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Abstract. Signal transducer and activator of transcription 3
(STAT3) is an oncogene that promotes cell survival, prolif-
eration, and motility. In the present study, we explored the
mechanism involved in the inhibition by epigallocatechin-
3-gallate (EGCG) of STAT3 signaling as detected by
surface plasmon resonance (SPR)-binding assays and
in silico docking. Stat3-binding assay indicated that EGCG
significantly interrupted Stat3 peptide binding at micromolar
concentrations, and the docking experiments indicated that
EGCG had a strong interaction with Arg-609, one of the key
residues in the STAT3 SH2 domain that contributes greatly
to Stat3 and phosphorylated peptide binding. Following treat-
ment of the hepatocellular carcinoma cell lines BEL-7402
and QGY-7703 with EGCG, in vitro, EGCG significantly
suppressed cell proliferation as detected by MTT assay,
induced apoptosis as detected by flow cytometry, dramati-
cally lowered the expression levels of phosphorylated Stat3
proteins (p-Stat3) as determined by immunoblot detection,
and inhibited the expression of multiple genes including
Bcl-xL, c-Myc, VEGF and cyclin DI as demonstrated by
RT-PCR analysis. In conclusion, our research data indicate
that the anticancer function of green tea results from the
inhibition of the STAT3 signaling pathway by EGCG.
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Introduction

Signal transducer and activator of transcription 3 (STAT3)
is one of the seven members of the Stat protein family that
mediates the actions of many cytokines and growth factors.
STAT3 shows constitutive activity in many different types of
cancers, including breast, prostate, head and neck, lung, colon,
liver and pancreatic cancers, and large granular lymphocytic
leukemia and multiple myeloma (1-3). In addition, human
tumor xenograft studies in mice have repeatedly demonstrated
that inhibition of STAT3 signaling results in decreased tumor
growth and improved animal survival by inducing apoptosis
in tumor cells, inhibiting angiogenesis (4), and enhancing
antitumor immune-mediated cytotoxicity (1,5). Thus, STAT3
has been identified as a potential high-yield target for pharma-
ceutical prevention in treating many types of cancers (6).

Hepatocellular carcinoma (HCC) is the fifth most
common cancer and the third leading cause of cancer-related
mortality worldwide (7). The diagnosis of HCC is difficult
due to the lack of early screening methods, and treatment
is arduous due to its aggressive nature and the absence of
therapeutic targets. Numerous studies regarding preventa-
tive and curative strategies for HCC have been conducted in
recent years, leading to significant discoveries (6,8,9). HCC
patients are found to have high levels of IL-6 that promote the
survival of HCC cells through the upregulation of the STAT3
signaling pathway (10). Thus, abnormal levels of IL-6 have
profound impacts on cancer occurrence, development and
progression. Heightened expression of IL-6 may be blocked
by disruption of the STAT3 pathway that in turn blocks cell
transformation, inhibits angiogenesis and suppresses tumor
growth (11); epigallocatechin-3-gallate (EGCG) can promote
this disruption.

According to epidemiologic studies, the risk of HCC, along
with that of many types of cancers, can be reduced through tea
consumption. Although green tea is a promising dietary source
of chemopreventive and chemoprotective chemicals (12-14),
its mechanism is still not fully understood. However, many
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reports have identified EGCG as the ingredient of green tea
that contributes to the tea's anticancer function.

The purpose of this study was to gain insight into the
molecular mechanism involved in the effects of STAT3.
Surface plasmon resonance (SPR) detection, in silico docking
simulations, MTT assay, FACS-based apoptosis assay,
immunoblotting, and RT-PCR were among the techniques
used to validate our findings. EGCG was found to disrupt
Stat3-phosphorylated peptide binding, inhibit the expression
of phosphorylated Stat3 protein as well as many downstream
genes regulated by STAT3, induce HCC cell apoptosis, and
suppress HCC cell growth, by possibly inhibiting the STAT3
signaling pathway to directly interfere with the Stat3 protein.

Materials and methods

Reagents. EGCG was obtained from Catch Bio-Science &
Technology Ltd. (Jiangsu, China) with a purity of >99.99%.
All cell culture reagents were purchased from Biowest (USA).
MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide] detection kit, Annexin V-FITC apoptosis detection
kit and cell cycle detection kit were obtained from BestBio
(Shanghai, China). Western blotting antibodies specific to
p-Stat3, total-Stat3 and B-actin were purchased from Cell
Signaling Technology, Inc. (Beverly, MA, USA). Cell-based
ELISA kit [human/mouse phospho-Stat3 (Y705) immuno-
assay] was purchased from R&D Systems (Minneapolis, MN,
USA).

Cell lines. The BEL-7402 and QGY-7703 human HCC cell
lines were provided by Shanghai Institute of Biochemistry
and Cell Biology. They were cultured in RPMI-1640
medium supplemented with 10% (v/v) fetal bovine serum,
1X penicillin-streptomycin solution in a humidified 5% CO,
atmosphere at 37°C.

Stat3/pY-peptide binding assay. Stat3 binding assays were
performed at 25°C with a BIAcore 3000 biosensor using 20 mM
Tris-buffer pH 8.0 that contained 2 mM [-mercaptoethanol
and 5% DMSO as running buffer. Phosphorylated and
non-phosphorylated control biotinylated EGFR-derived
dodecapeptides based on the sequence surrounding Y1068
were immobilized on a streptavidin-coated sensor chip
(BIAcore Inc., Piscataway, NJ, USA). The binding of Stat3
was conducted in 20 mM Tris-buffer pH 8.0 containing 2 mM
[-mercaptoethanol at a flow rate of 10 ul/min for 1-2 min.
Aliquots of Stat3 at 500 nM were premixed with compound to
achieve a final concentration of 1-1,000 M, and incubated at
4°C prior to being injected onto the sensor chip. The chip was
regenerated by injecting 10 1l of 100 mM glycine at pH 1.5
after each sample injection. A control (Stat3 with DMSO but
without compound) was run at the beginning and the end of
each cycle (40 sample injections in total) to maintain the integ-
rity of the sensor chip throughout the cycle run. The average
of the 2 controls was normalized to 100% and used to evaluate
the effect of each compound on Stat3 binding. Responses were
normalized by dividing the value at 2 min by the response
obtained in the absence of compounds at 2 min and multiplying
by 100. IC,, values were determined by plotting the percentage
of the maximum response as a function of the log concentra-
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tion of the compound, and fitting the experimental points to
a competitive binding model using a four-parameter logistic
equation: R = Ry - (Rygp - R,,)/(1 + conc/A))A,, where R
is the percent response at the inhibitor concentration; Ry, is
the percent response with no compound; R, ,, is the percent
response at the highest compound concentration; A, is
the fitting parameter (slope); and A, is the IC, (BIAevaluation
software version 4.1).

Molecular docking between EGCG and Stat3. Both molecular
structures of Stat3 and EGCG were retrieved from the Protein
Data Bank (PDB Code: 1BG1 and ENG5) and optimized in
the implicit solvent for docking preparation. The docking
region mainly constructed by the residues of Arg-609 and
K-591 was localized based on the interface between the
STAT3 SH2 domain and the phosphopeptide. The docking
procedure was executed using CHARMm force field on the
CDOCKER module platform in Discovery Studio (Accelrys
Inc.). The conformation search space was limited to a spherical
region with a center of 104.8, 74.3, 63.3 and a radius of 13 A.
The other parameters were determined based on the default
setting of the module, with a grid extension of 8.0. The ligand
partial charge method was performed by CHARMm. Ten top
hits were obtained from the docking simulation. Simulated
annealing method was employed for the final conformation
treatment (the system was heated to 700 K with 2,000 steps
and then cooled to 300 K with 5,000 steps). Finally, the best
conformation was selected as the analysis object according to
the values of the scores.

Cell proliferation assay. Cell proliferation was determined
using MTT assay according to the manufacturer's instructions.
Briefly, BEL-7402 and QGY-7703 cells were then seeded into
96-well plates at a density of 5x10°/well (100 pl). After 24 h,
the indicated concentrations of EGCG were added. After incu-
bation for 24 and 48 h, respectively, cells were washed twice
with PBS. Ten microliters of MTT medium was then added
into each well, at which time cells were incubated for another
3 h. The medium was removed, and 150 pl of dissolution was
added into each well. The plate was gently rotated on an orbital
shaker for 10 min to dissolve the precipitate completely. The
absorbance was detected at 492 nm with a microplate reader.

Flow cytometry and detection of apoptosis. QGY-7703 cells
were treated with EGCG in complete medium for 48 h as previ-
ously described. Following treatment, the cells were harvested
by trypsin (not containing EDTA) and rinsed twice with PBS
at 4°C. Cells were then resuspended in 1X Annexin V binding
buffer. Five microliters of Annexin V-FITC solution was
added to each tube. All tubes were incubated for 15 min at 4°C
in darkness. Fifteen microliters of PI solution was added to
each tube. All tubes were incubated for another 5 min at 4°C
in darkness. Cells were then analyzed using flow cytometry
(Accuri C6; BD Biosciences, USA).

Western blotting and ELISA. To detect protein expression and
modification in response to treatment with EGCG, HCC cells,
which were treated with various concentrations of EGCG,
were plated onto 6-well plates at a density of 2x10° cells/ml.
After incubation for 24 h, cells were lysed in cold RIPA lysis
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Figure 1. Inhibition of Stat3 binding to immobilized phosphopeptide ligand by EGCG. (A and C) Binding of recombinant Stat3 (500 nM) to a BIAcore sensor
chip coated with a phosphopeptide that is based on amino acid sequence surrounding Y1068 within the EGFR was measured in real-time by SPR in the
absence or presence of increasing concentrations (0.1-1,000 M) of EGCG. Data are response units as a function of time in seconds and are representative of
2 or more experiments. (B and D) The equilibrium binding levels obtained from the absence or presence of EGCG were normalized and plotted against the log
concentrations of EGCG. The experimental points for EGCG were fit to competitive binding curves that used a four-parameter logistic equation. These curves

were used to calculate the ICs, value for EGCG.

buffer. Total protein was extracted with high-salt buffer (0.5%
sodium deoxycholate, 1% SDS, 1 mM sodium orthovanadate,
1 mM B-glycerol phosphate, 1 mM sodium fluoride, 2.5 mM
sodium pyrophosphate) containing a protease inhibitor cocktail
(Roche, Nutley, NJ, USA). Protein samples were separated by
SDS-PAGE, transferred onto PVDF membranes, and immu-
noblotted with the corresponding antibodies. The signals were
visualized with Enhanced Chemiluminescence Plus (ECL
Plus) detection system (Dingguo, China). The ELISA proce-
dure was used according to the manufacturer's instructions
(Cell Signaling Technology, Inc.). Briefly, 100 ul of 15,000
BEL-7402 cells was seeded into each well of a black 96-well
microplate with a clear bottom, and incubated overnight at
37°C. Cells were then treated with different concentrations of
EGCG in complete medium for 24 h. Subsequently, cells were
stimulated with interleukin 6 (IL-6) (50 ng/ml) to induce Stat3
phosphorylation. Following the treatments, cells were treated
and tested with the cell-based ELISA Kkit.

RT-PCR. The BEL-7402 and QGY-7703 cells were treated
with EGCG at 40, 80 and 160 yM for 48 h as previously
described. Total RNAs were extracted from the cells using
a commercially available RNA-Bee isolation kit (Tel-Test).
Standard reverse transcription was performed with 500 ng of
total RNA using TIANScriptRT kit (Tiangen Beijing, China).
Reverse transcription-PCR was performed using 1 1 of cDNA
template, 10 pmol of primers, and a PCR premix (1 U Taq
DNA polymerase, 250 mM dNTPs, 10 mM Tris-HCI, 40 mM
KCI and 1.5 mM MgCl,; Tiangen). The following primers
were used in the PCR reactions: Bcl-xL forward, 5'-agctggtggt
tgactttctctc-3' and reverse, 5'-ccggaagagttcattcactacc-3'; c-Myc
forward, 5'-ctaccctctcaacgacagcag-3' and reverse, 5'-gtgtgtt
cgcectettgacatt-3'; VEGF forward, 5'-gcagaatcatcacgaagtggt-3'

and reverse, 5'-catttgttgtgctgtaggaage-3'; cyclin D1 forward,
5'-atctacaccgacaactccatcc-3' and reverse, 5'-gcattttggaga
ggaagtgttc-3'; B-actin forward, 5'-agagctacgagctgectgetg-3' and
reverse, 5'-agtacttgcgctcaggagga-3'.

The amplified products obtained from the (3-actin-specific
primers served as internal controls. PCR was conducted using
Bio-Rad T-100 (Bio-Rad, Hercules, CA, USA) with a 5-min
denaturation step at 94°C; 30 cycles of 94°C for 30 sec, 62°C
for 30 sec and 72°C for 30 sec; and a final extension at 72°C for
10 min. PCR amplifications were verified to be in the linear
range.

Statistical analysis. Data are presented as means + SD for
3 separate experiments. One-way ANOVA was employed for
statistical analysis using SPSS 17.0. P<0.05 was considered to
indicate a statistically significant result.

Results

EGCG blocks Stat3 binding to its phosphopeptide ligand.
EGCG was tested for its ability to block Stat3 binding to its
phosphopeptide ligand using SPR binding assay (15). SPR
experiments showed that EGCG was able to directly compete
with pY-peptide for binding with Stat3 at an 1Cs, value of
10-30 uM (Fig. 1).

Molecular docking between EGCG and Stat3. Fig. 2A is
a computer model image of EGCG on Stat3. According to
the figure, EGCG is located in a phosphopeptide binding
pocket formed by the STAT3 SH2 fold. Fig. 2B shows the
spatial matching results of EGCG and Stat3; the 3-D struc-
ture of EGCG matches perfectly with the phosphopeptide
binding site of STAT3 SH2. Fig. 2C and D depict the specific
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Figure 2. Computer modeling of EGCG bound by the SH2 domain of STAT3. The 3-D structures and results of computer docking of EGCG to the STAT3 SH2
domain are shown in A, B and D. The left side of C shows the 2-D structure. The middle portion of A and B shows EGCG binding to an electrostatic molecular
surface model of the STAT3 SH2 domain; blue represents areas with positive-charge; red represents areas with negative-charge and the stick model depicts
EGCG. Cis acloser view of this interaction with hydrogen bonds indicated by dotted lines. Cation-m interactions are shown in brown color and critical residues
that contribute mainly to the EGCG-Stat3 binding are represented by circles in green or purple colors, and EGCG molecules are presented by a line model. In
D, STAT3 SH2 skeletal configuration is presented in a ribbon model, EGCG is represented by stick models and all atoms of critical residues in STAT3 SH2
domains are represented in gold color. The carbon, oxygen and hydrogen atoms of EGCG are represented by silver, red and white color, respectively, in A, B,
CandD.
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Figure 3. EGCG suppresses HCC cell proliferation and induces cell apoptosis. (A) QGY-7703 and BEL-7402 cell lines were treated with different concentra-
tions of EGCG, and the relative cell viability was measured using MTT assay. The standard deviations were calculated based on 3 experiments. (B) QGY-7703

cells were cultured with different concentrations of EGCG for 48 h, and the apoptotic fraction of cells was detected by Annexin V staining (x-axis)/PI (y-axis)
staining using flow cytometry. The lower right quadrant of the plot indicates early apoptotic cells that are Annexin V-positive and PI-negative.

interactions between EGCG and STAT3 SH2. According
to these two figures, the -NH3 group of LYS591 is located
between the 2 aromatic rings of EGCG and the 2 hydrogen
atoms from the -NH3 group, resulting in the formation of
cation-mt bonds. The other hydrogen atom in the -NH3 group
forms a hydrogen bond with the -O- in EGCG. On the other
hand, the -C=0 group functions as a hydrogen receptor in
EGCQG, forming hydrogen bonds with -NH in GLU612 and
-OH in SERG613, respectively. While the 2 aromatic rings
both function as hydrogen donors in EGCG, one also forms
hydrogen bonds with the -NH2 group in ARG60, while the

other forms hydrogen bonds with the -NH2 group in Glu638.
The other part of EGCG forms a van der Waals interaction with
the phosphopeptide binding pocket of STAT3 SH2 (LYS591,
GLUS594, ARG609, SER611, GLU612, SER613, THR620,
VAL637, GLU638, PRO639) (Fig. 2C). These multiple interac-
tions result in a steady locked relationship (15-18).

EGCG suppresses BEL-7402 and QGY-7703 cell growth, and
induces apoptosis in QGY-7703 cells. To determine the poten-
tial cytotoxic and anti-proliferative effects of EGCG, the human
HCC cell lines BEL-7402 and QGY-7703 were cultured with
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Figure 4. EGCG inhibits Stat3 phosphorylation and suppresses the expres-
sion of STAT3-regulated genes. (A) QGY-7703 cells were treated with
EGCG (0-80 uM) for 48 h. The expression levels of p-Stat3 and T-Stat3 were
detected by western blotting. 3-actin was used as a loading control. (B) The
relative intensities of p-Stat3 in QGY-7703 cells were measured by cell-based
ELISA. Cells treated with AG490 were used as positive control. Data repre-
sent the means = SD. "P<0.05 or “P<0.001 indicates a significant difference
from the respective control. (C) mRNA levels of Bcl-xL, c-Myc, VEGF and
cyclin DI in QGY-7703 cells treated with EGCG were detected by RT-PCR.
Housekeeping gene 3-actin was used as the control.

EGCQG at various concentrations (0-320 xM). Cell viability
was then determined by MTT assay. Results showed that
treatment with EGCG led to a significant dose-dependent inhi-
bition of HCC cell growth in vitro (Fig. 3A). The half maximal
(50%) inhibitory concentrations (ICs,) for BEL-7402 and
QGY-7703 cells were ~55 and 35 uM, respectively. Induction
of cell apoptosis was confirmed by Annexin V-FITC staining
in QGY-7703 cells. Results showed that treatment with EGCG
led to significant dose-dependent apoptosis-inducing effects
on HCC cell growth in vitro. According to Fig. 3B, the upper
right quadrant represents late apoptosis, while the lower right
quadrant represents early apoptosis. Increasing concentrations
of EGCG at 20, 40, 80 and 160 uM, respectively, were added
to the QGY-7703 cell line for 48 h. As a result, the rates of cell
apoptosis were 11.7, 18.7, 42.6 and 73.6%, respectively. Thus,
as the concentration of EGCG increased, the rate of apoptosis
of the QGY-7703 cells also increased. The standard deviations
were calculated based on 3 independent experiments.

EGCG inhibits IL-6-induced Stat-3 phosphorylation. To
examine whether EGCG has inhibitory effects on IL-6-
induced Stat3 phosphorylation, QGY-7703 cells were cultured
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and pretreated with different concentrations of EGCG for
48 h, and were then treated with 50 ng/ml of IL-6 stimulation
for 30 min. After treatment, the phosphorylated Stat3 and total
Stat3 were analyzed by western blotting and cell-based ELISA.
EGCQG inhibited Stat3 phosphorylation on tyrosine 705 in a
dose-dependent manner (Fig. 4A). The p-Stat3 relative flores-
cence intensity was significantly reduced following EGCG
treatment. When QGY-7703 cells were treated with EGCG at
concentrations of 10, 20, 40, 80 and 160 uM, respectively, the
p-Stat3 relative average fluorescence intensities were 7,400,
6,600, 4,500, 3,400 and 2,200, respectively. Statistical analysis
showed a P-value of <0.05 for EGCG at 10, 20 and 40 uM in
relation to their corresponding fluorescence intensity; EGCG
at 80 and 160 #M had a P-value of <0.001 in relation to their
corresponding fluorescence intensity (Fig. 4B).

EGCG downregulates the expression of cancer-related
genes. Exposure to EGCG resulted in a dose-dependent
decrease in cyclin DI mRNA expression in both BEL-7402
and QGY-7703 cells, as demonstrated by RT-PCR analysis.
Furthermore, the expression levels of Bcl-xL, c-Myc and
VEGF were also significantly reduced at the transcriptional
levels (Fig. 4C).

Discussion

Tea is one of the most popular beverages in the world and has
been well known to promote good health in numerous ways for
over two thousand years. Daily consumption of tea may reduce
cholesterol and the incidence of heart disease, boost immunity
and benefit human skin. Particularly, tea may lower the risk
of various types of cancers, including gastric, pancreatic and
colorectal, in the human population (19-21). EGCG, which
contributes to more than 40% of the total polyphenol mixture in
tea, plays an essential role in its chemotherapeutic and chemo-
preventive effects. In fact, the anti-oxidative activity and metal
chelating functions of EGCG may contribute to the inhibitory
activity of tea against carcinogenesis (22). Additionally, there
is considerable evidence that EGCG has an anticancer nature
by modulating the intracellular signaling network.

To study the mechanism of the inhibitory effects of
EGCG on carcinoma cells, we conducted molecular binding
computation and related experiments. Based on our study from
the BIAcore binding assay in micromoles, EGCG blocked
Stat3 binding to its phosphopeptide ligand on SPR testing.
Furthermore, the EGCG molecule had major interactions with
two key residues, R609 and K591, localized in the STAT3 SH2
domain, which we found through docking simulation analysis.
We then confirmed that EGCG significantly inhibited carci-
noma cell growth in vitro in two human HCC cell lines,
BEL-7402 and QGY-7703, in a dose-dependent trend by MTT
assay. Additionally, EGCG interrupted Stat3 phosphorylation
on tyrosine 705 in a dose-dependent manner as detected by
western blotting and cell-based ELISA immunoblot testing in
micromoles. As shown in Fig. 4B, EGCG at 40 yM had the
same effects on p-Stat3 phosphorylation inhibition as the well-
known EGFR inhibitor AG490 at 50 yM. HCC cells treated
with EGCG exhibited a significant transcriptional decrease in
the expression of many genes related to cell growth, survival
and apoptosis, including Bcl-xL, c-Myc, VEGF and cyclin D1,
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as determined by RT-PCR analysis. This in turn led to HCC
cell apoptosis, as demonstrated by flow cytometry.

Our research data support that the anticancer function of
green tea is the result of the inhibition of the STAT3 signaling
pathway by EGCG. However, additional studies suggest
that EGCG is not only a multiple effector that regulates cell
signaling such as STAT1 and ERK1/2 (23), but is also a
general binder that binds to STAT1 and other bio-molecules,
including RNA. Based on our conclusion, EGCG is a STAT3
signaling inhibitor that competitively binds to the STAT3 SH2
domain, contributing to the regulation of the cellular signaling
network and the anticancer effects of green tea. However,
further research is needed before a full understanding of the
mechanism of EGCG in tea is achieved in order to benefit the
health of the general population.
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