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Background: Several EGFR-tyrosine kinase inhibitors (TKIs), such as gefitinib (Gef), have

been used as effective clinical therapies for patients with non-small cell lung cancer

(NSCLC). However, due to acquired resistance, the efficacy of Gef treatment is severely

blocked. Our preliminary study found that epigallocatechin gallate (EGCG) in combination

with Gef could work synergistically to increase the sensitivity to Gef in NSCLC, but the

mechanisms responsible for this have not been completely defined.

Purpose: In our present study, we devoted to investigate the synergistic effects of combined

EGCG and Gef treatment and the importance of autophagy and ERK signaling pathway in

overcoming acquired drug resistance to Gef in NSCLC.

Methods: We evaluated the synergistic effects of combined EGCG and Gef treatment

through in vitro cell proliferation/viability assays and in vivo xenograft studies, respectively.

Autophagic flux was assessed by GFP-microtubule-associated protein 1 light chain 3 (LC3)

plasmid transfection and western blot detection of autophagy-related proteins. Besides, the

role of ERK on acquired resistance was validated with a ERK inhibitor.

Results: We discovered that EGCG can synergize with Gef to inhibit the proliferation of

Gef-resistant NSCLC cells and suppress tumor growth in a xenograft mouse model. The

underlying mechanisms of synergism were investigated, and the results showed that co-

treatment with Gef and EGCG could inhibit Gef-induced autophagy and ERK phosphoryla-

tion. Consistently, the expression of LC3-II/I and ATG5 were inhibited, whereas the expres-

sion of p62 was enhanced in EGCG and Gef combination treatment groups. Further,

inhibition of autophagy in Gef-resistant A549 cells could augment cell death.

Conclusion: In conclusion, EGCG overcomes Gef resistance by inhibiting autophagy and

augmenting cell death through targeting ERK pathway in NSCLC. Gef and EGCG combina-

tion therapy may be an effective strategy to overcome acquired resistance in NSCLC.
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Introduction
Lung cancer is one of the most common cancers in the world, causing a serious

social burden.1,2 According to the statistics, the prevalence of non-small cell lung

cancer (NSCLC) is over 80% in all lung cancers.3 It is well known that the EGFR

plays a key role in NSCLC; EGFR-tyrosine kinase inhibitors (TKIs) such as

gefitinib (Gef) have significantly improved the treatment outcome of NSCLC

patients.4 Although treatment of TKIs has achieved some initial results, the tumor

eventually relapses because of the emergence of acquired resistance to the TKIs

because of EGFR mutation.5 In half of the patients, the reason for acquired
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resistance can be attributed to secondary EGFR mutations,

mainly T790M point mutation.6

Though some genetic mutations severely influence the

treatment of TKIs, metabolic alteration is also one of the

causes of drug resistance. Researches have demonstrated that

Gef-mediated ROS triggers drug resistance and mitochon-

drial dysfunction in lung cancer cells,7,8 and antioxidants

may alleviate ROS-mediated resistance.7 Zhao et al discover

that Gef can enhance the expression of microtubule-asso-

ciated protein 1 light chain 3 (LC3), and the acquired drug

resistance may be associated with autophagy.9 Chitosan

nanoparticles entrapping Gef and chloroquine (CQ), an inhi-

bitor of autophagolysosomes formation, can help to over-

come Gef-acquired resistance and improve the efficacy of

cancer treatment.9 Lv et al demonstrat that Honokiol shows

enhanced antitumor effects through inhibiting autophagy and

inducing cell death in NSCLC when delivered with CQ.10

Besides, increasing evidence indicate that autophagy is a

conserved catabolic process activated under oxidative stress

conditions.11 Therefore, we speculate that the inhibition of

autophagy might be a potential mechanism to overcome

acquired resistance.

In addition to autophagy, the ERK signaling pathway

also has a critical role in cell proliferation, tumorigen-

esis, cell cycle arrest and drug-acquired resistance.12

ERK is activated via a pathway that involves GTP

loading of Ras and the sequential phosphorylation and

activation of Raf, MEKs and ERK.13 ERK activation is

also found in various cancer cells which are resistant to

EGFR or MEK kinase inhibitors.14,15 Abrams et al indi-

cate that targeting the Raf/MEK/ERK pathway may be

an effective approach to govern drug resistance.16

Therefore, there has been an increasing number of

research interested in identifying novel therapies to tar-

get this signaling pathway.

Epigallocatechin gallate (EGCG) is a polyphenol natural

product derived from green tea (Camellia sinensis). A large

number of evidence indicate that EGCG exhibits a wide

range of biological activities, including antioxidant, antimu-

tagenic and anticancer activities.17–20 Studies have shown

that EGCG affects multiple signaling pathways through

binding to various molecular targets, including transmem-

brane receptors, kinases and other key proteins, and ulti-

mately leading to apoptosis, proliferation inhibition and

inhibition of invasion, angiogenesis and metastasis.21

Besides, Xiaokaiti et al suggeste that EGCG ameliorates

the neutrophil elastase-induced migration of NSCLC cells.22

Then, we speculated that EGCG, an antioxidant polyphenol,

may alleviate drug resistance to some extent.

Our preexperiment found that EGCG in combination

with Gef could work synergistically to increase the sensi-

tivity to Gef in NSCLC, but the mechanisms responsible

for this have not been completely defined. In the present

study, we investigated the synergistic effects of combined

EGCG and Gef treatment and the importance of autophagy

and ERK signaling pathway in overcoming acquired drug

resistance to Gef in NSCLC.

Materials and methods
Reagents
Gef (s1025), EGCG (s2250) and SCH772984 (s7101) were

purchased from Selleck Ltd. (Shanghai, China). CQ (c6628)

and rapamycin (Rap) (553211)were from Sigma-Aldrich (St.

Louis, MO, USA). The drugs were diluted in DMEM

(Hyclone, Logan, UT, USA) to achieve the final desired

concentration. Antibodies against ERK1/2 (5376), p-ERK1/

2 (Thr202/Tyr204) (4370), MEK1/2 (4694), p-MEK1/2

(Ser217/221) (3958), LC3 (12741), ATG5 (12994), ATG12

(2011), p62 (5114) and ki67 (12075) were from Cell

Signaling Technology Ltd. (Danvers, MA, USA).

Cell lines and culture
A549 cells and the human bronchial epithelial cell line

16HBE were bought from Chinese Academy of Medical

Sciences Cancer Cell Bank (Beijing, China), A549 cells

were maintained in DMEM containing 10% FBS (Gibco,

Carlsbad, CA, USA), 100 μg/mL streptomycin (Gibco)

and 100 μg/mL penicillin (Gibco) at 37°C with 5% CO2.

16HBE cells were maintained at 37°C in minimum

essential medium (Gibco) supplemented with 10%

(v/v) FBS (Gibco), 100 µg/mL penicillin (Gibco) and

100 µg/mL streptomycin (Gibco) in an incubator with

5% CO2.

Cell proliferation/viability assays
Cell viability was examined with a CellTiter96 Aqueous one

solution Cell proliferation assay (MTS assay). Cells were

seeded in 96-well tissue culture plates and treated with various

concentrations of Gef, EGCG and combined treatment (Gef

+EGCG) for 48 hrs. After treatment, 10 μL MTS assay solu-

tion was added to each well and incubated at 37°C for 3 hrs.

Since MTS is light-sensitive, the procedure was performed in

dark environment. Then, the optical density of each well was
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measured at 570 nm with a microplate reader (Molecular

Device, Sunnyvale, CA, USA).

IC50 for each drug were calculated using GraphPad

Prism 5.0 software (GraphPad Software, Inc., La Jolla,

CA, USA). The effects of different drug combinations

were determined using CompuSyn software (Biosoft,

Ferguson, MO, USA), which was based on the median

effect model of Chou Talalay method.23 The combination

index (CI) was calculated using the formula: CI = (D)1/

(Dx)1+ (D)2/(Dx)2, where, Dx indicates the dose of one

compound alone required to produce an effect, and (D)1

and (D)2 are the doses of compounds 1 and 2, respectively,

necessary to produce the same effect in combination. The

combined effects of two compounds can be interpreted as

follows: CI <1, CI =1 and CI >1 indicate synergistic,

additive and antagonistic effects, respectively.

TUNEL staining
TUNEL staining was performed using a TUNEL

Apoptosis Assay Kit (T2190, Solarbio, Beijing, China).

Apoptotic cell nuclei were stained with fluorescein-

dUTP, and Hoechst (B8040, Solarbio) was used to stain

all cell nuclei. The drug-treated cells were fixed with

paraformaldehyde (PFA) for 15 mins, gently rinsed with

PBS and mixed with Triton-X-100 (0.2%) (T8200,

Solarbio) for 10 mins at room temperature. Add the

newly prepared TUNEL assay solution and incubate at

37°C in the dark for 1 hr, observed using a fluorescence

microscope.

GFP-LC3 plasmid transfection and

confocal microscopy
For standard plasmid transfection, the cells were resuspended

in serum and antibiotic-free DMEM at suitable densities (to

achieve 30–50% density on the next day). Two hundred

microliters of cell suspension were mixed with 5 μg GFP-

LC3 plasmid (Hanheng, Shanghai, China), then transferred

to a 0.4-cm electroporation cuvette (BioRad, Hercules, CA,

USA), and electroporated using Gene Pulser Xcell™ electro-

poration system (BioRad).24 The pulse amplitude of electro-

poration varied between 80 and 120 V with a pulse duration

of 20 ms/transfection. When the electroporation was over,

the cells were incubated at room temperature for 5 mins and

transferred to a 8-well LAB-Tek confocal CHAMBERCVG

(LAB-Tek, 155411, Hatfield, PA, USA)

Forty-eight hours after transfection, cells were treated

with 1.87 μL Gef, 34 μL EGCG and combined treatment

(1.87 μL Gef +34 μL EGCG) for 48 hrs. Subsequently,

cells were fixed with 4% PFA (P1110, Solarbio), permea-

bilized with Triton-X-100, and nuclei were stained with

DAPI (C0065, Solarbio). Treated cells were then exam-

ined with a Leica TCS SP5 laser scanning confocal micro-

scope equipped with a 40× objective lens.

Ki67 staining
The Ki67 cellular proliferation detection kit was obtained

from Sangon Biotech Co., Ltd. (Shanghai, China). Briefly,

cells were fixed with 4% PFA for 30 mins, gently rinsed

with PBS for three times and then incubated with 0.2%

Triton-X-100 for 10 mins. After being washed with PBS,

the cells were incubated with the blocking buffer for 1 hr,

followed by incubation with anti-ki67 rabbit antibody

(CST, Danvers, MA, USA, 1:300) at 4°C overnight.

Then, the cells were washed three times and incubated

with secondary antibody at room temperature for 1 hr.

After incubation with secondary antibodies, cells were

counterstained with DAPI solution (C0065, Solarbio) and

then analyzed with a fluorescence microscope.

Immunoblot analysis assay
Briefly, A549 cells were lysed, then protein concentrations

were quantified using the BCA assay (23225, Thermo

Scientific, Carlsbad, CA, USA). An equal amount of protein

was subjected to SDS-PAGE and transferred to a 0.45-µm

polyvinylidene difluoride membrane (Millipore, Billerica,

MA, USA, HATF09025). Then, the membranes were

blocked with blocking buffer (5% nonfat dry milk and

0.05% Tween-20), followed by incubation with primary anti-

bodies: p-ERK1/2 (CST, 1:1000), p-MEK1/2 (CST, 1:1000),

LC3 (CST, 1:1000), ATG5 (CST, 1:1000), ATG12 (CST,

1:1000), p62 (CST, 1:1000) and anti-GAPDH (Abcam,

Cambridge, MA, USA, 1:20,000) at 4°C overnight. Then,

the cells were washed three times and incubated with sec-

ondary antibody at room temperature for 1 hr followed by

triple 10-min wash in Tris-buffered saline and Tween 20.

Bands were detected using an enhanced chemiluminescence

system (BioRad). Data within a linear range were quantified

using Quantity One software (BioRad).

Xenograft studies
All animal experiments were performed according to the NIH

Guide for the Care and Use of Laboratory Animals and

approved by the Institutional Animal Care and Use

Committee of the Fourth People’s Hospital of Shaanxi

(China). BALB/C male nude mice weighing 18–20 g were
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purchased from the Experimental Animal Center of Xi’an

Jiaotong University. The human lung A549 adenocarcinoma

cells were cultivated in DMEM high-glucose medium supple-

mented with 10% FBS at 37°C with 5%CO2. A549 cells were

trypsinized, centrifuged, washed in PBS twice and injected s.c.

(1×106, 100 μL of PBS) into the left flanks of the 7–8-week-

old mice (the animals were adapted to the lab environment for

7 days before experiments). When tumors grew to 100 mm3 in

size, the animals were randomly divided into four groups

(n=10 mice per group): treated with vehicle, Gef (10 mg/kg/

day, p.o.), EGCG (200 mg/kg/day, p.o.) and Gef plus EGCG

(10 mg/kg/day Gef +200 mg/kg/day EGCG, p.o.), respec-

tively. The tumor volume was measured every 3 days, and

the physical signs and weight of the animals were monitored

as well. The tumor volume was determined according to the

following formula: TV (mm3) =1/2×width2×length. To evalu-

ate the effect of agents on the survival rate of A549 tumor-

beard mice, we observed their effect on survival in a cycle of

60 days. The survival curves were performed with an n=10 for

BALB/C nude mice and were analyzed using the Mantel–Cox

test, which is used to test the null hypothesis that survival

curves are not different between groups.

Statistical analysis
All data are expressed as the mean ± SEM, and statistical

analysis was conducted with GraphPad Prism 5.0.

Multiple comparisons among vehicle and treatment groups

were performed using one-way ANOVA followed by

Bonferroni correction. The in vivo study used two-way

ANOVA statistic assay. A value of P<0.05 was considered

statistically significant.

Results
EGCG and Gef synergized in inhibiting

the proliferation of NSCLC cell
To exclude any cytotoxic effects of EGCG on normal lung

cells, we treated 16HBE cells with different concentrations

of EGCG for 48 hrs. The results showed that EGCG below

80 μM had no cytotoxicity (Figure 1A).

To assess whether EGCG could sensitize A549 cells to

Gef, we evaluated the effects of EGCG (Figure 1B), Gef

(Figure 1C) and EGCG-Gef combinational treatment

(Figure 1D) on the proliferation of A549 cells. Compared

with Gef treatment alone, EGCG and Gef combination

treatments showed a decrease in IC50 values (Figure 1D).

As expected, after 48 hrs of treatment, EGCG presented

IC50 equals 33.82 μM as well as IC50 of Gef equal to 6.343

μM, and then in the synergetic effect tests, EGCG (34 μM)

combined with Gef (1.87 μM) treatment showed the great-

est synergistic effect (P<0.05) and was chosen for the

subsequent studies.

We also used TUNEL staining to detect apoptosis of

Gef-resistant A549 cells. TUNEL-positive cells, which

were stained with red fluorescence, were significantly

increased in EGCG + Gef group. Nuclei were stained by

Hoechst with blue fluorescence (Figure 1E).

In addition, the synergetic effect of EGCG and Gef was

further confirmed using Ki-67 staining. Ki-67-positive

cells were significantly decreased in EGCG + Gef group

(P<0.05) (Figure 1F). All these results verified EGCG and

Gef synergized in inhibiting the NSCLC cell proliferation.

EGCG and Gef synergized in suppressing

tumor growth in A549 xenograft mouse

model
We further evaluated the effect of combined Gef and EGCG

on tumor progression in vivo, using an athymic nude mouse

xenograft model. When tumors grew to 100 mm3 in size, the

animals were treated with vehicle, Gef (10 mg/kg/day, p.o.),

EGCG (200mg/kg/day, p.o.) and Gef plus EGCG (10mg/kg/

day Gef +200 mg/kg/day EGCG, p.o.), respectively. Tumor

volumes were observed in every 3 days during the 21 days of

treatment. Animal mass and individual tumor curve of the

xenograft mouse model are shown in Figure S1. Figure 2A

shows that although Gef and EGCG treatment individually

demonstrated inhibitory effects on tumor volume in compar-

ison to the vehicle-treated group, the combination of Gef and

EGCG demonstrated a higher inhibition compared to Gef- or

EGCG-alone treatment groups, as indicated by a statistically

significant decrease in tumor volume.

To determine the long-term survival-prolongation

effect of the drug combination, we investigated the survi-

val rate of the above four groups in a cycle of 60 days

approximately. As illustrated in Figure 2B, compared with

Gef or EGCG-alone treatment groups, the survival rate of

A549 tumor-beard nude mice treated with EGCG plus Gef

was significantly increased.

EGCG inhibited Gef-induced autophagy

in A549 cells
To estimate the regulation of autophagy by EGCG in A549

cells, we transfected A549 cells with GFP-LC3. The green

LC3 puncta mainly indicated the dynamic autophago-

somes formation. In our study, the green puncta number
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and intensity were significantly higher in Gef (1.87 μM)

treatment group compared with the control group,

whereas, EGCG (34 μM) treatment reversed the autophagy

induced by Gef (Figure 3A). These results suggested that

autophagic flux was inhibited in EGCG and Gef co-treat-

ment group.

Next, we detected the level of LC3-II, which is an

autophagosomal marker.25 LC3-II/I ratio obviously rises

when autophagy occurs in mammalian cells. Western blot

assay revealed that the ratio of LC3-II/I was significantly

increased in Gef-alone treatment group, while addition of

EGCG decreased the ratio of LC3-II/I (Figure 3B).

Besides, EGCG and Gef combination treatment also

decreased the expression of ATG5 and increased expres-

sion of p62 which functions as the adaptors of autophagy

(Figure 3B and C), but did not affect the expression of

ATG12. Overall, EGCG inhibited autophagy induced by

Gef in A549 cells.

Inhibition of autophagy in A549 cells

promoted cell death
We next studied how autophagy affected viability of NSCLC

cells treated with combined drug. Thus, we firstly suppressed

autophagy with CQ (20 μM), an autophagy inhibitor, and then

determined the viability of tumor cells subjected to the treat-

ments. As shown in Figure 4A, immunoblot results indicated

that CQ increased p62 expression level but reduced the level

of LC3-II in A549 cells, whereas Rap (100 nM) presented the

opposite effect. MTS results revealed that inhibition of autop-

hagy by CQ (EGCG+Gef +CQ) further augmented cell death

compared with the EGCG + Gef group (P<0.05) (Figure 4B).
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Combined EGCG and Gef inhibited ERK

phosphorylation
As illustrated in other studies that ERK signaling was essential

for Gef resistance and ERK inhibition could alleviated Gef

resistance.26 To clarify the mechanism underlying drug com-

bination–induced autophagic inhibition, Raf/MEK/ERK path-

way was determined. As illustrated in Figure 5A and B, high

concentration of EGCGorGef treatment (EGCG, 80 µM;Gef,

20 µM) inhibited ERK phosphorylation (p-ERK). Neither

EGCG (40 µM) nor Gef (10 µM) alone inhibited p-ERK or

p-MEK at lower concentrations, while their combination

treatment at lower doses significantly reduced both p-ERK

and p-MEK levels, but did not affect total MEK or ERK level.

We further confirmed the above results using ERK inhi-

bitor, SCH772984. SCH772984 (0.5 µM) or Gef (10 µM)

treatment inhibited A549 cell proliferation by 33.08% and

59.15%, respectively, whereas, Gef and SCH772984 co-

treatment remarkably inhibited A549 cell proliferation (by

75.59%) compared with cells treated with SCH772984, or

Gef alone (Figure 5C). These results indicate that EGCG

overcomes Gef resistance through inhibiting Raf/MEK/

ERK Pathway.

Discussion
As the basic treatment of advanced NSCLC, platinum-based

chemotherapy shows serious side effects such as nausea,

diarrhea and neutropenia.27 TKIs, like Gef and erlotinib,

were recommended as the second- or third-line therapy

after failure of first-line chemotherapy in NSCLC.28 It is

well known that TKIs are generally more efficacious and
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less toxic than the classic cell toxicity-based chemotherapy.29

Unfortunately, the therapeutic effect of TKIs was limited by

the emergence of drug resistance caused by the second muta-

tion, for instance, replacing threonine 790 with methionine

(T790M) of EGFR accounts for approximately 50% of all

resistance to Gef or erlotinib.30 There are currently no effec-

tive treatments for EGFR TKI-resistant patients.

A number of natural products have been reported pre-

senting synergetic effect when co-treated with certain types

of popular chemotherapy medicine. It has been demon-

strated that resveratrol synergizes with Gef could inhibited

the proliferation of Gef-resistant NSCLC cells.31

Combination of curcumin and fluorouracil synergistically

inhibits cell growth and induces potent apoptosis of the

drug-resistant human gastric cancer cells lines in vitro.32

Besides, it is reported that EGCG can mediate human

neutrophil elastase-induced migration in A549 cells.22

As a type of polyphenol with antioxidant and anti-inflam-

matory properties, EGCG has been proven to inhibit the

growth of cancer cells but has no toxic effects on normal

cells.33 It is reported that EGCG inhibits proliferation and

migration of bladder cancer 5637 and T24 cells.34 EGCG

inhibits the proliferation and invasiveness and induces apop-

tosis in nasopharyngeal carcinoma cells.35 EGCG suppresses

cell proliferation and promotes apoptosis in Ec9706 and

Eca109 esophageal carcinoma cells.36 In the lung cancer

xenograft nude mice model, combination of EGCG and

curcumin can improve weight loss due to tumor burden and

inhibit tumor growth, without causing any serious side

effects.32 The combination of EGCG and erlotinib inhibits

cell proliferation and colony formation more effectively than

either agent alone.37 Overall, EGCG effectively inhibited cell

proliferation of several types of tumor cell lines.

As it is known, Gef exerts its anticancer activity at the

intracellular domain of EGFR by preventing tyrosine kinase

phosphorylation and subsequent activation of the down-

stream signaling pathway.38 Dragowska et al demonstrated

that elevated levels of autophagy were early responses to Gef
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treatment and that targeting EGFR and autophagy should be

a potential therapeutic target in EGFR-expressing breast

cancers.39 Further, it was reported that autophagy contributes

to the chemoresistance of NSCLC in hypoxic conditions.40

Inhibition of autophagy may be a new means to improve

chemotherapy efficiency in breast cancers.41 These indicate

that autophagy exhibits a critical role in the survival of tumor

cell under extreme stress condition.

As mentioned in the previous paragraph, inhibition of

autophagy might contribute to the amelioration of TKIs

resistance, and thus targeting autophagy might be a novel

therapeutic strategy for cancer treatment.9,10 In our study,

we demonstrated that combined EGCG and Gef inhibited

Gef-induced autophagy and partially restored Gef sensi-

tivity in A549 cells. Besides, immunoblot assay revealed

that the ratio of LC3-II/I dramatically decreased in EGCG

treatment cells compared with that in Gef treated cells.

Further, inhibiting autophagy with CQ increased p62

expression and reduced LC3 expression in the Gef-resis-

tant A549 cells. Moreover, MTS results demonstrated

inhibiting autophagy could augment cell death. What

needs to be mentioned is that the longest treatment time

of EGCG is 48 hrs in our present study, so experimental

findings of the present study are mainly attributed to the

regulation by prototype rather than metabolites of EGCG.

In subsequent studies, molecular mechanisms involved in

the inhibition of autophagy were analyzed. We know that the

Raf/MEK/ERK signaling pathway regulates many biological

and pathological processes in cancer cells and normal cells.

MEK1 and MEK2 are dual-specificity protein kinases and

phosphorylate ERK on specific threonine and tyrosine resi-

dues. MEKs are activated by upstream serine kinase, Raf, by

phosphorylating catalytic domain on key serine residues.42 In

the present study, inhibition of ERK phosphorylation

obviously alleviated Gef resistance.

Conclusion
In summary, EGCG overcomes Gef resistance by inhibiting

autophagy and augmenting cell death through targeting ERK

pathway in NSCLC. This study provides a novel, enhanced

targeted therapy for overcoming acquired resistance in

NSCLC and may open a window for the treatment of

NSCLC.

Abbreviation list
CI, combination index; CQ, chloroquine; EGCG, epigallo-

catechin gallate; Gef, gefitinib; LC3, microtubule-associated

protein 1 light chain 3; NSCLC, non-small cell lung cancer;

p-ERK, ERK phosphorylation; PFA, paraformaldehyde;

Rap, rapamycin; TKIs, tyrosine kinase inhibitors.
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Figure S1 Animal mass and individual tumor curve in the xenograft mouse model. (A) Body weight of a xenograft mouse model with different treatments. Inhibitory effects

of control (normal saline) (B), Gef (10 mg/kg/day, p.o.) (C), EGCG (200 mg/kg/day, p.o.) (D) and Gef + EGCG (10 mg/kg/day Gef +200 mg/kg/day EGCG, p.o.) (E) on tumor

volume in a xenograft mouse model.
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