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Resveratrol Induces Glioma Cell Apoptosis
through Activation of Tristetraprolin

Jinhyun Ryu'’, Nal Ae Yoon', Hyemin Seong’, Joo Yeon Jeong', Seokmin Kang', Nammi Park® Jungil
Choi’, Dong Hoon Lee!, Gu Seob Roh', Hyun Joon Kim*, Gyeong Jae Cho*, Wan Sung Choi*, Jae-Yong

Park®, Jeong Woo Park®*,and Sang Soo Kang'*

Tristetraprolin (TTP) is an AU-rich elements (AREs)-
binding protein, which regulates the decay of AREs-
containing mRNAs such as proto-oncogenes, anti-
apoptotic genes and immune regulatory genes. Despite
the low expression of TTP in various human cancers, the
mechanism involving suppressed expression of TTP is not
fully understood. Here, we demonstrate that Resveratrol
(3,5,4"-trihydroxystilbene, Res), a naturally occurring com-
pound, induces glioma cell apoptosis through activation of
tristetraprolin (TTP). Res increased TTP expression in
U87MG human glioma cells. Res-induced TTP destabilized
the urokinase plasminogen activator and urokinase plas-
minogen activator receptor mRNAs by binding to the ARE
regions containing the 3' untranslated regions of their
mRNAs. Furthermore, TTP induced by Res suppressed
cell growth and induced apoptosis in the human glioma
cells. Because of its regulation of TTP expression, these
findings suggest that the bioactive dietary compound Res
can be used as a novel anti-cancer agent for the treatment
of human malignant gliomas.

INTRODUCTION

Malignant gliomas are the most common primary tumors aris-
ing within the brain (Nakada et al., 2007). Although surgery and
subsequent chemotherapy are the usual treatments for gliomas,
most malignant gliomas are strongly resistant to apoptosis in-
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duced by chemotherapeutic agents. Because several mecha-
nisms, including the blood-brain barrier (BBB), restrict and con-
trol the sufficient delivery of chemotherapeutic agents, the
prognosis of patients with malignant gliomas is very poor (Stupp
et al., 2007; Villano et al., 2009). To treat malignant gliomas
using chemotherapy, it is therefore necessary to use agents
that readily pass through the BBB.

Resveratrol (3,5,4'-trihydroxystilbene, Res), a polyphenol
compound found in diverse sources such as grape skin, red
wine, various berries, peanuts, and other dietary products, is a
potent anti-oxidant (Cucciolla et al., 2007; Dorai and Aggarwal,
2004; Fremont, 2000). Res has been reported to have anti-
proliferative properties against several cancers such as breast,
liver, pancreas, and colon cancers (Cucciolla et al., 2007). Res
acts as a chemopreventive and anti-tumor agent, in vivo, by
inhibiting a variety of carcinogenic processes at diverse stages
(Jang et al., 1997). Res also suppresses cell cycle progression
(Ahmad et al., 2001), migration, and invasion (Weng et al.,
2010), and induces apoptosis (Tinhofer et al., 2001; Trincheri et
al., 2007). Previous studies have reported that Res inhibited
glioma progression (Jiang et al., 2005; Ryu et al., 2011), specif-
ically by passing through the BBB (Wang et al., 2002). In some
clinical tests, orally administered Res at high doses to healthy
volunteers was safe and well-tolerated, supporting its potential
utilization as an anti-cancer agent (Boocock et al., 2007; Cottart
etal., 2010).

Tristetraprolin (TTP) is an AU-rich elements (AREs)-binding
protein that regulates the decay of ARE-containing mRNAs,
such as proto-oncogenes, anti-apoptotic genes, and immune
regulatory genes (Baou et al., 2009). TTP also regulates the
decay of urokinase plasminogen activator (UPA) and urokinase
plasminogen activator receptor (UPAR) transcripts (Ryu et al.,
2015), suggesting a potential role for TTP in invasion and tumor
growth. A previous study reported that TTP expression was
suppressed in human cancers, such as lung, breast, and cervix,
and that the decline of functional TTP mediated diverse tumor-
igenic phenotypes (Brennan et al., 2009). However, the mech-
anism of TTP deficiency in cancer is not fully understood, and
the development of novel agents to increase endogenous TTP
expression is currently a high priority.

Here, we demonstrate that Res induces glioma cell apoptosis
through activation of TTP. The expression of Res-induced TTP
destabilized uPA and uPAR mRNAs by binding to the ARE
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regions containing 3' untranslated regions (3' UTR) of their
mRNAs. Furthermore, increased expression of TTP by Res
suppressed cell growth and induced apoptosis in human glioma
cells. Together, these results suggest that Res can be used as
an anti-cancer agent to treat human malignant gliomas by the
regulation of the endogenous expression of TTP.

MATERIALS AND METHODS

Cells and treatment

U87MG human glioma cells and normal human fibroblast
(NHFB) cells (ATCC, USA) were maintained in the high glucose
Dulbecco’s minimal essential medium (DMEM; Gibco, USA)
supplemented with 10% fetal bovine serum (FBS; Gibco), 100
U/ml penicillin, and 100 pg/ml streptomycin (P/S; Gibco) in 5%
COyat 37°C. For some studies, U87MG and NHFB cells were
cultured in DMEM without FBS in the presence of designated
concentrations of Res (5-200 uM) (Tocris, USA).

Reverse transcription (RT)-PCR

Total RNA was extracted using TRIzol reagent (Invitrogen,
USA) following the manufacturer’s instructions. Total RNA (1
ng) was used for cDNA synthesis using an iCycler thermocy-
cler (Bio-Rad Laboratories, USA). RT-PCR was performed
using rTaq polymerase (Elpis Biotech, Korea). Primers were
synthesized based on the reported human cDNA sequences
for uPA, uPAR, and hGAPDH in the NCBI data bank. Se-
quences of the primers used for PCR were as follows; TTP:
AGGCCAATCGCCACCCCAAA, GTGCCAGGGGCAGCAGA
GAA; uPA: ACTTCTCCAACATTCACTGG, ATTCTTCTGG
AGGAGAGGAG; uPAR: TGCCCGGGCTCCAATGGTTT, ATT
CTTCTGGAGGAGAGGAG; hGAPDH:AGCTGAACGGGAAG
CTCACT, TGCTGTAGCCAAATTCGTTG (Bioneer Corpora-
tion, Korea).

Quantitative real-time PCR (Q-PCR)

For RNA kinetic analysis, uPA and uPAR mRNAs were as-
sessed in the presence of actinomycin D (Sigma-Aldrich, USA)
by quantitative real-time PCR (Q-PCR). Q-PCR was performed
using EvaGreen qPCR Mastermix (Applied Biological Materials
Inc., Canada) in a Light Cycler 480 Il (Roche Applied Science,
USA). The results were analyzed by the melting curve analysis
and agarose gel electrophoresis. PCR primer pairs were as
follows: quPA: CCCTGCCTGCCCTGGAACTC, AGCGGCTT
TAGGCCCACCTG; quPAR: CATTGACTGCCGAGGCCCCA,
TGCTGAAGGCGTCACCCAGG; ghGAPDH: GCACCCCTG
GCCAAGGTCAT, ACGCCACAGTTTCCCGGAGG (Bioneer
Corporation).

Western blotting

Equivalent amounts of total protein (20-30 pg) were separated
by SDS-PAGE on 8-12% polyacrylamide gels and then trans-
ferred to nitrocellulose membranes (Whatman GmbH, Germa-
ny) using a semi-dry transfer apparatus (Bio-Rad Laboratories)
submerged in transfer buffer (25 mM Tris, 192 mM glycine,
20% methanol, pH 8.3). The membrane was blocked with 5%
skim milk in 0.1% Tween-20/Tris-buffered saline (TTBS), and
then incubated with the appropriate dilutions of primary and
secondary antibodies. Antibodies to the following proteins were
used: TTP, a-tubulin, and B-actin (Sigma-Aldrich), and uPA and
UPAR (Epitomics, USA). Immunoreactivity was detected by
chemiluminescence (ECL; Advansta, USA) using LAS 4000
(Fuijifilm, Japan).
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Plasmids, transfection, and luciferase assay

U87MG cells were transfected with the TTP-expressing
pcDNAG/V5-HisA vector (pcDNAG/V5-TTP) (Invitrogen) (Lee et
al., 2010) using the TurboFect™ in vitro transfection reagent
(Fermentas, USA) for the overexpression of TTP.

For luciferase assays, U87MG cells were co-transfected with
the designated construct, such as psiCHECK-Frag-uPA or
uPAR 3’ UTR, and pcDNAG/V5-TTP in vitro using the Tur-
boFect™ transfection reagent (Fermentas); the U87MG cells
were then treated with Res. Cells were lysed with lysis buffer
(Promega, USA), mixed with the luciferase assay reagent
(Promega), and the chemiluminescent signal was measured by
the Infinite M200 Pro (Tecan, Switzerland). Firefly luciferase was
normalized to Renilla luciferase in each sample. All reported lu-
ciferase assays represented at least three independent experi-
ments, each consisting of three wells per transfection.

Electrophoretic mobility shift assay (EMSA)

The biotinylated RNA probes for the wild-type uPA-ARE-WT,
ACUCCUGUACACUGAAUAGCAUAUUUCACUAUUUUUAU
UUAUAUUUUUGUAAUUUUAAA; and uPAR-ARE-WT, GUUG
UUGUUAUUAAUUAAUAUUCAU-AUUAUUUAUUUUAUACU
CAUAAAGAUUUUGUACC were synthesized by Samchully
Pharm. Co. Ltd. (Korea). The mutant (MuT) RNA probes as
negative controls were substituted into AGCA from AUUUA
sequences of uPA and uPAR ARE-WT. Cytoplasmic extracts
were prepared from Res treated U87MG cells using the NE-
PER Nuclear and Cytoplasmic Extraction Reagent (Thermo
Pierce Biotechnology Scientific, USA). RNA EMSA was per-
formed using the LightShift™ Chemiluminescent EMSA Kit.

Methylthiazoltetrazolium (MTT) assay

UB7MG cells were seeded in 96-well plates at a density of 3 x
10° cellsiwell. After the designated treatments, 100 ul of MTT
solution (2 mg/ml) were added to each well, and the cells were
incubated at 37°C for an additional 2 h. Dimethyl sulfoxide
(DMSQ) was added and mixed thoroughly, and the absorbance
was measured at 570 nm using an Infinite M200 Pro (Tecan).

TdT-mediated dUTP-biotin nick end labeling (TUNEL)
assay

Cells were seeded on pre-coated coverslips (Nalge Nunc Inter-
national, USA). Following treatment, the cells were fixed in 4%
paraformaldehyde in phosphate-buffered saline (PBS) for 10
min followed by permeabilization with 0.1% Triton X-100 in PBS
for 5 min. After three washes with PBS, the specimens were
labeled using an In Situ Cell Death Detection Kit (TMR red)
(Roche Applied Science). Fluorescent images were observed
using a DSU fluorescence microscope (BX 51; Olympus, Ja-
pan) coupled to a CCD camera (DP72, Olympus).

Transfection with small interfering RNAs (SIRNAS)

The siRNAs against human TTP (sc-36761) and control siRNA
(scrambled siRNA [scRNA], (sc-37007) were purchased from
Santa Cruz Biotechnology (USA). U87MG cells were transfected
with TTP-siRNA using Lipofectamine™ RNAIMAX (Invitrogen). At
24 h after transfection, U87MG cells were treated with Res.

Statistical analysis

Data are expressed as the mean + SEM. Statistical significance
was determined using Student's t-test (Prism; GraphPad Soft-
ware, Inc., USA). P-values < 0.05 were considered statistically
significant (e.g., *P < 0.05, **P < 0.01, and ***P < 0.001).
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Res induces endogenous expression of TTP in U87TMG
human glioma cells

To investigate the effects of Res on the endogenous expression
of TTP in U87MG human glioma cells, TTP mRNA and protein
expression were measured by RT-PCR and Western blotting,
respectively. Cells were treated with dose- and time-dependent
Res treatments. Both TTP mRNA and protein expression were
significantly increased by the treatment with 100 pM of Res (Fig.
1A). Furthermore, Res treatment (100 uM) maximally increased
the expression of TTP mRNA and protein at 12 h and 24 h,
respectively (Fig. 1B). These results show that Res increased
the expression of endogenous TTP in US7MG cells.

Res-induced TTP leads to the decay of uPA and uPAR
MRNAS
A previous study reported that TTP mediated the stability of uPA
and uPAR transcripts associated with the invasion and tumor
growth in human breast cancer cells (Al-Souhibani et al., 2010).
To test the effects of Res-induced TTP on uPA and uPAR ex-
pression, the expression of uPA and uPAR mRNAs and protein
were determined by RT-PCR and Western blotting, respectively.
Res treatment increased the expression of TTP, and both uPA
and uPAR expression were inversely diminished by Res treat-
ment (Fig. 2A). These results show that increased expression
of TTP by Res inhibited uPA and uPAR expression in US7TMG
cells.

To determine whether down-regulation of uPA and uPAR ex-

of their mMRNAs, the half-life of these MRNAs was assessed by
Q-PCR in U87MG cells. In US7MG cells treated with DMSO
(U87MG/CTL), both uPA and uPAR mRNAs were stable for 2 h
and 3 h after actinomycin D treatment, respectively. In contrast,
in UB7MG cells treated with Res (U87MG/Res), the half-life of
these MRNAs decreased to less than 2 h and 3 h, respectively
(Fig. 2B). These results indicate that Res-induced TTP led to
the decay of uPA and uPAR mRNAs.

The uPA and uPAR AREs are essential for the inhibitory
effect of Res-induced TTP

To determine whether Res-induced TTP mediated destabiliza-
tion of uPA and uPAR mRNAs in association with 3’ UTR of
their mRNAs, U87MG cells were co-transfected with the
psiCHECK2 luciferase expression vector containing uPA or
uPAR 3 UTR fragments. After being transfected with
pcDNAB/V5-TTP, UB7MG cells treated with Res significantly
inhibited the luciferase activity of uPA and uPAR (Figs. 3B and
3C). These results suggest that the 3' UTR of uPA and uPAR
mRNAs might be essential for destabilization of their mRNAs
through the inhibitory activity of Res-induced TTP.

Res-induced TTP binds to uPA and uPAR AREs

To investigate whether Res-induced TTP directly binds to the
ARE regions containing the 3' UTR of uPA and uPAR mRNAs,
RNA EMSA was conducted using biotinylated RNA probes
containing the WT or MuT AREs of uPA and uPAR. The RNA
probes used in RNA EMSA were the same as those used in the

Fig. 2. Res-induced TTP leads to the decay of
uPA and uPAR mRNAs. (A) U87MG cells were

x treated at the indicated concentrations. The ex-
pression levels of TTP, uPA, and uPAR were
measured by RT-PCR and Western blotting.
hGAPDH and B-actin were used as loading con-
trols. (B) U87MG cells were treated with 100 puM
Res for 12 h. The expression of uPA and uPAR

’ mRNAs were determined by Q-PCR at the indi-
2 cated times after the addition of 5 ug/ml actinomy-
cinD. The results are expressed as the means *
SEM. of three independent experiments (*P <
0.05, ***P < 0.001).
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luciferase assay. The MuT RNA probes serving as negative
controls were substituted into AGCA from AUUUA sequences
of uPA and uPAR ARE-WT. Cytoplasmic extracts were pre-
pared from U87MG cells treated with Res and incubated with
biotinylated RNA probes containing the WT or MuT AREs of
uPA and uPAR 3’ UTR. When RNA EMSA was performed us-
ing the uPA-ARE-WT and uPAR-ARE-WT probes, a dominant
RNA-protein complex was observed. However, both uPA-ARE-
MuT and uPAR-ARE-MuT prevented the formation of this com-
plex. Complex formation was decreased with an anti-TTP anti-
body (Ab) (Fig. 4). Together, these results indicate that Res-
induced TTP controlled the expression of uPA and uPAR
mRNAs in an AREs-dependent manner.

Res induces glioma cell apoptosis

To determine whether the expression of Res-induced TTP af-
fected human glioma cell growth, glioma cell growth was
measured for 72 h using the MTT assay. Res treatment (5-200
uM) was used to treat U87MG cells, and showed growth inhibi-
tion using a concentration of 100 uM at 24 h. At 72 h after Res
treatment, Res suppressed cell growth at 20-200 uM in a dose-
dependent manner (Fig. 5A). Res treatment of NHFB cells
obtained the same results at 72 h. However, Res treatment of
NHFB cells for 24 h and 48 h inhibited cell growth at a concen-
tration of 200 uM (Supplementary Fig. S1). Taken together,
these results suggest that increased expression of TTP by Res
inhibited U87MG cell growth.

Previous studies reported that down-regulation of uPA and
UuPAR activated caspase-mediated apoptosis and inhibited the
PIBK/AKT pathway in human glioma cells (Gondi et al., 2007).
Figure 2A shows that the increased expression of TTP by Res
inhibited uPA and uPAR expression in U87MG cells. TUNEL
assay was used to identify whether the expression of Res-
induced TTP affected glioma cell apoptosis in the U87MG/Res
or U87MG/CTL cells. In U87MG/Res cells, TUNEL-positive
cells increased approximately 50% compared with the
U87MG/CTL cells (Figs. 5B and 5C). In addition, the Res
treatment raised cleaved caspase-3 expression through up-
regulation of TTP expression in U87MG cells (Fig. 5D). These
results show that the expression of Res potentiated apoptosis
in the human glioma cells.

Fig. 3. uPA and uPAR AREs are essential for the inhibitory effect of Res-induced TTP. (A) U87MG cells were transfected with pcDNA6/ 5-TTP
(UB7MG/TTP) or pcDNAG/V5 vector (U87MG/pcDNAB). Then, US7MG cells were treated with 100 uM Res for 24 h. The expression of TTP
was determined by western blotting. f-actin was used as loading control. (B, C) For the luciferase assay, U87MG cells were co-transfected
with pcDNA6/V5-TTP and 0.3 pg psiCHECK2 luciferase reporter construct containing various fragments derived from uPA and uPAR mRNA 3'
UTR. After transfection, U87MG cells were treated with 100 uM Res for 24 h. Cells were harvested, and luciferase activity was normalized to
firefly activity. The results are expressed as the mean + SEM. of three independent experiments (***P < 0.001).
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Fig. 5. Res induces glioma cell apoptosis. (A) U87MG cells were
treated with Res at the indicated concentrations for 72 h. The MTT
assay was used to determine the inhibitory effect of Res-induced
TTP on cell growth. Cell survival relative to that of the control (%) is
expressed as the mean + SEM. of eight independent experiments
(**P < 0.01, **P < 0.001). (B) UB7MG cells were treated with 100
puM Res for 24 h. The TUNEL assay was used to determine the
effects of Res-induced TTP on glioma cell apoptosis. DAPI was
used as a counter-stain. Photographs were taken at a magnification
of 100X. (C) Quantification of TUNEL-positive cells was performed
using the ratio of TUNEL and DAPI staining. Data are expressed as
the mean + SEM. of three independent experiments (***P <
0.0001). (D) Expression levels of TTP and cleaved caspase-3 were
determined by Western blotting. The B-actin was used as loading
control.

TTP mediates the apoptotic effect of Res in glioma cells

To determine whether Res could mediate the apoptotic effects
of TTP in glioma cells, we investigated the effects of TTP knock
down on Res-induced glioma cell apoptosis. After Res treat-
ment, treatment with siRNA against TTP (TTP-siRNA) signifi-
cantly inhibited the expression of TTP in U87MG cells (Fig. 6A).
Importantly, TTP-siRNA but not scRNA decreased the inhibitory
effect of Res on the growth of U87MG cells (Fig. 6B). We also
found that TTP-siRNA did not affect Res-induced apoptosis in
U87MG cells. Using TTP-siRNA, Res-induced TUNEL-positive
cells decreased by approximately 60% compared with scCRNA
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Fig. 6. TTP mediates the apoptotic effect of Res on glioma cells. (A)
UB7MG cells were transfected with TTP-specific siRNA (TTP-
siRNA) or scRNA. After treatment with Res for 24 h, the expression
of TTP was measured by Western blotting. The p-actin was used as
loading control. (B) Cell growth was assessed using the MTT assay.
Cell survival relative to that of the control (%) is expressed as the
mean + SEM. of eight independent experiments. ***P < 0.001, (vs.
scRNA+Res), P < 0.05, P < 0.001 (vs. TTP-siRNA+Res). (C)
The TUNEL assay was used to determine the effects of Res-
induced TTP on glioma cell apoptosis. DAPI was used as a counter
stain. Photographs were taken at a magnification of 100X. (D)
Quantification of TUNEL-positive cells was performed using the ratio
of TUNEL and DAPI staining. Data are expressed as the mean +
SEM. of three independent experiments. ***P < 0.001 (vs.
scRNA+Res), P < 0.001 (vs. TTP-siRNA+Res).

(Figs. 6C and 6D). These results suggest that TTP is required
for Res-induced apoptosis of US7MG cells.

DISCUSSION

Despite low expression of TTP in various human cancers
(Brennan et al., 2009), the mechanism responsible for this de-
creased TTP expression is not fully understood. In the present
study, we showed that Res, a naturally occurring compound,
inhibited cell growth and activated apoptosis through the up-
regulation of endogenous TTP expression in the human glioma
cells.

Previous studies have reported that Res suppressed the in-
vasion, angiogenesis and tumor growth of gliomas (Jiang et al.,
2005; Ryu et al., 2011; Tseng et al., 2004). Most importantly,
Res was quickly converted into hydrophilic conjugates, that
promoted entry into the bloodstream and allowed passage

Mol. Cells 995
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through the blood-brain barrier and subsequent absorption into
the brain tissue (Wang et al., 2002). These results suggested
that Res might be potentially valuable in the treatment of brain
tumors (Castino et al., 2011).

The present study shows that Res treatment increased the
expression of endogenous TTP in the U87MG human glioma
cells (Figs. 1A and 1B). Currently, one mechanism, which ex-
plains the lack of TTP in cancers, has been transcriptional si-
lencing as a result of the hypermethylation of CpG islands ex-
tant in the TTP promoter (Young et al., 2009). In many disease
processes such as cancer, gene promoter CpG islands are
abnormally hypermethylated as a result of a modification of the
DNA methyltransferase (DNMT) expression and activity, which
results in transcriptional gene silencing (Meeran et al., 2010).
Several bioactive dietary components have great potential in
altering DNA methylation by altering DNMT levels during can-
cer prevention and therapy (Li and Tollefsbol, 2010). In previous
studies, Res has been shown to have DNMT inhibitory activity.
Res interrupted epigenetic silencing of breast cancer-1 (BRCA-
1) induced by the aromatic hydrocarbon receptor (AHR) in the
MCF-7 human breast cancer cells (Papoutsis et al., 2010;
Stefanska et al., 2010). These results suggested that Res
treatment increased the expression of endogenous TTP by
blocking the epigenetic silencing of TTP by DNMT inhibitory
activity. TTP regulated the decay of uPA and uPAR transcripts
associated with the invasion and tumor growth in human breast
cancer cells (Al-Souhibani et al., 2010). The present study
shows that the increased expression of TTP by Res inhibited

the expression of uPA and uPAR mRNAs and proteins (Fig. 2A).

Furthermore, the expression of Res-induced TTP promoted the
decay of uPA and uPAR mRNAs (Fig. 2B). Posttranscriptional
regulation of uPA and uPAR mRNA expression was facilitated
by the existence of AREs in the 3'UTR of these mRNAs (Nanbu
et al., 1994; Roldan et al., 1990). Specifically, Res-induced TTP
directly bound to the ARE regions containing the 3' UTR of uPA
and uPAR mRNAs (Figs. 4A and 4B). Overall, the results of the
present study show that TTP is a regulator of uPA and uPAR
mRNA turnover.

The down-regulation of uPA and uPAR using the antisense
adenovirus-mediated constructs in SNB19 glioma cells resulted
in decreased migration and invasion, and retarded intracranial
tumor growth in nude mice (Gondi et al., 2003). The expression
of Res-induced TTP in U87MG cells (Fig. 5A) inhibited cell
growth compared with the NHFB cells (Supplementary Fig. S1).
The down-regulation of uPA and uPAR expression lead to the
dephosphorylation of p-Akt, the activation of caspase-8, and a
collapse in the mitochondrial membrane potential as revealed
by the release of cytochrome c into the enclosing cytoplasm
(Gondi et al., 2007). Together, the results showed that the in-
creased expression of TTP by Res inhibited cell growth through
the down-regulation of uPA and uPAR expression in the
UB7MG cells.

The present study also demonstrated that the expression of
Res-potentiated TTP induced apoptosis in the human glioma
cells (Figs. 5B-5D). Importantly, the inhibition of TTP by siRNA
attenuated the effects of Res on both cell growth (Fig. 6B) and
apoptosis (Figs. 6C and 6D). These results indicate that TTP
mediated the apoptotic effect of Res on human glioma cells. In
many previous studies, TTP has multiple cellular functions,
including roles in cell survival, proliferation, differentiation, apop-
tosis and tumorigenesis. TTP mediated cell-cycle arrest and
cell death through regulation of p21/CIP1/WAF-1 (Al-Haj et al.,
2012). TTP overexpression also enhances the decay of Pim-1
mRNA by binding to the AU-rich element in its 3-UTR (Kim et
al., 2012). Therefore, TTP directly regulated cell death through
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decay of p21 mRNA. Furthermore, TTP indirectly regulated cell
death through decay of pim1 mRNA. In particular, TTP induced
an apoptotic program of cell death in human glioma cells
(Suswam et al., 2008). In addition to Res, the other agents such
as doxycycline (DOX) also induced the expression of TTP in
human cancer cells (Lee et al., 2013). However, it is not known
whether TTP induction by other agents involved the same
mechanisms therefore further studies are needed to character-
ize the mechanism mediating TTP expression by diverse
agents, including Res.

In summary, the present study demonstrated that Res in-
creased TTP expression in the human glioma cells. The ex-
pression of Res-induced TTP were determined to destabilized
uPA and uPAR mRNAs by the direct binding to the ARE regions
containing the 3' UTR regions of their mRNAs. Furthermore,
the increased expression of TTP by Res suppressed cell
growth and induced apoptosis in the human glioma cells. The-
se findings suggest that by regulating TTP expression, several
bioactive dietary compounds such as Res can be used as nov-
el anti-cancer agents for the treatment of malignant gliomas.

Note: Supplementary information is available on the Molecules
and Cells website (www.molcells.org).
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