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Epigallocatechin gallate inhibits the growth of human lung
cancer by directly targeting the EGFR signaling pathway
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Abstract. Epigallocatechin gallate (EGCG), the major
biologically active compound in green tea, is a well-known
chemoprevention agent. Although several reports have
shown that EGCG exerts its anticancer activity by targeting
specific cell signaling pathways, the underlying molecular
mechanism(s) are only partially understood. In the present
study, we report that EGCG had a profound antiproliferative
effect on human lung cancer cells. EGCG inhibited anchorage-
independent growth and induced cell cycle G,/G, phase arrest.
The mechanism underlying EGCG antitumor potency was
mainly dependent on suppression of the EGFR signaling
pathway. Short-term EGCG exposure substantially decreased
EGF-induced EGFR, AKT and ERK1/2 activation. Moreover,
long-term EGCG treatment not only inhibited total and
membranous EGFR expression, but also markedly attenuated
EGFR nuclear localization and expression of the downstream
target gene cyclin D1, indicating that EGCG treatment
suppressed EGFR transactivation. Additionally, knockdown
of EGFR in lung cancer cells decreased their sensitivity to
EGCG. Thus, inhibition of the EGFR signaling pathway may
partly contribute to the anticancer activity of EGCG.

Introduction

Green tea is a popular type of tea worldwide. Epidemiological
investigations and experimental studies have shown that green
tea has chemopreventive effects for a wide range of malignan-
cies, including lung, stomach, breast, prostate, pancreatic,
ovarian, liver, colorectal and skin cancer (1-10). Mechanistic
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studies indicate that EGCG, the major component of green
tea, appears to be the primary active ingredient responsible
for its biological effects. EGCG reportedly exhibits its cancer
preventive effects through regulation of multiple signaling
pathways, including suppression of various protein kinases
(1,11,12), disruption of the activation of transcription factors,
and alteration of the expression of genes involved in cell prolif-
eration, angiogenesis and apoptosis, thereby imparting strong
cancer chemopreventive as well as therapeutic effects (13,14).

Epidermal growth factor receptor (EGFR) is a transmem-
brane glycoprotein that possesses intrinsic receptor tyrosine
kinase activity. The EGFR signaling pathway is known to play
a major role in tumor genesis by regulating cell proliferation,
survival and metabolism (15). Upon ligand binding, activated
EGFR recruits, phosphorylates and activates a number of
important signaling molecules such as PLC-vy, Ras, PI-3K and
JAK2 (16,17). These EGFR downstream signaling cascades
are conventional early transient responses and mainly depend
on EGFR tyrosine kinase activity (18). Moreover, EGFR
and its ligands have repeatedly been observed in the nucleus
(15,19,20). Different stimuli such as the EGF ligand or ultra-
violet radiation may promote the nuclear translocation of
EGFR. Nuclear EGFR interacts with numerous transcription
factors such as signal transducer and activator of transcrip-
tion 3 (STAT3), STATS and transcription factor E2F1, and
acts as a transcriptional factor to regulate the expression of
downstream target genes. Additionally, other DNA-binding
partners such as proliferating cell nuclear antigen or DNA
protein kinase (DNA-PK) are able to bind with nuclear EGFR
and induce PCNA stability or DNA repair (19,21-24). These
findings indicate that nuclear EGFR is involved in a number
of physiological and pathological processes, such as prolifera-
tion, inflammation, metastasis, DNA repair and resistance to
DNA-damaging radiation or chemotherapy drugs (15).

Lung cancer is the leading cause of cancer-related death
in the world, and non-small cell lung carcinoma (NSCLC)
accounts for 80% of lung cancer cases (25-27). Overexpression
and hyperactivation of receptor tyrosine kinases such as
EGFR are known to be important in lung cancer carcino-
genesis, leading to the development of specific targeted
therapies (28,29). Specific receptor antagonists have shown
efficacy in clinical practice, yet tumors often become resistant
to these therapies due to an EGFR second mutation or other
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tyrosine kinases such as c-Met overexpression, and the 5-year
survival for these patients remains poor at <15% (28). A major
challenge in the treatment of lung cancer is the identification of
novel therapeutic targets or the development of new anticancer
agents that can supplement current chemotherapy (30).

In the present study, we demonstrated that natural
compound EGCG markedly inhibited the growth of lung
cancer by directly targeting the EGFR signaling pathway.
EGCG not only decreased EGFR tyrosine kinase activity,
but also suppressed nuclear localization of EGFR and EGFR-
mediated expression of downstream target gene cyclin DI.

Materials and methods

Cell culture and transfection. All cell lines were obtained from
the American Type Culture Collection (ATCC; Manassas,
VA, USA) and grown in a 37°C incubator with 5% CO,
according to ATCC protocols. For transfection experiments,
Lipofectamine™ 2000 transfection reagent (Invitrogen,
Carlsbad, CA, USA) was used according to the manufacturer's
instructions.

Reagents and antibodies. EGCG was obtained from Sigma
(St. Louis, MO, USA). Anti-EGFR, anti-p-EGFR (Tyr1068),
anti-AKT (pan), anti-p-AKT (Ser473), anti-ERK1/2, anti-p-
ERK1/2 (Thr202/Tyr204), anti-S6, anti-p-S6 (Ser235/236),
anti-cyclin D1, anti-a-tubulin and anti-laminB antibodies were
purchased from Cell Signaling Technology, Inc. (Danvers,
MA, USA). Anti-f3-actin, anti-rabbit [gG-HRP and anti-mouse
IgG-HRP were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Anti-N-cadherin was purchased from
BD Biosciences (San Jose, CA, USA).

Western blotting. Cells were harvested by trypsinization and
pelleted by centrifugation. Cell pellets were lysed in Nonidet
P-40 cell lysis buffer (50 mM Tris-HCI, pH 8.0, 150 mM
NaCl, 0.5% Nonidet P-40 and protease inhibitor mixture).
Protein concentrations were determined by the Bradford
assay (Bio-Rad Laboratories, Hercules, CA, USA). Proteins
were separated by SDS-PAGE and electrically transferred to
polyvinylidene difluoride membranes (Millipore, Billerica,
MA, USA). After blocking in 5% non-fat dry milk in TBS,
the membranes were hybridized to specific primary antibodies
overnight at 4°C, washed 3 times with TBS-Tween-20, and
then incubated with secondary antibodies conjugated with
horseradish peroxidase for 1 h at room temperature. Next, the
membranes were washed 3 times in TBS-Tween-20 at room
temperature. The protein bands were visualized using ECL
chemiluminescence reagents (Pierce Chemical Co., Rockford,
IL, USA) according to the manufacturer's protocol.

Lentiviral infection. Lentivirus plasmids (pLKO.1-shEGFR #1,
TRCNO0000039633; pLKO.1-shEGFR #2, TRCN0000121068)
were purchased from Thermo Scientific (Huntsville, AL,
USA). We co-transfected pLKO.I-shEGFR with PSPAX2
and PMD2-G into 293T cells. Viral supernatant fractions
were collected and infected into A549 lung cancer cells with
10 ug/ml Polybrene. After a 24-h infection, the medium
was replaced with fresh medium containing the appropriate
concentration of puromycin. Appropriate experiments were
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conducted with these cells until the control cells (without
infection) completely died (usually 2-3 days) in the puromycin
medium.

Subcellular proteome fractionation. The subcellular proteome
fractions were prepared using the ProteoExtract Subcellular
Proteome Extraction kit (Millipore) according to the manu-
facturer's instructions.

Soft agar colony assay. To examine the anchorage-independent
growth, lung cancer cells were suspended (10,000 cells/ml) in
1 ml 0.3% agar with Eagle's basal medium containing 10%
FBS, 1% antibiotics, and different concentrations of EGCG (0,
10, 20 and 40 pumol/l) overlaid into 6-well plates containing a
0.6% agar base. The cultures were maintained in an incubator
at 37°C with 5% CO, for 1-2 weeks. The colonies were counted
under a microscope with the Image-Pro Plus software program
(Media Cybernetics, Silver Spring, MD, USA).

Flow cytometry. Flow cytometry was used to quantify cells
in each phase of the cell cycle. Cells (2x10°) were seeded into
6-well plates and treated with various concentrations of EGCG
for 24 h. The cells were harvested and washed with PBS twice
and then fixed in 70% ethanol overnight at 4°C. The cells were
counterstained in the dark with 50 pg/ml phosphatidyl inositol
and 0.1% ribonuclease A (RNase A) in 400 1 PBS at 25°C for
30 min. The stained cells were assayed and quantified by a
FACSort flow cytometer (BD Biosciences).

Statistical analysis. All statistical analyses were performed
with SPSS software (version 13.0). The experiments were
performed in triplicate. All quantitative data are expressed as
mean values + standard deviation. The significant differences
between two groups were assessed by a 2-tailed Student's
t-test. A probability value (P) <0.05 was considered to repre-
sent a statistically significant difference.

Results

EGCG inhibits the anchorage-independent growth of human
lung cancer cells. In the present study, we first examined the
effect of EGCG on the anchorage-independent growth of
human lung cancer cell lines, A549, H1650 and H460. EGCG
significantly inhibited A549 cell growth in soft agar in a dose-
dependent manner (Fig. 1A). At 20 uM, EGCG substantially
inhibited the colony formation of A549 cells in soft agar, and
the inhibition rate reached 80% at the concentration of 40 uM.
Meanwhile, we also investigated the effect of EGCG on the
growth of 2 other lung cancer cell lines H1650 and H460.
EGCG dose-dependently inhibited the growth of these cell
lines on soft agar. At a concentration of 20 xM, the inhibition
rate reached 60 and 30%, respectively (Fig. 1B and C). EGCG
dose-dependently inhibited the growth of lung cancer cells in
soft agar.

Short-term exposure to EGCG inhibits EGF-induced EGFR
phosphorylation and its downstream signaling pathway.
Previous studies have reported that the EGFR signaling
pathway is often deregulated in human lung cancer and plays
a dominant role in the proliferation and survival of cancer
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Figure 1. Inhibitory effect of EGCG on anchorage-independent growth of
human lung cancer cells. EGCG inhibited anchorage-independent growth
in a panel of human lung cancer cell lines: (A) A549, (B) H1650 and (C)
H460. A colony formation assay was performed as described in Materials
and methods. The data represent the colony formation ability of human lung
cancer cells treated with different concentrations of EGCG compared with
the dimethyl sulfoxide-treated group. The average colony number was calcu-
lated from 3 separate experiments. Columns, mean value of the number of
colonies as determined from the 3 independent experiments; bars, standard
deviation. "P<0.05, “P<0.01, “"P<0.001 indicate significant suppression of
colony formation by EGCG.

cells. Therefore, we investigated the effect of EGCG on the
EGFR signaling pathway. Treatment of A549 cells with
EGCQG significantly inhibited EGFR activation. Although
a low concentration (10 M) of EGCG had little effect on
EGFR phosphorylation, the EGF-induced EGFR activation
was inhibited >50% in the A549 cells in a dose-dependent
manner following treatment with 20 to 40 uM EGCG. EGCG
suppressed the activation of EGFR downstream kinases,
such as Akt, ERK1/2 and S6 in the A549 cells (Fig. 2A). To
further confirm the effect of EGCG on EGFR phosphoryla-
tion, we determined EGF-induced EGFR phosphorylation
at various time-points. Consistent with the above results,
EGCG suppressed EGFR activation as well as its downstream
kinases Akt and ERK1/2 at all time points (15, 30 and 60 min)
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Figure 2. EGCG affects EGF-induced epidermal growth factor receptor
signaling in A549 lung cancer cells. (A) EGCG dose-dependently inhibited
the EGF-induced EGFR signaling pathway. A549 cells were starved in a
serum-free medium for 24 h, and then treated with EGCG at the indicated
concentrations for 2 h. After stimulation with EGF (20 ng/ml) for 30 min, the
cells were harvested and protein levels were determined by western blotting.
(B) EGCG time-dependently inhibited the EGF-induced EGFR signaling
pathway. A549 cells were starved in a serum-free medium for 24 h. Following
pre-treatment with 40 ymol EGCG for 2 h, the cells were stimulated with
EGF (20 ng/ml) for various times (15, 30 and 60 min), and the cell lysates
were harvested and protein levels were determined by western blotting.

(Fig. 2B). As c-Fos is one of the most important immediate
early genes regulated by EGFR to initiate downstream target
gene transcription upon growth factor stimulation, EGCG
may regulate c-Fos expression. As expected, together with
the suppression of phosphorylation of EGFR, EGF-induced
c-Fos expression was inhibited by EGCG treatment (Fig. 2B),
suggesting that EGCG decreases EGF-induced EGFR activa-
tion and signaling transduction.

Long-term exposure to EGCG decreases the expression
levels of EGFR in human lung cancer cells. EGF-induced
phosphorylation and activation of the EGFR signaling pathway
were inhibited after transient EGCG treatment, indicating that
EGCG dose-dependently inhibited EGFR tyrosine kinase
activity. Then, we investigated the effect of EGCG on EGFR
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Figure 3. EGCG affects the expression levels of EGFR in A549 cells.
(A) EGCG suppressed EGFR expression in A549 cells. A549 cells were
treated with different concentrations of EGCG for various time-points as
indicated, the whole cell lysates were harvested and protein levels were
determined by western blotting. EGCG treatment (B) decreased the expres-
sion level of membrane-associated EGFR and (C) inhibited EGFR nuclear
localization. A549 cells were treated with different concentrations of EGCG
for various time-points as indicated. Subsequently, the membranous and
nuclear fractions were isolated as described in Materials and methods and
analyzed by western blotting using the indicated antibodies.

expression after long-term exposure. As shown in Fig. 3A,
long-term exposure to EGCG significantly suppressed the
expression of EGFR in a dose-dependent and time-dependent
manner. Following treatment with EGCG at 20 uM for 48 h,
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Figure 4. Knockdown of EGFR in A549 cells decreases the sensitivity to
EGCG. (A) The efficiency of EGFR shRNA in A549 cells was detected by
western blotting. (B) Knockdown of EGFR attenuated the anchorage-inde-
pendent growth of A549 cells. (C) Sensitivity of A549 cells transfected with
mock shRNA (sh-Mock) or EGFR shRNA (sh-EGFR) to EGCG treatment.
Stable knockdown of EGFR in A549 cells by lentiviral infection and soft
agar colony formation assays were performed as described in Materials and
methods. Representative images (B and C, left panels) are shown. The graphs
(B and C, right panels) show data from at least 3 independent experiments
expressed as means + SD. "P<0.05 (Student's t-test) indicates a significant
decrease in colony formation of EGFR-knockdown cells (B) and significant
decrease in sensitivity to EGCG of EGFR-knockdown A549 cells (C).

the total EGFR protein level was markedly decreased. Next, we
purified the subcellular fractions to determine whether EGCG
treatment regulates EGFR expression both on the cellular
membrane and in the nucleus. As shown in Fig. 3B, in A549
lung cancer cells, the membranous expression level of EGFR
exhibited no obvious decrease following treatment with 40 yuM
EGCG for 24 h; however, following a 72-h EGCG treatment, the
EGFR membranous expression level was significantly reduced.
Moreover, EGCG had a high inhibitory effect on nuclear EGFR
expression, following treatment with 40 uM EGCG for 24 h
(Fig. 3C). The expression of EGFR was markedly decreased
at 72 h, and the expression of EGFR was almost completely
suppressed, indicating that long-term EGCG treatment inhib-
ited the EGFR expression both on the cellular membrane and
in the nucleus.
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Figure 5. EGCG regulates cyclin D1 expression and cell cycle progression in
A549 lung cancer cells. (A) EGCG dose-dependently and time-dependently
inhibited cyclin D1 expression in A549 cells. A549 cells were treated with
different concentrations of EGCG at various time-points as indicated.
The whole cell lysates were harvested and subjected to western blotting.
(B) EGCG treatment dose-dependently induced cell cycle arrest at the G,/
G, phase. Equal numbers of A549 cells in 6-well plates were treated with
various concentrations of EGCG or without EGCG for 24 h, and cell cycle
analysis was carried out by flow cytometry. The data are presented from 3
independent experiments expressed as means + SD. "P<0.05 (Student's t test)
indicates a significant increase in the number of A549 cells in the G/G, phase
following EGCG treatment.
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Knockdown of EGFR reduces the sensitivity of lung cancer
cells to EGCG. We examined whether the knockdown of
EGFR expression influences the sensitivity of A549 lung
cancer cells to EGCG. First, we determined the efficiency of
shRNA knockdown, as well as the effect of ShRNA transfec-
tion on anchorage-independent growth. The expression of
EGFR was obviously decreased after shRNA transfection
(Fig. 4A). Moreover, the growth of cells in soft agar decreased
by >35% following transfection when compared with the mock
group (Fig. 4B). Next, A549 cells transfected with sh-EGFR
or sh-Mock control were treated with EGCG or vehicle and
subjected to a soft agar assay. EGCG (20 yM) inhibited the
anchorage-independent growth of A549 sh-Mock cells by
~50%. In contrast, the inhibition was ~25% in A549 sh-EGFR
cells, indicating that A549 cells transfected with EGFR shRNA
were resistant to EGCG treatment (Fig. 4C). These results
imply that EGFR plays an important role in the sensitivity of
A549 cells to the antiproliferative effect of EGCG.

EGCG treatment suppresses cyclin DI expression and induces
cell cycle G,)/G, arrest. Previous studies demonstrated that
cyclin D1 is an important target gene for nuclear EGFR and
is involved in cell cycle regulation (31,32). Based on the above
results, we further investigated the effect of EGCG on cyclin D1
expression as well as on cell cycle progression. Long-term
treatment of EGCG resulted in downregulation of cyclin D1
expression in A549 lung cancer cells. Following treatment with
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20 uM EGCG for 48 h, the expression of cyclin DI protein was
substantially suppressed (Fig. 5A). Together with the inhibition
of cyclin D1, EGCG treatment was accompanied by cell cycle
arrest at the G,/G, phase in a concentration-dependent manner.
As shown in Fig. 5B, the percentage of cells in the G,/G, phase
was increased to ~25% following treatment with 40 uM EGCG.
These data indicate that EGCG exerts its antitumor activity via
inhibition of EGFR transactivation ability and regulation of
expression of its target genes.

Discussion

The natural compound EGCG is the major polyphenol
component in green tea. EGCG is a highly active and prom-
ising therapeutic and chemopreventive agent. However, the
underlying mechanism for its anticancer activity has not yet
been elucidated. The present study identified EGFR as a direct
target of EGCG in human lung cancer.

EGFR regulates important tumorigenic processes,
including proliferation, apoptosis, angiogenesis and invasion,
and along with its ligands, it is frequently overexpressed or
hyperactivated during the development and progression of
human lung cancer (28,33). Previous studies have revealed that
EGCG inhibits the activation of the EGFR and downstream
signaling pathways in several types of cancer cells (34-37).
Moreover, EGCG suppresses growth factor receptor signaling
in human non-small cell lung cancer cells and potentiates the
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antiproliferative activity of c-Met and EGFR inhibitors (38).
In the present study, we first examined the antitumor effects of
EGCG in several human lung cancer cell lines. EGCG inhib-
ited the anchorage-independent growth of human lung cancer
cells in a dose-dependent manner (Fig. 1). Western blotting
demonstrated that the EGFR signaling pathway appeared to
play an important role in EGCG-mediated lung cancer cell
growth inhibition. EGF-induced EGFR activation was mark-
edly decreased by EGCG pre-treatment (Fig. 2). Our findings
corroborated previous studies which demonstrated that the
effect of EGCG against lung cancer may depend on immediate
EGFR activity suppression.

Receptor downregulation is the most prominent regulator
of EGFR signal attenuation and involves the internalization
and subsequent degradation of the activated receptor in lyso-
somes. Previous reports demonstrated that EGCG-induced
EGFR signaling reduction was partly regulated by p38-medi-
ated EGFR phosphorylation and internalization in colon
cancer (39,40). We then assessed EGFR expression after long-
term EGCG exposure in A549 cells. EGCG not only decreased
the total EGFR protein levels (Fig. 3A), but also inhibited the
EGFR expression on the cell membrane (Fig. 3B). More recent
compelling evidence further indicates that EGFR function
depends on its subcellular location. EGFR can be shuttled into
the cell nucleus and the mitochondrion upon ligand binding,
radiation, EGFR-targeted therapy and other stimuli. Nuclear
EGFR serves as a transcriptional regulator, tyrosine kinase
and mediator of other physiological processes (15). In the
present study, we demonstrated for the first time that EGCG
markedly inhibited EGFR nuclear localization in a dose- and
time-dependent manner (Fig. 3C). Based on these results,
we hypothesized that EGCG attenuates EGFR transcription
activity. Cyclin D1 is one of the well-known downstream
target genes of EGFR. We determined the effect of EGCG
on cyclin D1 expression by western blot analysis. Consistent
with our hypothesis, the results clearly showed that EGCG
potently suppressed cyclin D1 expression in a concentration-
dependent manner (Fig. 5A). Additionally, EGCG-mediated
cyclin D1 inhibition was accompanied by cell cycle arrest at
the G,/G, phase (Fig. 5B). Moreover, knockdown of EGFR
expression suppressed A549 cell colony formation in soft agar
and decreased the sensitivity of A549 cells to EGCG treatment
(Fig. 4). These data provide strong evidence that long-term
EGCG exposure markedly downregulates EGFR protein
expression as well as its transactivation.

Taken together, EGFR, as a potential and important target
of EGCG, offers useful evidence for the rational use and
combination treatment of EGCG in lung cancer therapy. We
cannot exclude the possibility that EGCG treatment, in addition
to decreasing EGFR kinase activity and protein expression,
may have antitumor activity by affecting other pathways.
Numerous preclinical studies and clinical trials of EGCG are
still ongoing in different countries (1), and more research must
be conducted to provide further valuable evidence to guide the
clinical use of EGCG in lung cancer prevention and therapy.
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