced cell 
death in gastric cancer cells. These results suggest that TTP mediates 
the inhibition of cell growth and metastasis effects of resveratrol on 
gastric cancer cells. TTP has been reported to be involved in numerous 
biological roles, including cell growth, differentiation, apoptosis, 
metastasis, and tumorigenesis, in various cancer cells [49-53]. In gastric 
cancer, TTP has been reported to suppress the progression of gastric 
cancer through IL-33 suppression [44]. Therefore, our results suggest 
that TTP directly regulated cell death through the decay of cIAP2, E2F1, 
LATS2, and Lin28 mRNAs in gastric cancer cells. However, further 
studies are required to characterize the precise mechanism mediating 
TTP expression by resveratrol on its target genes in gastric cancer cells.

Conclusion
In conclusion, our results provide strong evidence that resveratrol 

is an effective inhibitor of gastric cancer cell growth and metastasis 
by increasing TTP expression. The observed antiproliferative and 
antimetastatic effects of resveratrol may be due to inhibit cIAP2, E2F1, 

 

 
 

Figure 4: TTP mediates the anticancer effects of resveratrol on gastric cancer cells. (A) Resveratrol suppressed the tumor progression of gastric cancer cells. Cell 
viability of cancer cells decreased after resveratrol in the MTT assay. SNU484 and SNU638 cells treated with resveratrol in a dose-dependent manner were seeded 
at 1 × 104 cells per well in 96-well plates. Data represent the mean ± SD of three independent experiments (***P<0.001). (B) Clonogenic assay performed in SNU484 
and SNU638 cells treated with resveratrol in a dose-dependent manner for determining proliferation rates. SNU484 and SNU638 cells were seeded at 1 × 103 cells 
per well in 12-well plates. Next, resveratrol was added at the indicated concentration for 48 h and after that was replaced with fresh medium. Cells were stained 
with 0.05% crystal violet after incubation for 10 days. Data represent the mean ± SD of three independent experiments (*P<0.05; **P<0.01; ***P<0.001). (C) Cell 
proliferation rates were measured using the MTT assay. SNU484 and SNU638 cells were transfected with scRNA or TTP siRNA (100 nM). After 24 h, DMSO or RSV 
(20 μM) was added to SNU484 and SNU638 cells, and the MTT assay was performed 48 h later. Cell survival relative to that of the control (%) is expressed as the 
mean ± SD of three independent experiments (***P<0.001).
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Figure 5: Resveratrol inhibits invasion and migration in gastric cancer cells. (A) The in vitro invasive properties of SNU484 and SNU638 cells were studied using 
Boyden chambers precoated with Matrigel or collagen and incubated for 1 h at 37°C. Cells were seeded at 4 × 105 cells per well in 6 well-plates and were treated 
with RSV for 24 h. Next, cells were collected and reseeded at 5 × 104 cells per well in the chamber. Bottom wells were filled with 28 μl of medium containing 2% 
serum medium. After incubation for 24 h, cells attached the upper surface of the filter were removed using a cotton swab and those attached to the lower surface 
of the filter were stained using Diff-Quik and counted (five fields/well). Invading cells were visualized by staining membranes using Diff-Quick, and they were then 
counted (five fields/well). Graphical representation of the results seen in SNU484 and SNU638 cells (**P<0.01; ***P<0.001). (B) SNU484 and SNU638 cells were 
treated with resveratrol, and the decreased rate of invasive and migratory cells was determined. TTP potently suppressed invasion and migration by gastric cancer 
cells after treatment with resveratrol in a dose-dependent manner as seen in the Boyden chambers. Data represent the mean ± SD of three independent experiments 
(**P<0.01; ***P<0.001).

LATS2, and Lin28 mRNAs by binding to their 3′ UTRs) via TTP 
activation. These findings that TTP engages the anticancer effects of 
resveratrol consolidate our understanding of the mechanism through 
which resveratrol functions against cancers.
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