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(-)-Epigallocatechin-3-gallate induces apoptosis in gastric
cancer cell lines by down-regulating survivin expression
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Abstract. The polyphenol (-)-epigallocatechin-3-gallate
(EGCQ) is a green tea constituent, which has been shown to
inhibit cancer cell growth in vitro, in vivo and in epidemio-
logical studies. In this study, we investigated its effects in
gastric cancer cell lines. Five gastric cancer cell lines, the
MKN-1, MKN-28, MKN-45, NUGC-3 and TMK-1, were
found to be sensitive to EGCG treatment. Of all the cell lines
tested, NUGC-3 was the most sensitive. EGCG treatment of
NUGC-3 cells induced apoptosis, which was confirmed by
sub-Gl analysis, caspase-Glo assay and Western blotting
against cleaved PARP and cleaved caspase-3. EGCG treatment
lowered survivin and increased Bax and TRAIL expression.
Furthermore, EGCG induced p73 activation in NUGC-3 cells.
Small interfering RNA against p73 diminished EGCG effects
on survivin expression and cell viability. These results show
that EGCG induces cell death in gastric cancer cells by
apoptosis via inhibition of survivin expression downstream
of p73. This study provides a novel mechanism whereby
EGCG potentially inhibits cancer cell growth, concluding that
EGCG may be a potential candidate in anti-survivin cancer
therapy.

Introduction

Tea, which is derived from the leaves of the plant Camellia
sinensis is the world's most widely consumed beverage, next
to water. Components of green tea are well characterized and
have been studied for their beneficial effects, including anti-
hypertensive effects, body-weight regulation, antibacterial
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activity, solar ultraviolet protection, osteal mineral density
enhancement, anti-fibrotic properties, neuroprotective effects,
and cancer chemoprevention (1). Many studies have shown that
green-tea consumption inversely correlates with prevalence of
various types of cancers, including colonic, pulmonary, gastric,
esophageal, mammary, prostatic, ovarian, and pancreatic
cancers (2).

Recent studies have revealed that (-)-epigallocatechin-3-
gallate (EGCG), a major polyphenol in green tea, mediates its
anti-cancer effects. EGCG inhibits gastric cancer formation
induced by N-methyl-N'-nitro-N-nitrosoguanidine in rats (3).
EGCG was shown to reduce the number of tumors in A/J
mice with cisplatin-induced lung tumors (4). EGCG adminis-
tration inhibits formation of spontaneous intestinal tumors in
APC™in* mice (5).

Reportedly, EGCG suppresses growth of cancer cells by
inhibiting the nuclear factor-k B (NF-kB) (6) and Akt pathways
(7), and by activating the p53 (8) and p73 pathways (9). The
fascinating advantage of EGCG as a chemopreventive agent
lies in its ability to eliminate transformed or neoplastic cells
selectively, while sparing, or in some cases, protecting normal
cells. This selectivity may result from EGCG's ability to target
abnormal cell-signaling or anti-apoptotic proteins specifically
in tumor cells (10).

Survivin is a multifunctional protein that belongs to inhibitor
of apoptosis protein family and regulates apoptosis and many
other phenomena beneficial to cancer cells (11). For example,
survivin not only inhibits apoptosis and protects cancer cells
against various cytotoxic factors, but also confers immortali-
zation and immune privilege to them by up-regulating human
telomerase reverse transcriptase and Fas ligand, respectively
(12,13). Elevated survivin expression is observed in various
types of human malignancies, including pulmonary (14),
mammary (15,16), esophageal (17), gastric (18,19), colonic
(13,20,21), pancreatic (22), hepatic (23), uterine (24), and
ovarian cancers (25) as well as in leukemia (26, 27). Survivin is
an attractive target for cancer therapeutics because it is over-
expressed in transformed cells, but not in normal cells. As
EGCG exerts its anti-proliferative effect selectively on cancer
cells, we hypothesized that survivin may be a molecular target
of EGCG.

In this study, we demonstrate that EGCG induces apoptosis
in gastric cancer cell lines by down-regulating survivin
expression downstream of p73 activation.
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Materials and methods

Cell culture. Human gastric cancer cell lines MKN-1,
MKN-28, MKN-45, and TMK-1-were purchased from the
American Type Culture Collection (Manassas, VA). NUGC-3
was obtained from the Japanese Collection of Research
Bioresources (Osaka, Japan). These cell lines were cultured in
RPMI-1640 (Lonza, Tokyo, Japan) supplemented with 10%
heat-inactivated fetal bovine serum (FBS; Hyclone, Yokohama,
Japan) and grown at 37°C in a humidified atmosphere of 5%
CO,.

Reagents. EGCG was obtained from Sigma-Aldrich (St. Louis,
MO) and dissolved in dimethyl sulfoxide (DMSO). Anti-Bcl-2,
anti-Bcl-XL, anti-cFLIP, and anti-actin antibodies were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Anti-survivin, anti-XIAP, anti-clAP-1, and anti-clAP-2 anti-
bodies were purchased from R&D Systems (Minneapolis,
MN). Anti-cleaved caspase-3, anti-Akt, anti-phospho-Akt,
and anti-PARP antibodies were purchased from Cell Signaling
Technology (Danvers, MA). Anti-Ran antibody was purchased
from BD Biosciences Pharmingen (San Jose, CA). Anti-p73
antibody (GC-15) was purchased from EMD Chemicals
(Gibbstown, NJ).

Measurement of cell viability. Cells were plated in 96-well
plates at a density of 5,000 cells per well in RPMI supplemented
with 10% FBS. The cells were allowed to adhere for 24 h and
were subjected to Cell Titer-Glo™ Luminescent Cell Viability
Assay (Promega, Madison, WI) according to the manufacturer's
instructions. The level of ATP-drived luminescent signal, which
correlates with the number of viable cells, was measured using
Veritas™ Microplate Luminometer (Promega).

Sub-GI analysis. After the treatments indicated in the figure,
the cells were washed with phosphate-buffered saline,
re-suspended in 500 ul of hypotonic fluorochrome solution
(50 pg/ml propidium iodide in 0.1% sodium citrate, 0.1% Triton
X-100) and incubated at room temperature for 30 min in the
dark. A flow cytometer (EPICS XL-MCL cytometer, Beckman
Coulter, Tokyo, Japan) was used to measure 20,000 events per
sample.

Measurement of caspase-3/ and -7 activities. Caspase-3 and -7,
activities were measured using Caspase-Glo 3/7 Assay
(Promega). Five thousand cells were seeded in 96-well plates
in 100 yl RPMI-1640 supplemented with 10% FBS and incu-
bated for 24 h. Cells were treated with 100 uM EGCG and
incubated for another 24 h. One hundred pl of assay reagent
was added to each well and incubated for 1 h at room temper-
ature. Luminescence was measured using a Veritas Microplate
Luminometer.

Western blotting. After various treatments as indicated in the
figures, cells were harvested in a lysis buffer (50 mM Tris-HCI,
pH 8.0, 150 mM NaCl, 5 mM EDTA) with protease inhibitor
cocktail (Sigma-Aldrich) sonicated for 30 sec, and centrifuged
at 15,000 rpm for 5 min. The supernatants were mixed with
equal volume of Laemmli sample buffer, boiled for 2 min,
and separated on a 4-20% Tris-glycine gradient gel (Invitrogen,
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Carlsbad, CA) under denaturing conditions. The proteins were
electroblotted onto a nitrocellulose membrane and detected by
WesternBreeze chemiluminescent immunodetection kit
(Invitrogen) according to the manufacturer's instructions. The
bands were visualized and imaged using ChemiDoc XRS Plus
(Bio-Rad, Hercules, CA).

Quantification of BIRCS (survivin) mRNA. Expression of
BIRCS (survivin) mRNA was determined by quantitative
reverse-transcriptase polymerase chain-reaction (RT-PCR)
using the ABI PRISM 7700 sequence-detector system (Applied
Biosystems, Foster City, CA). Total RNA was isolated using
the RNeasy Plus Mini kit (Qiagen, Valencia, CA) according to
the manufacturer's instructions. The cDNA was reverse-
transcribed by Tagman Reverse-Transcription Reagents (Applied
Biosystems, Branchburg, NJ). The gene-specific primers and
fluorescent hybridization probes for survivin were as follows:
For BIRC5 mRNA: 5-AAGAACTGGCCCTTCTTGGA-3,
5'-CAACCGGACGAATGCTTTT-3', and 5'-(FAM)CCAGAT
GACGACCCCATAGAGGAACA (TAMRA)-3' were used as
forward primer, reverse primer, and the TagMan probe,
respectively.

Silencing of p73. NUGC-3 cells were cultured in 6-well plates
and transfected with 50 pmol of siRNA against TP73 or
non-silencing control siRNA using the TransPass R1 transfection
reagent (New England Biolabs, Ipswich, MA) according to the
manufacturer's instructions. Double stranded siRNAs were
synthesized by, and purchased from, Sigma-Aldrich, Japan
(Ishikari, Japan). The sequence of siRNA against TP73 is
5'-CCUUAGAGGACUGGAAAUU-3.

Results

EGCG induces apoptosis in gastric cancer cell lines. First, we
tested the effect of EGCG on cell viability in gastric cancer
cell lines. As shown in Fig. 1, EGCG suppressed the growth
of the cancer cell lines in a dose-dependent manner. To find
out the mechanism whereby EGCG affected cell viability, we
performed cell-cycle analysis using NUGC-3 cells, the most
EGCG-sensitive cell line tested in this study. As shown in
Fig. 2A, EGCG increased sub-Gl cell population while there
was no apparent effect on the cell cycle. EGCG increased
caspase-3/-7 activity (Fig. 2B) and induced cleavage of PARP
and caspase-3 (Fig. 2C). These results show that EGCG
induces apoptosis in NUGC-3.

EGCG suppresses survivin expression. We next screened for
molecules associated with the apoptotic pathway, which
potentially underlies the cell death induced by EGCG. Bax and
TRAIL expression increased after EGCG treatment (data not
shown). Among various anti-apoptotic molecules, survivin
expression was down-regulated after EGCG treatment
(Fig. 3A). EGCG suppressed survivin expression in a time-
(Fig. 3B) and dose-dependent manner (Fig. 3C). Except for
MKN-I cells, suppression of survivin expression was also seen
in other gastric cancer cell lines (Fig. 4). We next assessed
whether survivin suppression occurs at the mRNA level. As
shown in Fig. 5, EGCG treatment suppressed BIRC5 mRNA
in a time-dependent manner.
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Figure 1. EGCG inhibits growth of gastric cancer cell lines. Cells were treated with different concentrations of EGCG for 24 h and cell viability was measured
by an ATP assay as described in Materials and methods. “Indicates statistical significance at p<0.01.
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Figure 2. EGCG induces apoptosis in NUGC-3 gastric cancer cell line. NUGC-3 was treated with or without 100 uM EGCG for 24 h and samples were
subjected to sub-G1 analysis (A) or caspase-3/-7 activity measurement (B), respectively, as described in Materials and methods. (C) NUGC-3 was treated with
100 M EGCG for different times indicated in the figure and subjected to Western blotting.

Survivin suppression induced by EGCG is regulated by p73.
Survivin, Bax, and TRAIL are transcriptionally regulated by
p53 (28,29). However, the cell lines we used in this study
involve a TP53 wild-type line (MKN-45) and four TP53-
mutated lines (NUGC-3, MKN-1, MKN-28, and TMK-1).
Because all the cell lines decreased survivin, we hypothesized
that p73, a p53 family member, may be regulating expression

of these molecules following EGCG-induced p73 activation.
As shown in Fig. 6A, EGCG activated p73 in a time-dependent
manner up to 12 h.

We next examined whether survivin is downstream of p73.
We silenced p73 expression by siRNA against TP73 and
treated the cells with or without EGCG. As shown in Fig. 6B,
EGCG treatment suppressed expression of survivin in cells
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Figure 3. EGCG reduces survivin expression. (A) NUGC-3 was treated with or without 100 uM EGCG for 6 h and samples were subjected to Western blot
analysis. The blots were developed using antibodies indicated in the figure. (B) NUGC-3 was treated with 100 M EGCG as indicated in the figure and
subjected to Western blot analysis. (C) NUGC-3 was treated with different concentrations of EGCG for 5 h and subjected to Western blotting.
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Figure 4. EGCG reduces survivin expression in gastric cancer cell lines. Gastric cancer cell lines were treated with 100 M EGCG for 6 h and subjected to

Western blot analysis using antibodies indicated in the figure.
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Figure 5. EGCG inhibits survivin mRNA expression. NUGC-3 cells were
treated with 100 xuM EGCQG as indicated in the figure and BIRC5 (survivin)
mRNA levels were measured by Tagman RT-PCR as described in Materials
and methods. The ratios of BIRC5 mRNA against the level of 18S rRNA are
given as bar graphs.

transfected with non-silencing siRNA, whereas EGCG did not
suppress survivin expression in cells transfected with siRNA
against TP73. These results show that EGCG-induced survivin
suppression is regulated by p73.

p73 silencing confers resistance to EGCG. We next examined
whether p73 silencing affects cell viability in NUGC-3 cells.
As shown in Fig. 6C, EGCG suppressed the growth of NUGC-3
cells transfected with control siRNA, whereas this effect was
antagonized by the transfection of siRNA against TP73. This
result shows that the suppression of cell growth induced by
EGCG is mediated by the p73 pathway.

Discussion

In this study, we showed that EGCG induces apoptosis in
gastric cancer cell lines by down-regulating survivin through
p73 activation.

Survivin is an attractive molecular target in cancer thera-
peutics as it is overexpressed in transformed cells but not in
normal tissue. Besides BIRCS gene-targeting therapy, small-
molecule inhibitors of survivin expression are under
investigation in this context (30). There are several mechanisms
whereby small molecules inhibit survivin expression in cancer
cells. Inhibition of cyclin-dependent kinases by purvalanol A
and NU6140 down-regulates survivin expression and leads to
apoptosis in MCF7, PC3, and HeL a cells (31,32). Tetra-O-methyl
nordihydroguaiaretic acid induces cell-growth arrest and
apoptosis by inhibiting Cdc2 and survivin expression in an
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Figure 6. TP73 siRNA inhibits survivin down-regulation. (A) NUGC-3 cells were treated with EGCG for various durations as indicated in the figure and
subjected to Western blot analysis. (B) NUGC-3 cells were transfected with siRNA against P73 or with the non-silencing control RNA, treated with or
without 100 uM EGCG for 6 h, and subjected to Western blot analysis. (C) NUGC-3 cells were transfected with siRNA against 7P73 (O) or with the non-
silencing control RNA (m), treated with various levels of EGCG for 6 h as indicated in the figure, and cell viability was measured as described under Materials
and methods. (D) NUGC-3 cells were treated with 100 uM EGCG for the times indicated in the figure and subjected to Western blot analysis. (E) MKN45
gastric cancer cell line, which has wild-type p53, was treated with EGCG for the times indicated in the figure and subjected to Western blot analysis.

Sp-1-dependent manner (33). Shepherdin interferes with Hsp90
chaperone activity thereby repressing expression of its target
protein, survivin, and induces cell death in transformed cells
but not in normal cells (34). We and others have shown that
inhibition of the Ras and Akt pathway suppresses survivin
expression (35-37). p73 activation found in this study, is a novel
mechanism for targeting survivin in cancer cells.

Recently, Tang et al reported that EGCG inhibits the Akt
pathway and decreases BIRC5 mRNA expression, which results
in apoptosis of breast cancer cell lines (36). In this study, we
have confirmed that the Akt pathway is also inhibited by EGCG
(Fig. 6D). Together with activation of the p73 pathway, EGCG-
driven inhibition of Akt pathway may lead to suppression of
survivin expression in gastric cancer cell lines. NF-«xB activation
leads to enhanced expression of anti-apoptotic proteins, including
Bcl-XL, BCL-2, and cIAPs (38). In this study, we could not
observe whether EGCG affected expression of these proteins.
These observations suggest that the NF-xB pathway may not
be targeted by EGCG in gastric cancer cell lines.

Activation of p73 by EGCG is fascinating because TP73
mutation is an infrequent event in cancers (39). How EGCG
activates p73 is an open question. To address this issue, we
stimulated the MKN-45 gastric cancer cell line, which harbors
wild-type p53, and analyzed the time course of p53 and p73
activation. As shown in Fig. 6E, p73 activation kinetics was
different, but rather reciprocal, from that of p53, suggesting
that distinct mechanisms may underlie EGCG-induced p53
and p73 activation. Two reports show that p73 is activated by
EGCG (9,40). One of these studies showed that reactive oxygen

species produced by EGCG is the factor that activates p73 (9).
Elucidation of this mechanism is one of our future goals.

It is not clear how p73 inhibits survivin expression. There
are p53-binding sequences in the BIRC5 promoter region,
and wild-type p53 was shown to repress BIRCS translation
(41,42). Because p73 can transactivate reporter genes containing
consensus p53-binding sites as well as traditional p53 target
genes (43), a similar mechanism may be regulating BIRCS5
expression by p73.

In conclusion, here we described a target molecule and a
novel pathway, which attenuate survivin expression. EGCG
can be a potential tool in the treatment of gastric cancers.
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