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Abstract: HER2 positivity has been well studied in various cancers, but its importance in 

non-small-cell lung cancer (NSCLC) is still being explored. In this study, quantitative reverse 

transcription polymerase chain reaction (qRT-PCR) was performed to detect HER2 and COX-2 

expression in NSCLC tissues. Then, pcDNA3.1-HER2 was used to overexpress HER2, while 

HER2 siRNA and COX-2 siRNA were used to silence HER2 and COX-2 expression. MTT assay 

and invasion assay were used to detect the effects of HER2 on cell proliferation and invasion. 

Our study revealed that HER2 and COX-2 expression were upregulated in NSCLC tissues and 

HER2 exhibited a significant positive correlation with the levels of COX-2 expression. Over-

expression of HER2 evidently elevated COX-2 expression, while silencing of HER2 evidently 

decreased COX-2 expression. Furthermore, overexpressed HER2 induced the ERK phospho-

rylation, and this was abolished by the treatment with U0126, a pharmacological inhibitor of 

MEK, an upstream kinase of ERK. HER2-induced expression and promoter activity of COX-2 

were also suppressed by U0126, suggesting that the MEK/ERK signaling pathway regulates 

COX-2 expression. In addition, HER2 induced activation of AKT signaling pathway, which was 

reversed by pretreatment with U0126 and COX-2 siRNA. MTT and invasion assays revealed 

that HER2 induced cell proliferation and invasion that were reversed by pretreatment with 

U0126 and COX-2 siRNA. In this study, our results demonstrated for the first time that HER2 

elevated COX-2 expression through the activation of MEK/ERK pathway, which subsequently 

induced cell proliferation and invasion via AKT pathway in NSCLC tissues.
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Introduction
Lung cancer is one of the most common aggressive malignancies, accounting for 

1.59 million deaths worldwide in 2012.1 Non-small-cell lung cancer (NSCLC) accounts 

for 85% of all lung cancers and is responsible for almost 80% of lung cancer-related 

deaths.1,2 Athough there has been great improvement in chemotherapy and molecular-

targeted therapy for the treatment of lung cancers, the outcome remains poor. The 

invasiveness and metastasis of tumor cells are critical challenges in the clinical 

management of NSCLC. Therefore, an improved understanding of the molecular 

mechanisms involved in the development of NSCLC is required as a basis to identify 

novel strategies for the treatment of lung cancer.

HER2 (ErbB2) is a member of the epidermal growth factor receptor (EGFR) 

family of transmembrane tyrosine kinase-type receptors. It is involved in the activa-

tion of its downstream signaling cascades, which could promote cell proliferation, 

metastasis, and angiogenesis in tumors.3,4 HER2 functions as an oncogene and is 
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overexpressed in a variety of malignancies, including breast, 

stomach, bladder, ovarian, and lung cancers.5 Recent stud-

ies demonstrated an association between HER2 expression 

and survival of patients with NSCLCs.6–8 Laboratory tech-

niques for the assessment of HER2 positivity in NSCLC 

include immunohistochemistry (IHC) for protein overex-

pression, fluorescent in situ hybridization (FISH) for gene 

amplification, and next generation sequencing (NGS) for 

gene mutations.6,8 These studies emphasize the important 

functional role of HER2 in the progression of NSCLC and 

highlight its potential as a therapeutic target. However, the 

molecular mechanism underlying HER2 action in NSCLC 

remains unclear.

COX-1 and COX-2 are the rate-limiting enzymes for the 

synthesis of prostaglandins from arachidonic acid.9 Gener-

ally, constitutive activation of COX-2 has been demonstrated 

in various tumors of the lung, including adenocarcinoma,10 

atypical adenomatous hyperplasia,11 bronchiolar alveolar 

carcinoma,12 and squamous cell carcinoma,13 and its overex-

pression has been associated with poor prognosis and short 

survival of patients with lung cancer.14 Recently, high expres-

sion of COX-2 has been implicated in NSCLC progression 

and is associated with tumor invasion and metastasis.15,16 

COX-2 expression is significantly increased in nodal metas-

tasis compared to primary cancers.17 Although overexpressed 

COX-2 was reported to correlate with overexpressed HER2 

in NSCLC,18 the intrinsic linkage has remained unclear.

In this study, our results demonstrated that HER2 elevated 

COX-2 expression through the activation of MEK/ERK 

pathway, which subsequently induced cell proliferation and 

invasion via AKT pathway.

Materials and methods
Tissue samples and cell lines
Paired NSCLC and normal adjacent lung tissues were 

obtained, with informed consent, from 25 patients who under-

went primary surgical resection of NSCLC between 2014 and 

2015 at the Shengjing Hospital of China Medical University 

(Shenyang, People’s Republic of China). Informed consent 

was obtained from each patient to approve the use of their tis-

sues for research purposes. The study protocol was approved 

by the Institute Research Ethics Committee at Shengjing 

Hospital of China Medical University. The NSCLC cell lines 

A549 was obtained from Shengjing Hospital and cultured in 

Dulbecco’s Modified Eagle’s Medium (DMEM; Invitrogen, 

Carlsbad, CA, USA) supplemented with 10% fetal bovine 

serum (FBS). All cells were incubated in a humidified (37°C, 

5% CO
2
) incubator.

Cell transfection
We constructed pcDNA3.1-HER2 and transfected as previ-

ously described.19 To knock down the expression of HER2 and 

COX-2 in A549 cells, transient transfection experiment with 

HER2 small interfering RNA (siRNA) and COX-2 siRNA 

was performed according to the previous publication.20 After 

the cells were transfected and cultured for 48 hours, they were 

collected for Western blot and quantitative reverse transcrip-

tion polymerase chain reaction (qRT-PCR) analyses.

Luciferase assay for COX-2 
transactivation
A549 cells were stably transfected with the COX-2 luciferase 

reporter plasmid and maintained in 5% FBS-DMEM. JB6 P+ 

cells carrying each reporter plasmid were seeded in 0.1% 

FBS-MEM for 24 hours. Cells were pretreated with (or with-

out) U0126 for 1 hour, and transfected with pcDNA3.1-HER2 

or HER2 siRNA for 24 hours. Cells were harvested using 

lysis buffer composed of 0.1 M potassium phosphate buffer 

(pH 7.8), 1% Triton X-100, 1 mM DTT, and 2 mM EDTA. 

Luciferase activity was measured using a luminometer 

(Luminoskan Ascent; Thermo Electron, Helsinki, Finland).

qRT-PCR
Total RNA was isolated from tissues and cell lines using the 

miRNeasy Mini Kit (Qiagen NV, Venlo, the Netherlands). 

The miRNA Q-PCR Detection Kit (GeneCopoeia, Rockville, 

MD, USA) was used for quantification of miRNA levels 

according to the manufacturer’s protocol. For quantification 

of messenger RNA (mRNA) levels, the reverse transcrip-

tion reactions were conducted with the RevertAid TM 

H Minus First Strand cDNA Synthesis Kit (Fermentas 

GmbH, St Leon-Rot, Germany). PCR amplification for the 

quantification of HER2, COX-2, and GAPDH mRNAs was 

performed using an ABI PRISM 7300 Sequence Detec-

tion System (Applied Biosystems, Foster City, CA, USA) 

and a SYBR®Premix Ex Taq™ ii (Perfect Real Time) Kit 

(Takara Bio, Shiga, Japan). The primers were as follows: 

Homo-HER2, sense: 5′-CCATCTGCACCATTGATGTC-3′, 
antisense: 5′-ATGCGGGAGAATTCAGACAC-3′; COX-2, 

sense: 5′-CCAGCACTTCACGCATCAGT-3′, antisense: 

5′-ACGCTGTCTAGCCAGAGTTTCAC-3′; and β-actin, 

sense: 5′-CATTAAGGAGAAGCTGTGCT-3′, antisense: 

5′-GTTGAAGGTAGTTTCGTGGA-3′.

Western blot
Whole cell extracts were prepared with a cell lysis reagent 

(Sigma-Aldrich, St Louis, MO, USA) according to the manual, 
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and then the protein was quantified by a bicinchoninic acid (BCA) 

assay (Pierce, Rockford, IL, USA). The protein samples were 

later separated by sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) (10 %) and detected by Western 

blot using the following specific antibodies: anti-HER2, COX-2, 

P-ERK, ERK, AKT, p-AKT, MMP-2, caspase-3, and β-actin 

polyclonal antibodies (Santa Cruz Biotechnology Inc., Dallas, 

TX, USA), the antibodies were suspended in 5% BSA. Goat 

anti-rabbit IgG (Pierce) secondary antibody conjugated to 

horseradish peroxidase and ECL detection systems (SuperSignal 

West Femto, Pierce) were used for detection.

Cell proliferation assay
The MTT assay was used to estimate cell viability.21 Briefly, 

cells were plated at a density of 1×104 cells per well in 96-well 

plates. After exposure to specific treatment, the cells were 

incubated with MTT at a final concentration of 0.5 mg/mL for 

4 hours at 37°C. After the removal of the medium, 150 mM 

dimethyl sulfoxide (DMSO) solutions were added to dissolve 

the formazan crystals. The absorbance was read at 570 nm 

using a multiwell scanning spectrophotometer reader. Cells 

in the control group were considered 100% viable.

Cell invasion assay
Cells were cultivated to 80% confluence on the 12-well 

plates. Then, the procedures of cellular growth were observed 

at 24 hours. All the experiments were repeated in triplicate. 

The transwell invasion chambers were used to evaluate cell 

invasion. Then cells invading cells across the membrane were 

counted under a light microscope.

Statistical analysis
Each experiment was repeated at least three times. Data were 

shown as mean ± standard deviation (SD) and analyzed using 

SPSS 18.0. Statistical comparisons between groups were 

analyzed using Student’s t-test and a two-tailed P,0.05 was 

considered to indicate statistical significance.

Results
Correlation between HER2 and COX-2 
in clinical NSCLC tissues
HER2 and COX-2 expression were reported to be upregulated 

in NSCLC tissues.6,22 mRNA expression levels of HER2 and 

COX-2 were determined in 25 paired clinical NSCLC and 

human normal lung tissues using qRT-PCR. Compared with 

their noncancerous counterparts, significant upregulation of 

HER2 and COX-2 was observed in all the 25 NSCLC samples 

(Figure 1A and B). Then we assessed the correlation between 

HER2 and COX-2. As expected, we found that the levels of 

HER2 exhibited a significant positive correlation with the 

levels of COX-2 mRNA (Pearson’s correlation coefficient 

of 0.7532, P,0.01) (Figure 1C). Overall, these findings 

demonstrate that COX-2 and HER2 correlated significantly 

in terms of mRNA expression in clinical NSCLC tissues.

HER2 induces COX-2 expression and 
activity in NSCLC
To investigate whether HER2 induces COX-2 expression, 

we treated cells with pcDNA3.1-HER2 and analyzed COX-2 

expression by Western blot analysis. pcDNA3.1-HER2 mark-

edly elevated COX-2 expression and HER2 siRNA markedly 

repressed COX-2 expression (Figure 2B–D). To determine 

whether HER2 upregulates COX-2 through transactivation 

of the COX-2 gene, we evaluated the effect of HER2 on 

COX-2 promoter activity using a luciferase assay. As shown 

in Figure 2A, HER2 significantly increased the COX-2 

promoter activity.

HER2 induced COX-2 upregulation by 
MEK/ERK pathway and in turn influenced 
AKT pathway
MEK/ERK pathway is the important downstream signaling 

of HER2 in various tumors.8 Here, we investigated whether 

the ERK pathway is activated by HER2 in NSCLC. Trans-

fection with pcDNA3.1-HER2 resulted in ERK phosphory-

lation compared with control cells (Figure 3A). Moreover, 

pretreatment with U0126, an MEK inhibitor, abolished 

HER2-induced ERK phosphorylation (Figure 3A), suggest-

ing that ERK phosphorylation in the presence of HER2 is 

MEK-dependent. To investigate the mechanism underlying 

HER2-induced COX-2 expression in A549 cells, we exam-

ined the effect of MEK inhibitor U0126 on COX-2 expression 

and promoter activity. As shown in Figure 3A and B, U0126 

pretreatment abolished HER2-induced COX-2 expression 

and promoter activity. In conclusion, HER2-induced COX-2 

upregulation is accompanied by ERK activation and both 

events are MEK-dependent.

Recently, COX-2-mediated PKB/AKT activation was 

reported to be involved in multiple tumor processes.23,24 Here, 

we determined the effects of HER2-induced COX-2 upregu-

lation on the activation of AKT signaling pathway. HER2 

elevated the expression of p-AKT and its downstream genes 

MMP-2 and caspase-3, while the expression of total AKT 

was not affected (Figure 3C). To further investigate the rela-

tionship between the AKT signal and HER2, COX-2 siRNA 

and U0126 were used for inhibition experiment. The results 
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β
Figure 1 Correlation between HER2 and COX-2 in clinical NSCLC tissues.
Notes: (A) qRT-PCR analysis of HER2 levels in NSCLC tissues and human normal lung tissues. (B) qRT-PCR analysis of COX-2 levels in NSCLC tissues and human normal 
lung tissues. (C) Correlation of HER2 levels with COX-2 mRNA levels was examined by qRT-PCR in 25 cases of clinical NSCLC tissues (Pearson’s correlation coefficient, 
r=0.7532). Statistically significant differences are indicated: *P,0.01 versus paired nontumorous tissues.
Abbreviations: mRNA, messenger RNA; NSCLC, non-small-cell lung cancer; qRT-PCR, quantitative reverse transcription polymerase chain reaction.

showed that COX-2 siRNA and U0126 led to the obvious 

decrease of p-AKT, MMP-2, and caspase-3 expression in 

the overexpressed HER2 A549 cells. Collectively, these 

findings suggest that HER2-mediated MEK/ERK regulates 

the expression of COX-2, which subsequently suppresses 

the AKT signaling pathway in NSCLC cells.

HER2-mediated MEK/ERK induced cell 
proliferation via COX-2 pathway
Next, the proliferation and invasion of A549 cell transfected 

with HER2 or pretreated with COX-2 siRNA and U0126 

were detected by using MTT assay and invasion assay. 

As shown in Figure 4A, HER2 significantly increased cell 

proliferation ability, which was reversed by COX-2 siRNA 

or U0126. The transwell invasion assay manifested that 

cell invasion was greatly increased when the cells were 

transfected with HER2, but pretreatment with COX-2 

siRNA and U0126 could reverse elevation of cell invasion 

mediated by pcDNA3.1-HER2 in the cells (Figure 4B). 

Therefore, these results indicated that HER2-mediated 

MEK/ERK induced cell proliferation and invasion via 

COX-2/AKT pathway.

Discussion
HER2, an important member of the EGFR family, overex-

pression typically occurs in the placenta, embryonic epithe-

lial tissue, and various tumors.5 Tan et al demonstrated that 

HER2/neu overexpression was significantly associated with 

histologic subtype of NSCLC and statistical significance 

was observed between HER2/neu expression and tumor 

differentiation, with strong positive expression observed 

more frequently in poorly differentiated tumors.7 COX-2 

is reported to be overexpressed in HER2/neu-positive 

breast cancer.25 COX-2 expression correlated with HER2 

expression in NSCLC.18 However, the potential molecular 

mechanism remains unclear. Here, we applied qRT-PCR to 

detect the expression of HER2 and COX-2 in NSCLC tis-

sue. Consistent with previous studies,18 HER2 and COX-2 
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were significantly upregulated in NSCLC tissues and HER2 

exhibited a significant positive correlation with the levels 

of COX-2 mRNA. Furthermore, HER2 markedly elevated 

COX-2 expression and COX-2 promoter activity, which 

further confirmed the positive correlation between HER2 

and COX-2.

MEK/ERK pathway is the important downstream 

signaling of HER2. HER2 receptor dimerization catalyti-

cally activates downstream signaling through MEK/ERK 

pathways, involved in cellular proliferation, differentiation, 

and migration.26 It is known that overexpression of HER2 in 

breast cancer patients lead to aberrant signaling of the MEK/

ERK pathway.27,28 Lapatinib, a selective small-molecule 

inhibitor of EGFR and HER2 tyrosine kinases, quickly dis-

ables EGFR and HER2 signaling, resulting in the inhibition 

of the PI3K/AKT and MEK/ERK pathways.29 Consistent 

with these studies, we found that HER2 regulated MEK/

ERK pathway in NSCLC. We further found that U0126, an 

MEK inhibitor, abolished HER2-induced COX-2 expression 

in A549 cells, indicating that HER2 induced COX-2 upregu-

lation by MEK/ERK pathway. Similar results were also 

reported in a previous study, which showed that myricetin 

inhibits acrylamide-induced COX-2 expression by blocking 

activation of the MEK/ERK pathway.30

Recently, the mechanisms involved in COX-2-mediated 

tumor progression have been widely explored, especially 

the interplay between COX-2 and PI3K/AKT signaling. For 

example, wogonin, a COX-2 inhibitor, increased the sensi-

tivity of hepatocellular carcinoma cells to chemotherapeutic 

agents partially through regulation of PI3K/AKT signaling.31 

COX-2 was reported to positively regulate AKT signaling 

via suppression of PTEN activity, which is the upstream of 

AKT and mediates its phosphorylation.24 Another recent 

study showed that prostaglandin E2 (PGE2), the production 

of COX-2, was also involved in the activation of PI3K/AKT 

pathway.32 Here, we have identified that transfection with 

HER2 elevated the expression of p-AKT and its downstream 

genes, MMP-2 and caspase-3, which was reversed by U0126 

β

Figure 2 Effect of HER2 on COX-2 expression and activity.
Notes: (A) COX-2 promoter activity in stably transfected A549 COX-2 luciferase reporter cells treated with pcDNA3.1-HER2 and HER2 for 24 hours. Luciferase activity is 
expressed as a fold increase in activity over the activity in untreated control cells. (B–D) Western blot analysis of COX-2 levels in A549 cells treated with pcDNA3.1-HER2 
and HER2. Data are representative of three independent experiments. Data are reported as the mean ± SD of three independent experiments. *P,0.01 versus control 
group (no treatment).
Abbreviations: SD, standard deviation; siRNA, small interfering RNA.
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and COX-2 siRNA. However, HER2, U0126, and COX-2 

siRNA did not influence the total AKT expression. These 

results suggested that HER2-mediated MEK/ERK regulates 

the expression of COX-2, which subsequently suppresses the 

AKT signaling pathway in NSCLC cells. Furthermore, MTT 

assay and invasion results indicated that HER2-mediated 

MEK/ERK induced cell proliferation and invasion via 

COX-2/AKT pathway.

β

Figure 3 HER2 induced COX-2 upregulation by MEK/ERK pathway and in turn influenced AKT pathway.
Notes: (A) Western blot analysis revealed the effects of HER2 on the expression of COX-2, ERK, and p-ERK. (B) Luciferase assay revealed the effects of HER2 on COX-2 
activity. (C) Western blot analysis revealed the effects of HER2, MEK/ERK, and COX-2 on the expression of AKT, p-AKT, and its downstream genes MMP-2 and caspase-3. 
Data are reported as the mean ± SD of three independent experiments. *P,0.01 versus control group; **P,0.05 versus HER2 group.
Abbreviations: SD, standard deviation; siRNA, small interfering RNA.
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Conclusion
In conclusion, our results establish a functional link between 

HER2 and COX-2 expression in NSCLC, demonstrating 

that COX-2 is mediated by HER2-mediated MEK/ERK, 

which subsequently affect cell proliferation and invasion 

via AKT signaling pathway. Collectively, this finding 

helps us understand the molecular mechanism of NSCLC 

carcinogenesis and also provides potential therapeutic target 

for NSCLC.
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