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Abstract

Copper transporter 1 (CTR1) plays an important role in increasing cisplatin intake.

Our previous studies showed that CTR1 expression was upregulated by

(−)‐epigallocatechin‐3‐gallate (EGCG), a green tea polyphenol, therefore enhanced

cisplatin sensitivity in ovary cancer and non‐small‐cell lung cancer (NSCLC) cells. In the

current study in the non‐small‐cell lung cancer cells, we uncovered a potential

mechanism of EGCG‐induced CTR1 through its pro‐oxidative property. We found that

EGCG increased reactive oxygen species (ROS) generation, while in the presence of

ROS scavenger N‐acetyl‐cysteine (NAC), ROS production was eliminated. Changes of

CTR1 expression were consistent with the ROS level. Simultaneously, EGCG down-

regulated ERK1/2 while upregulated lncRNA nuclear paraspeckle assembly transcript 1

(NEAT1) through ROS to induce CTR1 expression. Besides, in a nude mouse xenografts

model, EGCG treatment raised ROS level, expression of CTR1 and NEAT1 in tumor

tissue. Also, ERK1/2 and p‐ERK1/2 were suppressed as well. Taken together, these

results suggested a novel mechanism that EGCG mediated ROS to regulate CTR1

expression through the ERK1/2/NEAT1 signaling pathway, which provided more

possibilities for EGCG as a natural agent in adjuvant therapy of lung cancer.
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1 | INTRODUCTION

Globally, lung cancer is the most prevalent cancer in both genders

especially non‐small‐cell lung cancer (NSCLC; Torre, Siegel, Ward, &

Jemal, 2016). Many platinum‐based agents such as cisplatin (CDDP)

have been used to treat NSCLC as the first‐line chemotherapy,

whereas drug resistance caused by long‐term cisplatin administration

continuously leads to cancer treatment failure (Chang, 2011). Copper

transporter protein 1 (CTR1; SLC31A1), a high‐affinity membrane

transport protein, is a critical determinant to the intracellular

accumulation of platinum drugs (Konishi et al., 2018). Several in

vitro and in vivo studies showed that high CTR1 level correlated with

high Pt content while deletion of CTR1 led to a decrease in Pt and

cisplatin accumulation as well as cisplatin sensitivity in many types of

cancer (Kilari, Guancial, & Kim, 2016). CTR1 expression had been

shown to be modulated by specificity protein 1 (Sp1), whose zinc

finger domain and transactivation domains were copper sensors

(Liang, Tsai, Lee, Savaraj, & Kuo, 2012). Elevated glutathione (GSH)

levels upregulated CTR1 expression and conferred cellular sensitiza-

tion to the cisplatin toxicity through reducing bioavailable pool of Cu

(Chen et al., 2008). Our previous work showed that CTR1 could be

upregulated by (−)‐epigallocatechin‐3‐gallate (EGCG), a noticeable

tea polyphenol, in ovarian cancer cells and NSCLC cells (Jiang, Wu,

Wang, Huang, & Feng, 2016; Wang et al., 2015).

Reactive oxygen species (ROS) are initially considered as

oxidative stress implicated in cell growth, tumor occurrence and

organism immunity. Normal levels of ROS accumulation are balanced

by oxidants and antioxidants whereas excessive ROS production is
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recognized as an inducer of cellular damage (Franchina, Dostert, &

Brenner, 2018). Large quantities of research revealed how ROS

works in significant biological signaling events such as NF‐κB and

extracellular‐regulated kinase (ERK) 1/2 pathways (Deng et al., 2017;

Schroyer, Stimes, Abi Saab, & Chadee, 2018). Many ROS‐generating
agents with other molecules targeting important cancer cell

phenotypes led them to be clinical useful drugs (Teixeira et al.,

2018). It was reported that EGCG induced apoptosis, cell death and

cellular DNA breakage in various types of cancer cells could be

related to ROS produced by EGCG (Farhan et al., 2016; Min et al.,

2012). In addition, our previous study found that EGCG regulated

cellular ROS formation in human bronchial epithelial cells (Jiang

et al., 2015). However, the interaction between ROS and CTR1 in

NSCLC remains barely known.

Because we have proved that EGCG induced CTR1 expression in

NSCLC cells through upregulating lncRNA nuclear paraspeckle

assembly transcript 1 (NEAT1) in previous work (Jiang et al., 2016),

herein, we discussed how EGCG modulated NEAT1. Many lncRNAs

involved in oxidative stress responses suggested that NEAT1 might

be regulated by EGCG produced ROS, thus we started to put our

eyes on the relationship between ROS and NEAT1 to further explore

why CTR1 was regulated.

In the current study, we found that ROS modulated ERK1/2 and

NEAT1 involved in EGCG upregulated CTR1 expression in NSCLC

cells. EGCG inhibited ERK1/2 while enhanced NEAT1 expression in

vitro and in vivo through ROS production. Besides, correlation

between ERK1/2 and NEAT1 was also investigated. These findings

indicated that EGCG had great significance as an adjuvant

therapeutic agent in cancer treatment.

2 | MATERIALS AND METHODS

2.1 | Reagents

EGCG powder was purchased from Sigma‐Aldrich Ltd. (St. Louis,

MO), PD98059 (ERK1/2 inhibitor), SB203580 (p38 inhibitor),

SP600125 (JNK inhibitor), 2′,7′‐dichlorodihydrofluorescin diacetate

(DCFH‐DA) and N‐acetyl‐cysteine (NAC) were purchased from

Beyotime (Haimen, China), Hydrogen peroxide (30%, H2O2) was

purchased from Sinopharm Chemical Reagent Co. Ltd. (Shanghai,

China). CTR1 and NEAT1 primers were purchased from RiboBio

(Guangzhou, China).

2.2 | Cell lines

A549 and NCI‐H460 cells were purchased from the Chinese

Academy of Sciences Committee on Type Culture Collection Cell

Bank (Shanghai, China), and were cultured in RPMI 1640 medium

supplemented with 10% heat‐inactivated fetal bovine serum (Gibco,

Carlsbad, CA), 100 U/ml penicillin and 100mg/ml streptomycin at

37°C in a humidified atmosphere with 5% CO2.

2.3 | ROS generation assay

A549 and NCI‐H460 cells were collected from the mid dishes and

incubated with DCFH‐DA (diluted with serum‐free medium to a

concentration of 1:1000) for 30min at 37°C after the indicated

treatments. The cells were then washed three times with serum‐free
medium, once with phosphate‐buffered saline (PBS), then resus-

pended in 350 μl PBS, and analyzed using a flow cytometer. Protein

quantitative results were processed by Image J software. Represen-

tative fluorescence images of intracellular ROS in two cancer cells

were photographed by fluorescence microscope.

2.4 | Western blot analysis

Cell lysates were obtained by RIPA buffer containing phenylmethylsul-

fonyl fluoride (protease and phosphatase inhibitors) and the protein

concentrations were measured with acid protein assay kit (Beyotime,

Haimen, China). After electrophoresis in 10% sodium dodecyl

sulfate–polyacrylamide gel electrophoresis, the protein samples were

transferred to nitrocellulose filter membranes. Membranes were

subsequently blocked in 5% defatted milk for 1 hr at room temperature,

then incubated with primary antibodies overnight at 4°C. The

membranes were washed several times with TBST and then were

incubated with horseradish peroxidase (HRP)‐conjugated secondary

antibodies for 1 hr at room temperature. The protein bands were

detected by Eagle Eye II software. Primary antibodies included anti‐
CTR1 (1:1000; Abcam, Cambridge, UK), anti‐β‐actin (1:1000; Boster,

Wuhan, China), p44/42 MAPK (ERK1/2), phospho‐p44/42 MAPK

(ERK1/2; 1:1000; Cell Signaling Technology, Danvers, MA), anti‐
GAPDH (Boster, Wuhan, China). Secondary antibodies included: HRP‐
Conjugated AffiniPure Goat Anti‐Rabbit IgG and HRP‐Conjugated
AffiniPure Goat Anti‐Mouse IgG (1:2000, ZSGB‐BIO, Beijing, China).

2.5 | RNA extraction, reverse transcription, and
real‐time RT‐PCR

Total RNA from the treated cells was extracted using RNAiso Plus

(TaKaRaBio Technology, Dalian, China) follow the instructions of the

protocol. RNA was reverse‐transcribed by the Prime Script TM RT

Master Mix (Takara Biotechnology). Quantitative polymerase chain

reaction (qPCR) was performed using SYBR Premix Ex Taq II (Takara

Biotechnology) and Applied Biosystems 7300 Real Time PCR system

(Applied Biosystems, Foster, CA). The relative expression levels of

NEAT1 were compared with control using the −ΔΔ2 Ct method with

GAPDH as the reference gene.

2.6 | siRNA and plasmid transfection

Human ERK1/2, NEAT1, or their corresponding control (RiboBio,

Guangzhou, China) siRNAs were transfected into A549 and H460
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cells with Lipofectamine 2000 (Invitrogen, Carlsbad, CA) following

the manufacturer’s instructions. The human NEAT1 or control

siRNAs, NEAT1 plasmid or the control plasmid (Invitrogen) were

transfected with Lipofectamine 2000.

2.7 | In vivo studies

Ten mice (BALB/c, nude, female, aged 4–5 weeks, weighed 16–18 g)

were purchased from Shanghai Animal Laboratory Center and

maintained in the Experimental Animal Center at Nanjing Medical

University. Mice were injected subcutaneously in the front dorsum

with exponentially‐growing A549 cells (5 × 106 each). A549 xenografts

were randomized into two groups, control group and EGCG group’s

treatments were as follows: control (normal saline, 0.1ml/10 g), EGCG

(20mg/kg). Drugs were given every 3 days through intraperitoneal

injection. After 2 weeks of treatments, all mice were killed by cervical

dislocation, and tumor tissues were isolated.

2.8 | Immunohistochemistry staining

Immunohistochemistry staining of Ki‐67 was performed by the

Department of Pathology, Nanjing Medical College Affiliated Nanjing

Hospital. The results of immunohistochemistry staining were

analyzed by Image‐Pro Plus software (Version 6.0; Media Cyber-

netics, Bethesda, MD).

2.9 | ROS detection

ROS level of tumor tissues was detected by ELISA kit of Jiangsu

Baolai Biotechnology Co. Ltd (Yancheng, China).

2.10 | Data analysis and graphic processing

The SPSS 19.0 software (SPSS Inc. IBM, Chicago, IL) and GraphPad

Prism 6.0 (GraphPad Software, Inc, La Jolla, CA) were used for statistical

analysis. All data were presented as the mean ± standard deviation (SD)

of at least three independent experiments. Comparisons between

quantitative variables were assessed using Student’s t test and one‐way
analysis of variace. p Value less than .05 was considered statistically

significant. ROS graph was plotted by Flowjo V10 softtware.

3 | RESULTS

3.1 | EGCG increased ROS generation in NSCLC
cells

The ability of EGCG to promote ROS accumulation was evidenced by

many investigators (Hou et al., 2005). In the present study,

intracellular ROS levels of A549 and H460 cells after EGCG treatment

were detected. DCFH‐DA assay revealed that ROS levels were

increased significantly with the various concentrations of EGCG

(Figure 1a). Figure 1b showed fluorescence intensity of ROS

production. Their representative fluorescence images performed same

results (Figure 1c). We found that EGCG increased the intracellular

ROS levels in A549 and H460 cells. In the presence of specific ROS

scavenger N‐acetyl‐cysteine (NAC), the ROS produced by EGCG was

decreased in the cells (Figure 1d–f). These results indicated that EGCG

increased ROS generation and NAC reversed ROS level in A549 and

H460 cells after its 24 hr treatment.

3.2 | EGCG regulated CTR1 through modulation of
redox status in lung cancer cells

As our previous studies, the mRNA and protein expression of CTR1

was elevated by EGCG treatment in a dose‐dependent manner in

A549 and H460 cells (Figure 2a,b). To test if CTR1 expression could

be changed in various redox status, EGCG treatment was used alone

or combined with NAC in lung cancer cells. Figures 2c and 2d showed

that EGCG at a concentration of 40 μM in A549 cells and 30 μM in

H460 cells upregulated CTR1 expression, respectively, while 2 mM of

NAC changed CTR1 levels induced by EGCG. Next, treatment with

pro‐oxidant hydrogen peroxide (H2O2) increased CTR1 expression

(Figure 2e,f) whereas antioxidant NAC showed the opposite effects

(Figure 2g,h). Figure 2e–h results indicated that the regulation to the

CTR1 was associated with different redox status. Figure 1 and 2

results together showed us that EGCG exerted its pro‐oxidative
property in regulating CTR1 expression.

3.3 | EGCG suppressed ERK1/2 expression to
regulate CTR1 through ROS production in lung cancer
cells

Mitogen‐activated protein kinase (MAPK) pathways modulated by

oxidative stress had been known to all (Huang, Yu, & Chai, 2015;

Koinzer, Reinecke, Herdegen, Roider, & Klettner, 2015). We discussed

in our study, whether ROS modulated MAPK involved in the

regulation to the CTR1. Three inhibitors including ERK1/2 inhibitor

PD98059, p38 inhibitor SB203580, and JNK inhibitor SP600125 were

used to demonstrate whether CTR1 expression was regulated by

MAPK signaling pathway. Figure 3a showed that inhibition of

phosphorylated ERK1/2 significantly induced expression of CTR1

rather than p38 and JNK inhibitors, which indicated that ERK1/2 was

involved in CTR1 expression. Similarly, three ERK1/2 siRNAs and

siRNA controls were transfected into the lung cancer cells and the

ERK1/2 siRNA‐02 had the best knockdown effect (Figure 3b). ERK1/2

knockdown increased CTR1 level demonstrated its inhibitory effect on

the CTR1 expression (Figure 3b). EGCG decreased p‐ERK1/2
expression in a dose‐dependent manner (Figure 3c) while NAC

increased its expression (Figure 3d). Besides, ERK1/2 inhibitor
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combined with EGCG enhanced CTR1 expression while inhibitor

combined with NAC suppressed CTR1 expression (Figure 3e,f). Above

all indicated that EGCG caused redox status modulated ERK1/2

signaling pathway afterward CTR1 expression in A549 and H460 cells.

3.4 | EGCG enhanced NEAT1 to regulate CTR1
expression through ROS generation in NSCLC cells

First, we verified our former results that NEAT1 regulated CTR1

expression positively in A549 and H460 cells. CTR1 expression was

upregulated (Figure 4b) when NEAT1 plasmids (Figure 4a) transfected

into the cells. Similarly, CTR1 expression was downregulated

(Figure 4d) when NEAT1 siRNAs (Figure 4c) transfected into the cells.

Meanwhile, EGCG enhanced NEAT1 expression in a dose‐dependent
manner (Figure 4e). In the presence of NAC, NEAT1 expression was

repressed (Figure 4f). Treatment with H2O2 increased NEAT1

expression (Figure 4g) whereas NAC showed the opposite effects

(Figure 4h). In addition, CTR1 expression was repressed by NEAT1

siRNA nevertheless enhanced after H2O2 treatment in A549 and

H460 cells (Figure 4i–l). These results indicated that NEAT1 was an

intermediate in the EGCG‐induced CTR1 expression through ROS.

F IGURE 1 EGCG increased ROS generation in A549 and H460 cells. (a,b) ROS levels in A549 and H460 cells. Cells were treated with various

doses of EGCG for 24 hr. Flow cytometry was used to detect ROS levels. (c) Representative fluorescence images of intracellular ROS in the cells.
(d‐e) ROS production in lung cancer cells. Cells were indicated with EGCG alone or EGCG combined with NAC for 24 hr. (f) Fluorescence images
of ROS production in A549 and H460 cells incubated with EGCG or EGCG and NAC in combination. Data are representative results from three

independent experiments and error bars represent the means ± SD. EGCG, (−)‐epigallocatechin‐3‐gallate; NAC, N‐acetyl‐cysteine; ROS, reactive
oxygen species. *p < .05, ***p < .001, ****p < .0001 versus control group
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3.5 | The interplay between ERK1/2 and NEAT1 in
non‐small‐cell lung cancer cells

Several studies found that ERK1/2 and NEAT1 could influence

each other in different states (Liu, Tai, & Ma, 2018; Ruan et al.,

2018). To further explore the relationship between ERK1/2 and

NEAT1 in A549 and H460 cells in our study, ERK1/2 inhibitor and

siRNA were used. Western blot analysis and real‐time PCR

results showed that NEAT1 levels were elevated when p‐ERK1/2
was inhibited (Figure 5a,b) or ERK1/2 was knocked down

(Figure 5c,d). Similarly, when NEAT1 siRNA (Figure 5e) or NEAT1

plasmid (Figure 5g) were transfected into the cells, the p‐ERK1/2
was enhanced (Figure 5f) or suppressed (Figure 5h) respectively.

These results showed us the mutual inhibition between NEAT1

to ERK1/2 in EGCG regulated CTR1 expression in lung cancer

cells.

F IGURE 2 EGCG increased CTR1 expression through triggering redox status. Effects of different dosages of EGCG to the CTR1 expression
in mRNA level (a) and protein level (b) for 24 hr. β‐Actin served as a loading control. Cells were incubated in NAC combined with EGCG. Real‐
time PCR analyzed the CTR1 expression with GAPDH as an internal control (c), Western blot analysis results showed the protein level of CTR1
(d). Effects of H2O2 on CTR1 mRNA level (e) and protein level (f). Effects of NAC were also detected (g–h). CTR1, copper transporter protein 1;
EGCG, (−)‐epigallocatechin‐3‐gallate; GAPDH, glyceraldehyde 3‐phosphate dehydrogenase; mRNA, messenger RNA; NAC, N‐acetyl‐cysteine;
PCR, polymerase chain reaction. *p < .05, **p < .01, ***p < .001, ****p < .0001 versus control group

CHEN ET AL. | 5



3.6 | EGCG raised ROS level, expression of CTR1
and NEAT1, decreased ERK1/2 expression in A549
cell nude mouse xenografts

An animal model of A549 cell nude mouse xenograft was used to

determine whether EGCG had the same effect on the regulation to the

ERK1/2 and NEAT1 in vivo. Ten mice were divided into two groups

and some indicators were detected. Immunohistochemistry (IHC)

showed that the tumor from EGCG group displayed fewer Ki‐67‐
positive cells compared with control group (Figure 6a), which indicated

the inhibiting effect of EGCG on the cancer cell proliferation. EGCG

increased the ROS generation compared with the control group

(Figure 6b). In vivo, NEAT1 and CTR1 were enhanced according to the

western blot and real‐time PCR results, while ERK1/2 and p‐ERK1/2
expression were both well suppressed by EGCG (Figure 6c–e), which is

different from the regulation effect of EGCG on p‐ERK1/2 in vitro. We

will explore the reason for the difference in further experiments.

4 | DISCUSSION

CTR1 functioning as the major platinum‐based drug influx, therefore,

modulating the cisplatin resistance has been largely investigated

(Holzer & Howell, 2006). Previously, we observed that EGCG

enhanced the efficacy of cisplatin in NSCLC A549 cells and inhibited

cancer stem cell‐like properties in A549‐cisplatin‐resistant cells

(Jiang et al., 2018; Zhou, Wang, & Feng, 2014). Besides, CTR1 played

a significant role in EGCG‐enhanced cisplatin sensitivity in ovary

cancer and lung cancer cells (Jiang et al., 2016; Wang et al., 2015). In

the current study, EGCG regulated CTR1 through exerting its pro‐
oxidant characteristics in NSCLC cells. Moreover, ERK1/2 was

inhibited while NEAT1 was enhanced by ROS, which both involved

in EGCG induced CTR1 expression (Figure 7). To our knowledge, this

is the first report providing us a novel mechanism identifying

polyphenol caused ROS generation to regulate ERK1/2 and NEAT1

thus promoting CDDP transporter in NSCLC cells.

F IGURE 3 Effects of redox status and EGCG on the ERK1/2 to the CTR1. (a) 20 μM ERK1/2 inhibitor PD98059, p38 inhibitor SB203580,

and JNK inhibitor SP600125 were used to verify their effects on CTR1 expression for 24 hr. (b) A549 and H460 cells were transfected with
three ERK1/2 siRNAs or siRNA control. siRNA‐02 showed the best knockdown effect. (c) A549 and H460 cells were treated with indicated
concentrations of EGCG for 24 hr. (d) Combination effect of EGCG and NAC was also detected. β‐Actin was used as a loading control. ERK1/2

inhibitor combined with EGCG (e) and NAC (f), Western blot analysis were used to detect the protein level of ERK1/2, p‐ERK1/2, and CTR1.
CTR1, copper transporter protein 1; EGCG, (−)‐epigallocatechin‐3‐gallate; ERK, extracellular‐regulated kinase; JNK, Jun N‐terminal kinase;
NAC, N‐acetyl‐cysteine; siRNA, small interfering RNA
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F IGURE 4 Role of NEAT1 in EGCG‐regulated CTR1 expression. (a,b) Cells were transfected with vectors or NEAT1 plasmids for 24 hr.
The NEAT1 and CTR1 expression were evaluated by real‐time PCR and western blot analysis. (c,d) Real‐time PCR was used to verify the

knockdown effect of NEAT1 siRNA and western blot analysis was performed to detect CTR1 protein level after NEAT1 was knocked down.
A549 and H460 cells were incubated with different dosage of EGCG (e). Effects of NAC combined with EGCG on the CTR1 were also performed
(f). NEAT1 mRNA levels were also changed by H2O2 (g) and NAC (h). (i–l) CTR1 expression was showed after NEAT1 siRNA with H2O2

treatment for 24 hr. CTR1, copper transporter protein 1; EGCG, (−)‐epigallocatechin‐3‐gallate; NAC, N‐acetyl‐cysteine; NEAT1, nuclear
paraspeckle assembly transcript 1; PCR, polymerase chain reaction; siRNA, small interfering RNA. Data were expressed as means ± SD. *p < .05,
**p < .01, ***p < .001, ****p < .0001 versus control group
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Most studies focused on the antioxidative effects of EGCG in

various types of disease (Budisan et al., 2017). Many antitumor agents

based on the antioxidant activities of EGCG targeting oncogenes were

used (Cerezo‐Guisado et al., 2015). Notably, EGCG is rather stable in

range of 2.0–5.5 of pH (Hong et al., 2002), whereas underwent

autoxidation (Akagawa, Shigemitsu, & Suyama, 2003), donated hydro-

gen atoms and led to the generation of superoxide and oxidized

products (Zeng et al., 2018) under neutral and alkaline conditions. For

example, EGCG exhibited its auto‐oxidation effect in HT‐29 cells in

typical cell culture conditions at pH 7.2–7.4 and caused maximum H2O2

formation at 2 hr in McCoy's 5A medium when 50 μM of EGCG was

added (Hong et al., 2002). Increasing concentrations of EGCG as a

potent pro‐oxidant DNA cleaving agent led to a progressively increased

formation of hydroxyl radicals (Kim, Quon, & Kim, 2014). Besides auto‐
oxidized to cause oxidative stress in the culture medium, EGCG also

directly stimulated cells to produce intracellular ROS. EGCG acted as a

pro‐oxidant by stimulating ROS generation, leading to the activation of

AMP‐activated protein kinase (AMPK) and exerting its antiobesity

effect in vitro had been proved (Collins et al., 2007; Yang, Zhang, Zhang,

Huang, & Wang, 2016). Furthermore, the pro‐oxidant ability of EGCG

may due to cellular increase of ROS through its inhibition to catalase, an

antioxidant oligomeric enzyme, in protecting cells from oxidative

damage (Pal, Dey, & Saha, 2014). Dual effects in certain conditions

made EGCG an effective assistant therapeutic agent to be used.

F IGURE 5 An interplay between ERK1/2 and NEAT1 in vitro. (a) ERK1/2 inhibitors were used and (c) siRNAs were transfected into A549
and H460 cells for 24 hr. Western blot analysis was conducted to measure p‐ERK1/2 and ERK1/2 protein level, real‐time PCR was used to

detect mRNA of NEAT1 (b,d) after treatment with β‐actin as a loading control. (e–h) Real‐time PCR was used to detect NEAT1 with GAPDH as a
loading control. Western blot analysis results showed changes of ERK1/2 and p‐ERK1/2. Error bars represent the mean ± SD of at least three
experiments. ERK, extracellular‐regulated kinase; GAPDH, glyceraldehyde 3‐phosphate dehydrogenase; mRNA, messenger RNA; NEAT1,

nuclear paraspeckle assembly transcript 1; PCR, polymerase chain reaction; siRNA, small interfering RNA. *p < .05, **p < .01, ***p < .001,
****p < .0001 versus control group
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ROS, a group of ions and molecules, are produced by both

endogenous and exogenous stimuli such as hypoxia, radiation and

chemical agents (Bae, Oh, Rhee, & Yoo, 2011). It was thought to be

detrimental and associated only with pathological status (Zou, Chang,

Li, & Wang, 2017). In fact, cancer cells are more sensitive to ROS

than normal cells. H2O2 alone as prodrug (Kuang, Balakrishnan,

Gandhi, & Peng, 2011) or coupled with ROS‐activated agents (Chen

et al., 2014) induced DNA cross‐linking and apoptosis in various cell

types. In psoriasis treatment, the ROS caused by metformin also

inactivated ERK1/2 MAP kinase and the oxidative stress sensor Nrf2

to promote HaCaT cell apoptosis (Wang, Li, Zhao, Yu, & Sun, 2018).

Simultaneously, ROS produced by gambogic acid upregulated

initiation‐related protein beclin‐1 and conversed LC3 I to LC3 II

(autophagosome marker) to induce autophagy in the NCI‐H441 cells

(Ye et al., 2018). ROS caused necroptosis (Villena et al., 2008) and

ferroptosis (Cao & Dixon, 2016) were also announced. In our current

study, we found that various concentrations of EGCG could produce

ROS after 24 hr incubation in A549 and H460 cells, regulated

ERK1/2/NEAT1 pathway afterward enhancing CDDP transporter

expression.

ERK1/2 belongs to the subfamilies of the MAPKs. MAPK

signaling pathway plays a vital contribution in cell proliferation,

differentiation, migration, and apoptosis (Sun et al., 2015). It is well

known that the MAPK signaling pathway can be stimulated by ROS

to modulate its downstream molecules (Oliveira et al., 2018). In this

study, EGCG produced ROS inhibited ERK1/2 expression in the cells.

When three MAPK kinases inhibitors were given, only ERK1/2 was

found to contribute to CTR1 enhancement in NSCLC cells. Then

siRNAs of ERK1/2 validated its regulating function to the CTR1

expression. The data showed us that ERK1/2 was the negative

regulator of CTR1.

NEAT1 has a significant role in various tumors (Dong et al., 2018).

The interaction between NEAT1 and ROS has been reported in

several previous studies. For example, the expression of NEAT1 was

upregulated by the transcription factor HSF1 in the heat shock

response in breast cancer MCF7 cells. Sulforaphane (SFN) mimicked

oxidative stress in cells rapidly induced the expression of NEAT1,

while pretreatment with NAC, the effect of SFN on NEAT1

expression was counteracted (Lellahi et al., 2018). In H2O2‐treated

F IGURE 6 EGCG induced CTR1 expression via ERK1/2 and NEAT1 in vivo. Ten 4–5‐week‐old female BALB/c nude mice were implanted with

5 × 106 A549 cells. They were divided into two groups (control group and EGCG group). (a) IHC staining of Ki‐67 in tumor tissues between the two
groups was displayed. (b) ROS levels in tumor tissues were detected by the ELISA kit. (c) Western blot analysis was used to assess levels of CTR1,
p‐ERK1/2, and ERK1/2 in tumor tissues, with GAPDH as an internal control. (d) The intensity of each band was quantified by quantitative analysis.

All protein expression levels were normalized to the internal control GAPDH. (e) NEAT1 levels were also tested by real‐time PCR. Error
bars represent the mean ± SD of at least three experiments. CTR1, copper transporter protein 1; EGCG, (−)‐epigallocatechin‐3‐gallate;
ELISA, enzyme‐linked immunosorbent assay; ERK, extracellular‐regulated kinase; GAPDH, glyceraldehyde 3‐phosphate dehydrogenase; IHC,

immunohistochemistry; NEAT1, nuclear paraspeckle assembly transcript 1; PCR, polymerase chain reaction; ROS, reactive oxygen species. *p < .05,
**p < .01 versus control group

F IGURE 7 EGCG‐induced CTR1 expression through ROS production
afterward ERK1/2 and NEAT1. A schematic diagram of EGCG‐regulated
CTR1 through ERK1/2 and NEAT1 in NSCLC cells. CTR1, copper
transporter protein 1; EGCG, (−)‐epigallocatechin‐3‐gallate; ERK,
extracellular‐regulated kinase; NEAT1, nuclear paraspeckle assembly
transcript 1; PCR, polymerase chain reaction; NSCLC, non‐small‐cell lung
cancer; ROS, reactive oxygen species
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HUVEC, NEAT1 also could be activated by oxidative stress through

p53 pathway (Fuschi et al., 2017). In the present study, certain

concentrations of EGCG were given to increase the ROS production

thereafter induced NEAT1 expression, which means NEAT1 could be

regulated by ROS in A549 and H460 cells.

NEAT1 could also interact with ERK1/2 in many disease and

treatment. For instance, high expression of NEAT1 specifically

activated ERK1/2 in the intervertebral disc degeneration disease

(Ruan et al., 2018). Besides, ERK/MAPK pathway could be modulated

by NEAT1/let‐7a‐5p crosstalk in nasopharyngeal carcinoma (Liu

et al., 2018). Under the control condition and neuronal activity

condition in the brain, the regulation of MEK/ERK signaling to the

two spliced variants of NEAT1, NEAT1_1, and NEAT1_2, was diverse

(Bluthgen, van Bentum, Merz, Kuhl, & Hermey, 2017). Here in our

study, ERK1/2 and NEAT1 could influence each other in NSCLC cells.

Inhibition of ERK1/2 via inhibitor and siRNA enhanced NEAT1

expression. When NEAT1 expression was inhibited and enhanced,

ERK1/2 expression was upregulated and downregulated, respec-

tively. NEAT1 and ERK1/2 inhibited mutual expression in EGCG

induced CTR1 in NSCLC cells. Up to now, we still need more studies

to uncover the systematic connection and regulation between

NEAT1 and ERK1/2 signaling pathway in a variety of cancers.

Because of excessive copper level could induce CTR1 trafficking

from the plasma membrane to the endosomal/lysosomal compart-

ments, where CTR1 may be degraded (Guo, Smith, Lee, Thiele, &

Petris, 2004), it was reported that GSH, a crucial cellular antioxidant,

and detoxification system in the body, upregulated CTR1 expression

to confer cisplatin sensitivity through functioning as an intracellular

Cu‐chelator (Chen et al., 2008). In contrast to this context in many

cases including our study, GSH system might play in enhancing

cellular resistance to cisplatin (Kasherman, Sturup, & Gibson, 2009;

Lan et al., 2018). GSH could bound to the cisplatin stably in

cytoplasm to prevent its transferring to the nucleus and mitochon-

dria, thereafter the complex was readily exported to the out of the

cells, which limited the amount of drug reacting with DNA and

reduced cisplatin sensitivity. Strong depletion of total GSH content

was detected in the elevated accumulation of intracellular ROS

condition or oxidative stress‐inducing agent (Zulato et al., 2018),

while NAC, a cysteine source for GSH synthesis, increased multidrug

resistance (Tai et al., 2012). These explained why many chemother-

apy drugs under oxidative stress could get better efficiency.

In conclusion, our study indicated possibilities of ROS being the

principal modulator in NSCLC. We reported that EGCG could

upregulate CTR1 expression through inducing ROS level and

involving ERK1/2/NEAT1 pathway. Nevertheless the deep and

extensive mechanism of how ROS regulates CTR1 need further

investigation and discussion in subsequent experiments
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