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Abstract

Lung cancer has a poor 5-year survival rate and is the leading cause of cancer-related deaths
worldwide. Thus, the development of more efficient therapeutic strategies is urgently needed. Many
studies have shown that EGCG, a major polyphenol found in green tea, has potential anticancer
effects. The present study aims to investigate the molecular mechanism of EGCG-mediated
inhibition of proliferation in lung cancer cells and to explore the effects of combined treatment with
EGCG and an NF-kB inhibitor, BAY11-7082, in A549 and H1299 cells both in vitro and in vivo. Our
results showed that EGCG inhibits cell proliferation and migration and induces apoptosis in A549
and H1299 cells at relatively high concentrations (IC50=86.4 uM for A549 cells and 80.6 yM for
H1299 cells). These effects are partially achieved via inhibition of the NF-kB signaling pathway.
Combined treatment with EGCG and BAY11-7082, a potent NF-kB inhibitor, shows significant
synergistic effects at relatively low concentrations. The inhibition rate reached approximately 50% in
cells treated for 72 h with 20 yM EGCG and 5 uyM (A549 cells) or 2.5 yM BAY11-7082 (H1299
cells). This synergistic anti-tumor effect was also observed in a xenograft model. These results
indicated that EGCG inhibits lung cancer cell proliferation by suppressing NF-KB signaling.
Coadministration of EGCG and BAY11-7082 has a synergistic effect both in vitro and in vivo and may
serve as a novel therapeutic strategy for lung cancer.
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Introduction

Lung cancer has a high mortality rate and is a
leading cause of cancer-related death worldwide [1].
Approximately 85% of patients with lung cancer are
diagnosed with non-small-cell lung cancer (NSCLC),
one of the most predominant pathological types of
lung cancer [2]. Although considerable progress has
been made in the treatment of NSCLC, the 5-year
overall survival rate of patients with NSCLC remains
poor. Moreover, the recurrence rate of this disease is
high [3]. Many drugs have been designed to target
specific signaling molecules, however these are

affiliated with serious adverse effects, which limit
their utility in the clinic [4]. Thus, it is critical to
consider other preventive and therapeutic measures
for lung cancer.

Green tea (Camellia sinensis) is a popular
beverage worldwide [5]. Tea consumption may be
linked to low incidences of various pathological
conditions, including cardiovascular  disease,
diabetes, obesity, and cancer. Out of all the
constituents of green tea, commonly referred to as
catechins, (-)-epigallocatechin-3-gallate (EGCG) is the
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most abundant and biologically active component [6].
EGCG has been shown to inhibit carcinogenesis
induced by a wide variety of compounds in rodent
cancer models [7]. EGCG inhibits multiple signal
transduction pathways in cancer cells [8]. In vitro,
EGCG has been shown to inhibit growth and
stimulate apoptosis in a number of human cancer cell
lines including leukemia, melanoma, breast, lung, and
colon [9, 10]. EGCG has also been shown to be
effective in inducing apoptosis and inhibiting
metastasis in a variety of cancer cell lines, including
breast, prostate, liver and lung cancer cells, via
induction of cell-cycle arrest or activation of the
mitogen-activated protein kinase cascade [11]. These
effects have been extensively studied in vitro to try to
elucidate the potential mechanism(s) of action of
EGCG. Based on well-documented results, it is clear
that EGCG is a promising chemopreventive and
therapeutic agent for the treatment of lung cancer [2,
12, 13]. Our present study aims to investigate the
molecular mechanism underlying the inhibition of
proliferation by EGCG in lung cancer cells.

The nuclear factor-KB (NF-xB) pathway has
recently emerged as a promising therapeutic target for
anticancer drugs [14, 15]. NF-xB transcription factors
are crucial regulators of mechanisms associated with
tumorigenesis and can achieve multifaceted functions
through regulation of NF-xB target genes [6, 16].
NF-xB target genes are associated with numerous
hallmarks of cancer, including proliferation (e.g.,
MYC, Cyclin D1), survival (e.g., BCL-2, Bcl-XL)
inflammation (e.g.,, COX2, TNF-a) and metastasis
(e.g., TWIST1, MMP2) [17]. As NF-xB regulates a
panel of key oncogenes and pro-survival genes, this
pathway has also been implicated in tumor initiation,
progression, and resistance to chemotherapy [18].
Genome-level cancer studies have revealed that the
NF-xB pathway is aberrantly activated in many types
of human cancer. For example, mutations in the
NF-xB pathway are potentially involved in lung
cancer [19]. EGCG has been demonstrated to
effectively  impair cancer cell growth by
downregulating NF-xB pathway activity [4].

EGCG has been tested in numerous cancer cell
lines and some clinical trials [20, 21], which have
revealed three major issues limiting its utilization
including high instability, low bioavailability and
inappropriate systemic release [22]. Human tumors
often upregulate NF-xB signaling to acquire resistance
to chemotherapy [23,24], NF-xB inhibitors may also
serve as chemo-sensitizing agents in combination
therapies. Combinations of natural compounds have
been used successfully in the treatment of various
types of cancer to increase therapeutic effects lower
required dosages and to reduce drug resistance

and/or side effects [25]. Therefore, to evaluate the
effect of EGCG in combination with other agents, we
explored the combination of EGCG with BAY11-7082.
This combination was selected because EGCG can
inhibit NF-xB while BAY11-7082, a specific NF-xB
inhibitor, was identified as an inhibitor of
cytokine-induced  IkB  phosphorylation  [26].
BAY11-7082 has been shown to suppress NF-xB
signaling both in wvitro and in vivo [23,27]. This
compound, though not clinically approved, has been
studied in mouse Ilymphoma models, which
demonstrated that small molecule inhibition of the
NF-«xB pathway can cause tumor regression [27].
Based on this rationale, we hypothesized that
inhibition of NF-xB signaling via cotreatment with
EGCG and BAY11-7082 may increase therapeutic
efficacy in lung cancer.

In the present manuscript, we demonstrate for
the first time that EGCG inhibits cell proliferation and
migration and induces apoptosis in A549 and H1299
cells at relatively high concentrations, partially via
inhibition of the NF-xB signaling pathway. Moreover,
we show that EGCG and BAY11-7082 act
synergistically to inhibit growth in lung cancer cells.
This suggests that combinatorial NF-xB-targeting
therapeutic regiments may be a novel strategy for the
treatment of lung cancer.

Materials and Methods

Cell lines and culturing

A549 (WT p53, noninvasive) and H1299 (p53
null, invasive) cells were cultured in RPMI-1640
(Thermo Fisher Scientific Inc, Waltham, MA, USA)
containing 10% (v/v) fetal bovine serum (Welgene,
Inc, Daegue, South Korea) and 1%
penicillin-streptomycin (Life Technology, USA) at
37°C in 5% CO, humidified incubator [27].

Reagents

MTT was obtained from Sigma-Aldrich, USA.
The Annexin V-FITC kit was purchased from BD
Pharmingen, USA. Transwell plates were from
Corning Incorporated, USA. Antibodies against
caspase-3 (9662s), -9 (9915s); Bcl-2 (2870s); GAPDH
(ab181602) and TBP (ab818) were purchased from
Abcam, Cambridge, UK; NF-xB (8242s) and
phosphorylated NF-xB p65 (3033s) were purchased
from Cell Signaling Technology, USA. Polymerase
chain reaction (PCR) kits were purchased from
Sigma-Aldrich Chemical Company, St. Louis,
Missouri. NF-xB inhibitor (BAY11-7082) and EGCG
were provided by MCE, USA. EGCG and BAY11-7082
(BAY) were resuspended in dimethyl sulfoxide
(DMSO) as 10 mmol/L stock solutions.
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Cell viability assay

Cells (5x10° /well) were seeded in 96-well plates
(Labserve, USA) and incubated with different
concentrations of EGCG (0-300 pM) or BAY11-7082
(0-5 pM) for 48 h and 72 h. Following incubation, 20
pL of MTT solution (5 mg/ml in PBS) was added to
each well, and the mixtures were incubated for 4 h at
37°C. Then, the medium was discarded, and 150 pL of
DMSO was added to dissolve the formazan crystals.
The absorbance of each sample was read at 540 nm
using a microplate reader (Thermo Multiskan GO,
USA). A combination index (CI) was calculated from
pooled data from 3 individual experiments. The
combination indexes (CI) for two agents were
calculated by CompuSyn synergism/antagonism
analysis software (Version 1.0, ComboSyn, Inc.,
Paramus, NJ, USA). CI values of <1, =1 and >1
indicated synergism, additivity and antagonism in
combined agent action, respectively [28].

Colony formation assay

The effects of EGCG and BAY11-7082 treatment
on A549 and H1299 cell viability was measured by
colony formation assay. A549 and H1299 cells were
seeded into 12-well plates at 600 cells/well. After a
one-day incubation, control and experimental groups
were incubated for 7 days and then stained with 0.1%
crystal violet. Visible colonies (more than 50 cells)
were counted under a light microscope. Survival rates
were calculated relative to the number of colonies in
the control group. All assays were repeated three
times.

Annexin V-FITC/PI Double Staining

Cells were seeded in 6-well plates (1x10°
cells/mL) and exposed to EGCG or BAY11-7082 for 48
h. The cells were then stained using an Annexin
V-FITC/PI double-fluorescence apoptosis detection
kit (Biouniquer Technology) according to the

Table 1. Primer sequences of relevant genes used for qRT-PCR.

manufacturer’s instructions. Samples were analyzed
using a FACSCalibur flow cytometer within 1 h of
staining.

Western blot analysis and quantification

Lung cancer cells treated with EGCG and
BAY11-7082 were lysed in lysis buffer. Protein
samples (40 pg) were separated using Bis-Tris gels.
Proteins were then transferred to polyvinylidene
difluoride membranes (Millipore, USA). Membranes
were blocked with 10% nonfat milk, washed with
TBST and then incubated with primary antibodies
overnight at 4°C. After washing with TBST the
membrane was incubated with horseradish
peroxidase-conjugated secondary antibodies for 1 h.
Finally, visualization of protein bands was performed
using an ECL substrate reagent kit (GE Healthcare) on
a Gel Doc XR imaging system (Bio-RAD, USA).
B-actin was used as the internal reference.The gray
value of each protein was determined using Quantity
One software, followed by statistical analysis.

Real-time quantitative PCR (qPCR)

Total RNA was extracted from lung cancer cells
used TRIzol reagent (Invitrogen, USA). mRNA
expression levels were determined by real-time qPCR
according to the instructions. GAPDH was set as an
internal reference to determine the relative expression
levels of genes of interest. The sequences of all
primers used for qRT-PCR are shown in Table 1.
Master Mix (Toyobo Co. Ltd. Japan) was used to
detect and semiquantify the expression of target
genes. The expression levels of target genes in the
experimental group relative to those in the NC group
were calculated by the 2-24Ct method. Analysis of
each gene was performed at least 3 times. The
sequences of all primers used for qRT-PCR analysis
are listed in Table 1.

Gene Accession # Sequences of Primers

GAPDH NM-002046.7 Forward: 5-AAGGTGAAGGTCGGAGTCAAC-3’
Reverse: 5-GGGGTCATTGATGGCAACAATA-3

BCL2 NM-000657.2 Forward: 5-GACTTCGCCGAGATGTCCAG-3'
Reverse: 5-GAACTCAAAGAAGGCCACAATC-3'

BCL-XL NM-138578.3 Forward: 5-CCCAGAAAGGATACAGCTGG-3'
Reverse: 5-GCGATCCGACTCACCAATAC-3'

COX-2 NM-000963.4 Forward: 5-GATTGACAGCCCACCAACTT -3'
Reverse: 5-CTCTCCACCGATGACCTGAT-3'

TNFa NM-000594.4 Forward: 5-CAGAGGGAAGAGTTCCCCAG-3'
Reverse: 5-CCTTGGTCTGGTAGGAGACG-3'

Cyclin D1 NM-053056.2 Forward: 5'- CTGGCCATGAACTACCTGGA-3'
Reverse: 5'-GTCACACTTGATCACTCTGG-3'

C-MYC NM-00246.7 Forward: 5-CCAGCAGCGACTCTAAGG-3'
Reverse: 5'-CCAAGACGTTGTGTGTTC-3'

TWIST1 NM-000474.4 Forward: 5-CCATGTCCGCGTCCCACTA-3'
Reverse: 5-CCCACGCCCTGTTTCTTTCTTTGAAT-3'

MMP2 NM_004530.6 Forward: 5-TGATCTTGACCAGAATACCATCGA -3'

Reverse: 5'-GGCTTGCGAGGGAAGAAGTT -3'
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Cell migration and invasion assays

In the wound healing assay, 1x10° cells/well
were seeded in 24-well plates. Lung cancer cells were
starved for 24 h in FBS-free medium and then scraped
with a 10 pL pipette tip. Then, the medium was
replaced with fresh medium containing EGCG and
BAY11-7082. Cells were incubated for 24 h, and then
each well was photographed under a microscope
(Carl Zeiss, Germany). The open wound area was
measured and percentages were calculated using
TScratch software.

For the Transwell migration assay, 8x10*
cells/well were seeded into Transwell chambers with
2% BSA and 200 pL medium containing various
concentrations of EGCG. Then, 500 pL complete
RPMI1640 medium (with 20% v/v FBS), which served
as a chemoattractant, was added to the lower well.
After a 24 h incubation at 37°C, cells were fixed with
methanol and stained with 0.1% crystal violet. Stained
filters were photographed under a microscope (Carl
Zeiss, Germany). Migrated cells were quantified by
manual counting and are represented as a percentage
of the control value.

Luciferase Reporter Assay

Luciferase assays were performed according to
the manufacturer’s instructions. Briefly, the NF-xB
promoter was subcloned into a pGL3-Basic luciferase
expression vector (Genepharma). A549 and H1299
cells were seeded in 24-well plates and allowed to
grow overnight. When the cell density reached
approximately 80%, they were cotransfected with a
firefly luciferase-expressing vector (NF-xB-Luc) and a
Renilla luciferase-expressing vector (pRL-CMV
vector, Promega). 6 h after transfection, cells were
treated with 20 pM EGCG and 0.625, 1.25, or 2.5 pM
BAY11-7082. After 48 h incubation, cell lysates were
harvested and luciferase activity was measured using
a dual-luciferase assay (Promega). Firefly luciferase
activity in each group was normalized to Renilla
luciferase activity.

Immunofluorescence

Lung cancer cells were treated with drugs for 24
h in the logarithmic growth phase. Then, they were
fixed, ruptured, blocked, and incubated with primary
antibody followed by secondary antibody. Finally, the
cells were placed on the High Content Imaging
System (Thermo Fisher, USA) to detect P-NF-xB foci
using an anti P-NF-xB mouse monoclonal antibody.
Nuclei were counterstained with Hoechst 33342
(BestBio #BB-4135-1, Shanghai, China).

Cellular fractionation

Extraction Reagentslasmic and Nuclear Protein
Extraction Reagents were used according to the
manufacturer’s protocol (thermo#78833). All fractions
were further centrifuged at 16000g for 20min at 4°C.
The supernatant was collected.

In vivo growth inhibition assay

All animal experiments complied with the
ARRIVE guidelines and were carried out in
accordance with the U.K. Animals (Scientific
Procedures) Act, 1986 and associated guidelines, EU
Directive 2010/63/EU for animal experiments.

To measure the in vivo activity of EGCG and
BAY11-7082, 24 5-week-old female Balb/c athymic
nude mice were purchased from the Experimental
Animal Center of Shanghai Shrike. Lung cancer cells
were collected in the logarithmic growth phase, and
then 4x10°¢ cells were inoculated into the left forelimb
of each nude mouse. Once tumor volumes reached
>100 mm?3, the mice were randomly divided into four
different treatment groups (6 mice per group): a CTL
group (PBS + 5% DMSO), an EGCG-only group (20
mg/kg in saline, injected i.p.), a BAY11-7082-only
group (10 mg/kg in 5% DMSO +PBS, injected i.p.),
and an EGCG plus BAY11-7082 group. Tumor
volumes were calculated from two-dimensional
Vernier caliper measurements using the equation
a2xb/2, where a is the smallest measurement and b is
the largest measurement. Tumor sizes and body
weights were measured daily. Tumor volume data are
presented as the mean + SEM.

IHC staining and evaluation

Xenograft tissues were sectioned at 4 pm thick.
After being baked at 60°C for 2 h, the tissue sections
were deparaffinized with dimethylbenzene and
rehydrated in different concentrations of alcohol.
Then the slides were heated at 95°C in 0.01M citrate
buffer (pH=6.0), and 3% hydrogen peroxide was used
to quench peroxidase activity for 20min. Next the
sections were treated with normal goat serum,
followed by incubation overnight with anti-Ki67
antibody (1:800 dilution; Abcam, Cambridge, MA,
USA), anti-phospho NF-xB at 4°C. After being rinsed
with phosphate buffered saline (PBS), the sections
were incubated with a secondary antibody for 1h and
stained with 3, 3'-diaminobenzidine (DAB;
Zhongshan  biotech,  Beijing, China).  After
hematoxylin counterstain was completed, all the
sections were dehydrated and sealed. Two
experienced pathologists independently evaluated the
percentage of positive tumor cells and its staining
intensity.
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Statistical analysis

Significant differences were determined by
Student’s t test (parametric) for in vitro studies and by
analysis of variance (ANOVA) for in vivo studies.
Differences were considered statistically significant at
P < 0.05. All analyses were carried out using
GraphPad Prism from GraphPad Software (San
Diego, CA).

Results

EGCG inhibits A549 and H1299 lung cancer
cell proliferation and induces apoptosis

Treatment with EGCG for 48 or 72 h resulted in
the inhibition of cell proliferation in a time- and
dose-dependent manner. As shown in Fig. 1, EGCG
inhibited the growth of A549 cells at both 48 and 72 h,
with an IC50 of 160.12 pM and 86.44 pM, respectively.
H1299 cells were also sensitive to EGCG with 1C50
values of 179.113 pM (48 h) and 80.566 pM (72 h).
These results suggest that EGCG inhibits cell
proliferation in both a concentration- and
time-dependent manner (P <0.05). In addition, in the

presence of 20 pM EGCG, lung cancer cells growth
was weakly inhibited. Colony formation assays were
then performed to validate the effects of EGCG on
lung cancer cell growth. Colony forming efficiency
was significantly reduced in the presence of 20 pM
(H1299) and 40 pM (A549) EGCG (Fig. 1C-D).

To examine whether the reduced viability of
lung cancer cells was caused by apoptosis, we carried
out Annexin-V FITC/PI double staining and WB
analysis. Annexin-V FITC/PI staining showed that
when lung cancer cells were incubated with
increasing doses of EGCG from 20 to 160 1M, the rates
of cell apoptosis increased in a dose-dependent
manner. The percentage of apoptotic A549 (H1299)
cells upon 48 h treatment with 0, 20, 80 and 160 pM of
EGCG was found to be 3.7% (2.5%), 4.5% (5.1%), and
22.2% (33.5%), respectively. EGCG concentrations less
than 20 pM had only slight cytotoxic effects and
caused minimal apoptosis (Fig. 1E-G). Furthermore,
WB analysis showed that apoptosis significantly
increased after 48 h of treatment with 160 pM (Fig.
1H-]) EGCG, as indicated by increased cleaved
caspase-3 and -9 (CC3, CC9) and decreased Bcl-2.
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Figure 1. Growth inhibition and apoptosis induction in A549 and H1299 cells by EGCG. Growth inhibition curves A549 (A) and H1299 (B) cells exposed to various
concentrations (20, 80 and 160 uM) of EGCG for 48 and 72 h, as determined using an MTT assay. Each value is expressed as the mean * SD (n=3). (C) The effects
of EGCG on colony formation in H1299 and A549 cells. (D) Quantification of colony formation assay. (E) Flow cytometry images. (F-G) Quantitative analysis of the
percentage of apoptotic cells of EGCG after a 48 h incubation. The percentage of total apoptotic cells was defined as the sum of early and late apoptotic cells. (H-])
Western blot analysis of Caspase 3 (C3), cleaved Caspase 3 (CC3), Caspase 9 (C9), cleaved Caspase 9 (CC9), Bcl-2 and B-actin expression in A549 and H1299

exposed to different concentrations of EGCG.
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Figure 2. EGCG inhibits NF-kB in A549 and H1299 cells. (A-B) Western blot analysis of NF-kB, P-NF-KkB in cytoplasmic and nuclear fractions of A549 and H1299
cells after treatment with EGCG. GAPDH (cytoplasmic) and TBP (nuclear) were used as controls. (C-D) P-NF-kB levels in cells were quantified by high-content
imaging in three independent experiments. Representative photographs, X20 for (C). Data are presented as the meanSD of three independent experiments (D). (E)
After transfection with NF-kB-Luc and Renilla plasmids, A549 and H1299 cells were lysed to measure firefly and Renilla luciferase activities in triplicate using a
dual-luciferase assay kit (Promega). The firefly luciferase activity of each group was normalized to Renilla luciferase activity and is presented relative to that of the
pGL-3 control group. Experiments were performed three times, and the mean * SD of three experiments is shown. (F) qRT-PCR analysis of NF-kB mRNA expression
in A549 and H1299 cells after treatment with indicated EGCG for 48 h. (G-H) qRT-PCR detection of NF-kB pathway-related gene expression in control cells and
treated cells. The data are presented as the mean * SE (n = 3) of fold-changes compared to the vehicle-treated A549 (G) and (H) H1299 cells. *P < 0.05; **P < 0.01.

EGCG inhibits NF-kB signaling in A549 and
H1299 cells

EGCG may contribute to lung tumor regression
by downregulating the expression of NF-xB, Bcl-x],
and Bax in lung cancer [29, 30]. We thus hypothesized

that EGCG inhibits NF-xB signaling in lung cancer
cells. We performed nuclear protein extraction and
examine NF-xB/P-NF-xB using Western blot assays
to investigate the NF-xB activity affected by EGCG.
As shown in Fig. 2A-B, WB analysis showed that
treatment with 160 pM EGCG resulted in a significant
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decrease in P-NF-xB expression. Then we performed
immunofluorescence assay of p-NF-xB to observe
subcellular location. As expected, we did observe the
p-NF-kB was significantly inhibited by 160 uM EGCG
(Fig. 2C-D). Luciferase assays revealed that NF-«xB
activity was markedly reduced in lung cancer cells
treated with 160 pM EGCG (Fig. 2E). Next, RT-PCR
showed that the expression of NF-xB was significantly
reduced by 160 uM EGCG (Fig. 2F). In addition, the
expression of C-MYC, Cyclin D1, Bcl-2, Bcl-xL,
COX-2, TWIST1, and MMP2, which are associated
with NF-xB signaling, was analyzed to better
understand the NF-xB pathways involved in
inhibiting lung cancers and was obviously decreased
by 160 pM EGCG (Fig. 2G-H). The data from this
experiment revealed that downregulation of NF-«xB
expression is correlated with the anti-proliferative
effects of EGCG in A549 and H1299 cells.

Coadministration of EGCG and BAY11-7082
has a synergistic antiproliferative effect on
A549 and H1299 cells

Since EGCG could inhibit lung cancer cell

by MTT assays, Cl index analyses and colony
formation assays were performed to measure the
proliferation of A549 and H1299 cells after treatment
with EGCG and different concentrations of
BAY11-7082 (a specific NF-«B inhibitor) to determine
whether EGCG combined with BAY11-7082 has an
synergistic effect. Besides, the cytotoxicity of
BAY11-7082 on A549 and H1299 cells was also tested.
The result showed BAY11-7082 at 5 uM only resulted
in 12.8 % (48 h) and 21.3 % (72 h) inhibition in A549,
and at 2.5 pM only resulted in 13.2 % (48 h) and 22.5%
(72 h) inhibition in H1299 (Fig. 3A-B). Based on the
above data, we used at a concentration of 20 pM
EGCG (no cytotoxicity dose) and 0.625, 1.25,2.5, 5 uM
BAY11-7082 (lower concentration) in subsequent in
vitro experiments. To investigate the effect of EGCG
and BAY11-7082 on lung cancer cell growth, various
doses and treatment lengths were investigated in
A549 and H1299 cells (Fig. 3C-F). Cells were treated
with EGCG and BAY11-7082 either alone or in
combination for 48 and 72 h. The viability of lung
cancer cells was significantly inhibited by cotreatment
with BAY11-7082 and EGCG. To more accurately
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Figure 3. Cell growth is more effectively inhibited by cotreatment with EGCG and BAY11-7082 than by either agent alone. Growth inhibition curves A549 (A) and
H1299 (B) cells exposed to various concentrations of BAY11-7082 for 48 and 72 h, as determined using an MTT assay. Each value is expressed as the mean + SD
(n=3). (C-D) A549 cells were treated with 20 pM EGCG; 1.25, 2.5, 5 yM BAY 11-7082; or the combination thereof for 48 and 72 h. Growth inhibition was
significantly potentiated upon cotreatment with EGCG and BAY11-7082. (E-F) H1299 cells were treated with 20 uM EGCG; 0.625, 1.25, 2.5 yM BAY 117082; or the
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antagonistic) of combination therapy, these results
were evaluated mathematically using the method of
Chou and Talalay [27]. Subsequently, we found that
EGCG and BAY11-7082 synergistically inhibited the
viability of lung cancer cells, with a CI value of <1 in
both A549 and H1299 cells (Fig. 3G-H). Furthermore,
a colony growth assay confirmed that EGCG in
combination with BAY11-7082 conferred marked
repression of colony growth (Fig. 3I-L). These results
were well consistent with the data obtained by the
MTT assay in which cells were treated for 48 and 72 h
as described above.

Co-treatment with EGCG and BAY11-7082
induces apoptosis in lung cancer cells at a
greater rate than treatment with either drug
alone

To test whether the increased response to
BAY11-7082 and EGCG seen in vitro was associated
with apoptosis, the apoptosis rates in each group were
measured. We carried out annexin V-FITC/PI double
staining. As shown in Fig. 4A-D, cells treated with

both agents displayed much higher rates of apoptosis
than cells treated by a single agent or control cells.
Furthermore, Western blotting demonstrated that
apoptosis was  significantly  increased  after
cotreatment for 48 h as indicated by increased CC3
and CC9. Bcl-2 was significantly reduced in the
combination treatment group compared to the
single-agent treatment groups and the control group
(Fig. 4E-H). These results suggest that the decreased
viability of lung cancer cells treated with BAY11-7082
and EGCG is partly due to the induction of apoptotic
cell death and also imply a synergistic effect of EGCG
and BAY11-7082.

The expression and activity of NF-KB is
decreased by dual inhibition by EGCG and
BAY11-7082

To further explore the molecular mechanisms
underlying the enhanced inhibition of cell viability by
combination treatment, we performed Western
blotting to detect the activation of NF-xB, a signaling
protein that plays important roles in cell survival and
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Figure 4. Combined treatment with EGCG and BAY11-7082 induces apoptosis in A549 and H1299 cells. (A-B) Flow cytometry images. (C-D) Quantitative analysis
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apoptosis. As shown in Fig. 5A-D. NF-xB
phosphorylation, an indicator of NF-xB activation
[31], was not downregulated by EGCG (20 pM) and
was only slightly downregulated by BAY11-7082.
However, the combination treatment resulted in a
significant downregulation of NF-xB
phosphorylation. Moreover, in A549 and H1299 cells,
combined treatment with EGCG and BAY11-7082
significantly induced NF-xB activity compared with

BAY11-7082 treatment alone (Fig. 5E). In addition, we
examined the expression of NF-xB pathway-related
genes that are regulated by NF-xB inhibitors. RT-PCR
analysis showed that the expression of NF-xB,
C-MYC, CyclinD1, Bcl-2, Bcl-XL, COX-2, TNF-a,
TWIST1 and MMP2 was significantly reduced by the
combination treatment group compared to either
single-agent treatment group (Fig. 5F-H).
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Figure 5. Cotreatment with EGCG and BAY11-7082 significantly inhibits NF-kB signaling. (A-D) Western blot analysis of total NF-kB and phosphorylated NF-kB p65
in A549 and H1299 whole cell lysates after treatment with 20 yM EGCG; 0.625, 1.25, or 2.5 yM BAY 11-7082; or the combination thereof for 48 h. (E) A549 and
H1299 cells were cotransfected with SV40 and SV40 for dual luciferase reporter assays. (F) gRT-PCR analysis of NF-kKB expression levels. (G-H) qRT-PCR analysis of
C-MYC, Cyclin D1, Bcl-2, Bcl-xL, COX-2, TNF-a, TWIST1, and MMP2 mRNA expression in A549 and H1299 cells after treatment with 20 yM EGCG; 0.625, 1.25,
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Cotreatment with EGCG and BAY11-7082
inhibits A549 and H1299 cell migration and
invasion

NF-xB has been shown to upregulate the
expression of matrix metalloproteinases (MMPs),
including MMP-2, which is postulated to play a vital
role in cancer migration and invasion by the
degradation of extracellular matrix (ECM) [32, 33]. To
determine the effects of EGCG on cancer cell
metastasis in vitro, we performed wound healing
assays and Transwell migration assays. As shown in
Fig. 6A-D, EGCG significantly inhibited cell migration
in A549 and H1299 cells. When cells were exposed to
EGCG (20 pM) co-treatment with BAY11-7082 (0.625
1.25 2.5 pM) for 24 h, the inhibition increased as the
concentration increased. In addition, the results of the
Transwell migration assays are consistent with the
data from the wound healing assays. As shown in Fig.
6E-H, 20 pM EGCG or low concentrations of
BAY11-7082 alone did not significantly affect
migration in lung cancer cells; however,
coadministration of EGCG and BAY11-7082 strongly
reduced cell migration. Taken together, these data
suggest that cotreatment with EGCG and BAY11-7082
may increase the anti-tumor effects of either drug
alone via NF-xB inactivation.

Coadministration of EGCG and BAY11-7082
has a synergistic antitumor effect in mouse
xenograft models.

To determine whether EGCG combined with
BAY11-7082 results in significant antitumor effects
compared to EGCG alone in vivo, we established a
mouse xenograft model using A549 cells. After
treatment, no significant difference was observed in
body weight (Fig. 7A). Tumor growth was suppressed
in the EGCG-treated group compared with the control
group. However, the group treated with both EGCG
and BAY117082 showed a significant decrease in both
tumor volume and tumor weight compared with the
control group and the EGCG-treated group (Fig.
7B-F). In addition, We performed Ki67 and p-NF-xB
assay of xenograft tumor tissues to measure
proliferation and NF-xB activity of A549 cells in the
xenograft tumor, the results showed in Fig. 7G-]
suggested that combination treatment with
BAY11-7082 increased the efficacy of EGCG in
proliferation (brown color spots number of Ki67
decreased) and NF-xB activity inhibition (brown color
spots number of P-NF-«xB decreased) to some extent.
Comprehensive statistical analysis of these data
demonstrated that cotreatment with EGCG and
BAY11-7082 significantly improves the antitumor
effects of EGCG via inhibiting NF-kB in mouse
xenograft models.

Discussion

Lung cancer is typically treated by surgical
removal of the affected tissue followed by radiation
therapy and chemotherapy. However, patients often
suffer from the serious adverse effects associated with
different treatment regimens [4]. Throughout the
world, tea polyphenol, especially EGCG, has been
widely consumed as a health-promoting food
ingredient [35]. Given its increased popularity and the
commercial development of EGCG for cancer
treatment [36-39], there is an urgent need to
comprehensively study the beneficial effects of EGCG
in lung cancer.

In the present study, we found that treatment
with EGCG resulted in dose-and time-dependent
inhibition of lung cancer cell viability in vitro. We next
sought to determine whether the antiproliferative
effect of EGCG was associated with the induction of
apoptosis. Apoptosis plays a crucial role in protecting
organisms against tumorigenesis. Many anticancer
drugs act to induce apoptosis, eliminating cells that
harbor genetic damage or divide inappropriately [40].
The results of Western blotting and annexin
V-FITC/PI double staining suggested that EGCG
induced apoptosis in lung cancer cells in a
dose-dependent manner (Fig. 1). Apart from its
antiproliferative and apoptosis-inducing effects,
EGCG was also found to be effective in inhibiting
lung cancer cell migration and invasion at a
concentration of 20 ptM (noncytotoxic dose) by wound
healing and Transwell migration assays (Fig. 6).

To gain insight into the underlying mechanism
of EGCG-induced apoptosis several proteins were
analyzed, including caspase-3 and -9, cleaved
caspase-3 and -9, Bcl-2, NF-xB and p-NF-xB. EGCG
effectively activated cleaved caspases-3 and-9 in a
dose-dependent manner. EGCG also significantly
inhibited the expression of the antiapoptotic protein
Bcl-2. In addition, we demonstrated that the
expression levels of NF-xB and p-NF-xB were
significantly decreased by EGCG in a dose-dependent
manner. NF-xB plays important roles in the control of
cell growth, differentiation, apoptosis, invasion and
angiogenesis by regulating downstream genes, such
as Bcl-2, Bcl-xL, survivin, and COX-2 [41]. Our results
clearly show that EGCG inhibits both NF-xB
activation and the expression of the downstream
target genes Bcl-2, Bcl-xL, and COX-2. These findings
correlate well with the observed increase in the
apoptotic index. Taken together, these results suggest
that EGCG inhibits proliferation and migration and
induces apoptosis in A549 and H1299 cells at
relatively high concentrations (IC50=86.4 uM for A549
cells and 80.6 pM for H1299 cells), partially via
inhibition of the NF-xB signaling pathway.
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However, considering the poor absorption and  efficacy and utility in lung cancer. Previous reports
low bioavailability of EGCG, combining this drug  have indicated that BAY11-7082 can significantly
with other chemotherapeutic agents may increase its ~ reduce tumor volume and increase survival in mouse
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lung tumors with high NF-xB activity [26]. Thus, our
study attempted to further explore whether
cotreatment with EGCG and a specific NF-xB
inhibitor, BAY11-7082, could enhance its antitumor
effects. To our knowledge, this is the first report to
analyze the synergistic suppressive effect of EGCG
and BAY- 117082 in lung cancer cells.

In a chemoprevention study, the ideal result
would be using the lowest concentration of an
anti-cancer compound to achieve the best preventive
effect. Our preliminary results showed that low
concentrations of either EGCG (20 pM) or BAY11-7082
(0.625, 1.25 and 2.5 pM) alone only slightly inhibited
tumor growth in vivo. However, combined treatment
with these two agents markedly suppressed cell
growth as detected by MTT and colony formation
assays.

Moreover, the observed cell growth inhibition
correlated well with apoptosis data, suggesting that
cotreatment with EGCG and BAY11-7082 inhibits cell
viability partly through the induction of an apoptotic
cell death mechanism.

We also showed that combination treatment
with EGCG and BAY11-7082 reduced lung cancer cell
viability via NF-xB pathway inhibition to a greater
degree than treatment with either drug alone. Our
data showed that 20 pM EGCG failed to significantly
reduce NF-xB phosphorylation. However, in the
present study, EGCG was able to reduce the
expression of both total and phosphorylated NF-xB.
Moreover, immunofluorescence assay of p-NF-xB was
performed to observe subcellular location. The result
was consistent with the above. In addition, we used
luciferase reporter assays to examine NF-«B activity
in cells treated with EGCG and BAY11-7082 for 48 h.
Our results clearly show that combined treatment
with EGCG and BAY11-7082 significantly inhibited
NF-xB activity. We also showed that combined
treatment with EGCG and BAY11-7082 resulted in
downregulation of the downstream target genes Bcl-2,
Bcl-XL, MYC, TWIST1, COX2, TNF-a and MMP2,
which may have contributed to the inhibition of
migration and induction of apoptosis.
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loss was observed during the treatment period in mice. (B) Representative images of tumors from each group at the termination of the experiment. (C-D) Graph
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In addition to the in vitro studies, the antitumor
effects of EGCG and BAY11-7082 were investigated in
a mouse xenograft model. The combination of EGCG
and BAY11-7082 significantly suppressed tumor
growth without inducing toxicity (Fig. 7). The results
of the in vivo study confirmed that cotreatment with
EGCG and BAY11-7082 significantly potentiates the
antitumor effects of EGCG via down-regulation of
NF-xB. Additional studies are required to test the
absorption rates of EGCG and BAY11-7082 in animal
models and in humans, to determine differences in
absorption and bioavailability when administered
alone or in combination and to determine the exact
mechanisms of these drugs.

Conclusions

In summary, our results show that EGCG
inhibits lung cancer cells by downregulating the
expression of NF-xB. We also evaluated the possibility
that EGCG combined with BAY11-7082 significantly
potentiates this antitumor effect. Considering the poor
absorption and low bioavailability of EGCG in clinical
trials, we focused on a much lower concentration of
this compound. Our results suggested that, even at
this low concentration, cotreatment with EGCG and
BAY11-7082 could significantly retard tumor
progression via down-regulation of NF-xB without
any serious side effects. These results collectively
suggest that EGCG in combination with BAY11-7082
could be a candidate for the chemoprevention of
NSCLC. To our knowledge, this is the first report to
detail the enhanced chemopreventive effect caused by
EGCG in combination with BAY11-7082 in NSCLC
cells.
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