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Introduction

Lung cancer is one of the most common malignancies and 
has been the leading cause of cancer-associated mortality 
worldwide. An estimated 1.8 million incident lung cancer 
cases occurred in 2012, accounting for ~13% of total 

cancer diagnoses (1). As indicated by the Global Burden 
of Disease study 2020, the health care burden and costs 
related to lung cancer are significant on a global scale (2). 
Lung cancer is categorized into two primary histological 
types: small cell lung cancer (SCLC) and non-small cell 
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lung cancer (NSCLC). NSCLC is additionally divided into 
adenocarcinoma (AD), squamous cell carcinoma (SCC) 
and large cell carcinoma (LCC). Approximately 85% of 
lung cancer cases are NSCLC and SCLC accounts for 
approximately 15% of cases (3). The major etiological 
factors of lung cancer are smoking and air pollution. 
Although smoking is one of the most important causes 
of lung cancer, however ~25% of lung cancer cases are 
observed in never-smokers worldwide in 2013 (4). If lung 
cancer in non-smokers is considered as a separate disease, 
this malignancy ranks seventh among the fatal types of 
cancer worldwide (5). Air pollution induces more than 
200,000 lung cancer deaths globally (6). The International 
Agency for Research on Cancer (IARC), World Health 
Organization, has classified air pollution as Group 1 
carcinogenic agent for humans (7,8). In addition, industrial 
developments have increased air pollutant concentrations 
in certain regions, cities, and countries, particularly in 
developing countries (8). For example, air pollution has 
become the fourth greatest threat to the health in the 
Chinese population; 350,000–500,000 Chinese people 
succumb prematurely each year due to air pollution (9). 
According to the latest statistics on cancer in China in 2017, 
lung cancer has become the malignant tumor with the 
highest morbidity and mortality rates in China, and these 
high progression rate is more severe due to increasingly 
high levels of air pollution compared with previous cases in 
developing countries and in other regions (10,11). However, 
the molecular characteristics of air pollution-related lung 
cancer remain poorly understood. Xuanwei City and 
Fuyuan County in Yunnan Province in China are heavily 
air-polluted regions, with particularly high lung cancer rates 
among smokers and non-smokers; as such, these regions 
are considered good models to investigate air pollution-
related lung cancer (11-13). In Xuanwei and Fuyuan, the 
lung cancer incidence is 4–5 times higher compared to the 
national average; with high prevalence rate in non-smoking 
females. The high risk is attributed to exposure to indoor 
and outdoor air pollution caused by smoky coal burning. In 
smoky coal burning, high concentrations of carcinogenic 
substances, including fine particulate matter (PM; ≤2.5 µm 
in diameter, PM2.5) and coarse PM (≤10 µm in diameter, 
PM10), and polycyclic aromatic hydrocarbons (PAHs), are 
released (13,14). The data from Xuanwei have been cited 
in the IARC monograph (6); and indoor emissions from 
household coal combustion are classified as carcinogenic to 
human health (Group 1). 

The accumulation of genetic alterations or specifically 

hazardous mutations in vital genes, which control critical 
cellular processes, including growth, proliferation, 
differentiation, and survival, is considered as a major cause 
of oncogenesis (15). Certain harmful genetic changes may be 
inherited as hereditary factors from parents, while most of 
the changes may manifested as somatic mutations, frequently 
and predominantly caused by random errors during 
DNA replication and environmental carcinogens (16).  
Therefore, these genetic changes should be investigated 
to understand carcinogenesis, and to diagnose, treat, and 
prevent cancers. The number of identified oncogene 
drivers of lung cancer has increased in previous decades; 
these oncogene drivers include epidermal growth factor 
receptor (EGFR), tumor protein 53 (TP53), v-Raf murine 
sarcoma viral oncogene homolog B (BRAF), v-Ki-Ras2 
Kirsten rat sarcoma viral oncogene homolog (KRAS), and 
human epidermal growth factor receptor 2 (HER2), as 
well as anaplastic lymphoma kinase (ALK) and ROS proto-
oncogene 1 (ROS1) gene rearrangements (17). Certain 
oncogenes function as good therapeutic targets, in addition 
to oncogenic drivers in carcinogenesis. Patients with 
specific genetic alterations exhibit increased sensitivity 
to targeted therapy than to other therapeutic strategies 
(18,19). For example, patients are responsive to EGFR-
targeted therapies, including erlotinib and gefitinib 
treatments which results in marked antitumor activity in 
patients due to EGFR overexpression (20); patients are 
sensitive to Herceptin (trastuzumab) treatment due to 
HER2 overexpression (18); similarly, patients are responsive 
to crizotinib treatment and exhibit significantly improved 
progression free survival rates due to mutations leading 
to gene fusions in the echinoderm microtubule associated 
protein-like 4 (EML4)-ALK (19). 

Comprehensive profiles of certain genes including 
EGFR, K-RAS and TP53 have been studied in air 
pollution-related lung cancer in Xuanwei and Fuyuan 
(16,20,21); therefore, the present study excluded these 
genes from additional screening. In the present study, lung 
cancer samples were obtained from Chinese populations 
in Xuanwei and Fuyuan to investigate the molecular 
features of air pollution-related lung cancer. HER2, BRAF, 
and EML4-ALK and cluster of differentiation 74-ROS1 
(CD74-ROS1) fusion genes, were selected from a group of 
known oncogene drivers, as they are clinically important 
oncogenes, and molecular-targeted medicines are available 
for therapies. At present, numerous techniques have been 
developed to enhance the screening of these oncogenes. 
For instance, fluorescence in situ hybridization (FISH) and 
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immunohistochemistry (IHC) are conventional methods to 
detect these genetic changes, however these methods exhibit 
limitations in clinical practice (22,23). Therefore, more 
effective and economical screening tools are necessary to 
easily examine these oncogenes. Polymerase chain reaction 
(PCR)-based tests provide several advantages compared to 
FISH and IHC; for example, large number of samples can 
be processed in a single round of testing, these techniques 
can be easily performed and few facilities are required; 
PCR-based tests are also rapid and economical (24-26).  
Thus, in the present study, a combination of reverse 
transcriptase PCR (RT-PCR) and DNA sequencing was 
applied to examine the expression, mutations, and fusions of 
target genes. This study primarily aims to define the status 
of clinically significant oncogenes in air pollution-related 
lung cancers, and to establish a simple and sensitive test to 
screen patients with particular genetic changes.

Methods

Cell culture

A total of 13 cell lines, comprising 11 cancerous and two 
immortal human bronchial epithelial cell lines (16HBE 
and Beas-2B), were used in the present study. The 11 lung 
cancer cell lines included AD (SPC-A-1, GLC-82, A549, 
XLA-07, XL-JT), SCC (EPLC-32M1), LCC (801D, 
NCI-H460, 95-D), mucoepidermoid lung carcinoma 
(NCI-H292), and SCLC (NCI-H446). The Xuanwei lung 
cancer cell line (XL-JT) was identified using short tandem 
repeat typing (27). All 11 cancer cell lines were cultured 
in RPMI-1640 (GE Healthcare Life Sciences, Logan, UT, 
USA) and the two immortal human bronchial epithelial cell 
lines were cultured in Dulbecco’s modified Eagle’s medium 
(GE Healthcare Life Sciences) with 10% fetal bovine 
serum (Thermo Fisher Scientific, Waltham, MA, USA) and 
incubated at 37 ℃ in a humidified atmosphere of 5% CO2. 

Clinical samples 

Primary lung tumor and adjacent non-malignant tissue 
samples were collected from the Yunnan First People’s 
Hospital and the Yunnan Tumor Hospital, Kunming from 
March 2006 to January 2015; all the samples were obtained 
from the patients who provided written informed consent. 
None of the patients had undergone chemotherapy or 
radiotherapy prior to surgery. The tissue samples were 
stored in liquid nitrogen at the time of resection. A 

second pathological diagnosis additionally confirmed the 
histological characteristics of the tumors in accordance 
with the WHO classification (3). The hematoxylin-eosin-
stained sections were observed through light microscopy 
to evaluate the cancer cell ratio and the necrosis rate. 
All tumor samples that comprised >70% cancer cells 
and exhibited <10% necrosis were included in the study. 
All of the selected patients resided in Xuanwei City and 
Fuyuan County in Yunnan Province, China. This whole 
geographical area was divided into three regions: A (heavily 
polluted; >170 ng/m3), B (moderate; 60–170 ng/m3), and 
C (less polluted; <60 ng/m3), according to concentration 
of indoor and outdoor benzo(a)pyrene (Bap; the best index 
of PAHs carcinogenicity) (14,16,27,28). The age of the 
patients ranged from 34–76 years, with median age of  
55 years. As being a smoker or living in highly polluted area 
may increase exposure of the respiratory system to high 
level of air carcinogens, subjective behavior (smoking) and 
objective factors (air pollution) were combined to determine 
total exposure degree in the present study. The groups of 
high total exposure included patients living in more polluted 
region, regions A and B, and/or smokers, while the group of 
low total exposure included patients reside in the relatively 
clean region C and non-smokers. This study was approved 
by the Ethics Committee for Human Medicine Research 
at the Kunming Institute of Zoology, Chinese Academy of 
Sciences (Permit Number: SYDW-2012010). All patient 
records and information were anonymized and de-identified 
prior to analysis. Research was conducted in accordance 
with the principles of the Declaration of Helsinki (as revised 
in 2013). 

Reverse transcriptase PCR (RT-PCR)

Total RNA was extracted from the tissues and the cell lines 
by using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) 
and concentration was measured at 260 and 280 nm using 
a spectrophotometer (Bio-Rad Laboratories, Hercules, CA, 
USA); then, 2 µg total RNA was reverse-transcribed into a 
single-stranded cDNA by using a reverse transcription kit 
(Promega Corporation, Madison, WI, USA). A total of 1 µg  
cDNA was used as a template, and RT-PCR was then 
performed to examine the expression of HER2 and the 
prevalence of EML4-ALK and CD74-ROS1 fusion genes. 
The details of all the oligonucleotide primers for PCR 
and sequencing are summarized in Table 1. PCR primers 
were also used for sequencing; however, a separate set of 
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sequencing primer were used for the genotyping of HER2 
and BRAF genes. PCR amplification was performed in a 
Bio-Rad thermocycler (Bio-Rad Laboratories) with 1 cycle 
of denaturation at 95 ℃ for 5 min, followed by 35 cycles of  
95 ℃ for 1 min, annealing at 55–60 ℃ for 30 sec and 
extension at 72 ℃ for 1 min. Final extension was performed 
at 72 ℃ for 10 min. The RT-PCR products were analyzed 
through 1% agarose gel electrophoresis and stained with 
ethidium bromide. GAPDH was used as an internal control. 
Positive results were repeated in triplicate to confirm the 
results.

HER2, BRAF, and EML4-ALK were amplified in a 25 µL  
reaction mixture using a Taq Polymerase from Thermus 
aquaticus kit (Sigma-Aldrich, Darmstadt, Germany); the 
mixture contained 0.5 µL each of forward and reverse 
primers (10 µM), 1.5 µL cDNA template and H2O was 
added to obtain the final reaction volume. In addition, 2 µL  
of 5 M betaine (Sigma-Aldrich) was added to facilitate an 
enhanced amplification of EML4-ALK. To facilitate an 
enhanced amplification of CD74-ROS1, a Taq PCR kit (cat. 
No., E5000S; New England Biolabs, Ipswich, MA, USA) 
was used, with a reaction volume of 25 µL comprising 1.5 µL  
cDNA template and 0.5 µL (10 µM) each of forward and 
reverse primers. 

DNA sequencing

The PCR products were sequenced to detect the gene 
mutation in HER2 and BRAF. Sequencing was performed 
in forward and reverse direction using the PCR products. 
Sequencing was conducted by BGI Tech Solutions Co., Ltd. 
(Shenzhen, China). Sequencing results were analyzed using 
the Basic Local Alignment Search Tool online database 
(https://blast.ncbi.nlm.nih.gov/Blast.cgi: accessed in May 
2015) and sequencing data analysis software. BioEdit 
(version 7.0.9; Abbott Pharmaceutical Co., Lake Bluff, IL, 
UAS) and SeqMan NGen (version 11.2.1; DNASTAR, 
Madison, WI, USA) were used as sequence analyzing tools 
in the present study. 

Statistical analysis

Numerical data were expressed as the mean ± standard 
deviation. Chi-square test and Fisher’s exact test were used 
to evaluate the statistical significance of the mutations with 
biological parameters using SPSS 17.0 (SPSS, Chicago, IL, 
USA). The P values were calculated based on two-sided 
hypothesis. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Expression and gene mutation of HER2 in air pollution-
related lung cancer

Of the 82 tissue samples, 17 cancer samples exhibited the 
HER2 overexpression (Table 2). In the present study, the 
target gene was amplified in tumor specimens but not 
in the corresponding non-malignant counterparts. PCR 
amplification yielded clear bright bands with a fragment 
size of ~1,100 bp (Figure 1A). DNA sequencing analysis 
confirmed the specificity of amplicon; the result also 
revealed one positive case exhibited the HER2 mutation 
(insertion); the tissue sample of a female non-smoker aged 
48 years and with a well-differentiated adenocarcinoma 
exhibited a novel 2866–2867 GGGCTCCCCG insertion 
in exon 20 (Figure 1B). This female patient resides in the 
clean region C. Additionally, HER2 overexpression was not 
statistically associated with air pollution levels, smoking 
status or total exposure degrees (Figure 2). Of the 13 cell 
lines, five lung cancer cell lines (A549, 95D, NCI-H446, 
NCI-H460 and SPC-A1) demonstrated HER2 upregulation, 
but the target gene failed to amplify from the cDNA of 

Table 1 Primer information for RT-PCR in this study

Targets Primer sequence (5'→3')

HER2 F: CCCTCTGACGTCCATCATCT

*F: GGTCTTTGGGATCCTCATCA

R: GCAGGGTCTGGACAGAAGAA

BRAF F: TCAGAAGACAGGAATCGAATGA

R: TCATACAGAACAATTCCAAATGC

*R: GATGACTTCTGGTGCCATCC

EML4-E2-ALK-E20 
(29)

F: TCACTGTGCTAAAGGCGGCTTTGG

R: CAGGGCTTCCATGAGGAAATCCAG

EML4-E13-ALK-E20 
(29)

F: CCACACCTGGGAAAGGACCTAAAG

R: CAGGGCTTCCATGAGGAAATCCA

CD74- ROS1 F: CCTGAGACACCTTAAGAACACCA

R: TGAAACTTGTTTCTGGTATCCAA

GAPDH F: TGTTGCCATCAATGACCCCTT

R: CTCCACGACGTACTCAGCG

*, used for DNA sequencing.

https://blast.ncbi.nlm.nih.gov/Blast.cgi: accessed
https://blast.ncbi.nlm.nih.gov/Blast.cgi: accessed
https://blast.ncbi.nlm.nih.gov/Blast.cgi: accessed
https://blast.ncbi.nlm.nih.gov/Blast.cgi: accessed
https://blast.ncbi.nlm.nih.gov/Blast.cgi: accessed
https://blast.ncbi.nlm.nih.gov/Blast.cgi: accessed
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normal bronchial epithelial cell lines (Table 3). 

BRAF mutation in air pollution-related lung cancer

All the 82 tissue samples and 13 cell lines were sequenced 
to identify BRAF mutation. However, no mutation was 
identified in any tissue sample and cell lines. 

EML4-ALK fusion in air pollution-related lung cancer

There are 15 different EML4-ALK fusion transcript 
variants identified to data (30). In the present study, all the 
tissue samples and the cell lines were screened to determine 
different variants of EML4-ALK gene fusion. Overall, 6.1% 
(5/82) of the tumor samples were positive for the EML4-
ALK fusion and only two variants were detected (Table 2). A 
total of two cases were positive for EML4-E2+ALK-E20. 
The electrophoresis results revealed a clear and specific 
amplicon of 550 bp; therefore, the product was variant 5b.  
A total of three cases (3.66%) were also positive for 
EML4-E13 + ALK-E20. The amplification product of 1,100 

bp confirmed that these cases are variant 2 (Figure 3A,B). 
This fusion gene was more commonly identified in young 
male smokers (Table 2). The EML4-ALK fusion gene was 
not detected in the normal lung tissues adjacent to cancer 
tissues. Although the EML4-ALK fusion gene was not 
statistically associated with air pollution levels and smoking 
status (P=0.1), all the five cases occurred either in smokers 
or in patients from the most air-polluted region A, and no 
positive cases were detected in non-smokers or patients 
from the relatively clean regions (Figure 3). The only cell 
line identified as positive for EML4-E2 + ALK-E20 was the 
LCC cell line (NCI-H446; Table 3).

CD74-ROS1 fusion gene in air pollution-related lung 
cancer

CD74-ROS1 gene fusion events were detected in 3.6% 
(3/82) of the tumor samples; by contrast, CD74-ROS1 was 
not detected in the normal tissues adjacent to the cancer 
tissues. The amplicon size 630 bp indicated the fusion of 
CD74-E6 + ROS1-E34 (Figure 3C,D). Notably, all three 
CD74-ROS1-positive patients were female non-smokers; 
two of them diagnosed as lung adenocarcinoma and one 
as SCC (Table 2). However, no statistical significance was 
observed between smokers and non-smokers, or between 
low total exposure and high total exposure groups (Figure 2). 
No CD74-ROS1-positive cell line was detected (Table 3).

Discussion

The incidence of air pollution-related lung cancer has 
increased over the previous three decades, particularly in 
China (11,31). Air pollution-related lung cancer has been 
considered as a deteriorating public health problem in 
China, particularly in highly polluted regions including 
Xuanwei and Fuyuan. These regions yield high indoor 
and outdoor air pollution levels because of smoky coal 
burning; furthermore, the prevalence of lung cancer in 
these regions is associated with air pollution. Moreover, 
the incidence of lung cancer among non-smoking female 
in Xuanwei is one of the highest rates worldwide (11-13). 
Thus, lung cancer in Xuanwei and Fuyuan populations 
provides a very good model to investigate air pollution-
related lung cancer. Elucidating the molecular mechanisms 
of lung cancer occurrence in Xuanwei population would 
provide great significance for the clinical treatment of lung 
cancer. In addition, the majority of patients with lung AD 
who are East Asian never-smokers may potentially benefit 

Table 2 Association of HER2 overexpression, as well as EML4-ALK 
and CD74-ROS1 fusion with clinical features

Features Total No. HER2 EML4-ALK CD74-ROS1

Total subject 82 17 5 3

Gender

Male 49 9 4 0

Female 33 8 1 3

Age (years)

≤60 63 13 4 2

>60 19 4 1 1

Air pollution degree 

A: (171–3,200 ng/m3) 34 7 2 1

B: (60–170 ng/m3) 23 3 1 0

C: (16–60 ng/m3) 25 7 2 2

Smoking status

Ever 37 9 4 0

Never 45 8 1 3

Histology

AC 51 11 2 2

SCC 31 6 3 1
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from targeted therapy (32). Therefore, clinically significant 
genetic changes in HER2, BRAF, EML4-ALK, and CD74-
ROS1 in the lung cancer cases in Xuanwei and Fuyuan were 
examined through a combination of RT-PCR and DNA 
sequencing in the present study.

HER2, also known as ErbB2 receptor tyrosine kinase 2, 
is a member of the ErbB family of receptor tyrosine kinases. 
HER2 has a critical role in cellular growth, proliferation, 
differentiation, apoptosis, and survival (33). In previous 

studies, HER2 mutations were observed in 0−4% of 
NSCLCs; these mutations primarily involved insertions 
in exon 20 (25,34-36). Additionally, the HER2 kinase 
domain mutation rates are more frequent in female non- 
or light-smokers with lung AD compared with in other 
individuals (34,35). HER2 mutations are associated with the 
overexpression of the HER2 protein and are considered as 
driver mutations in lung carcinogenesis (34). In the present 
study, a female non-smoker with lung AD in region C was 

Figure 1 RT-PCR and DNA sequencing analyses of HER2 expression and mutations. (A) Electrophoresis results of HER2 overexpression 
in tumor samples using RT-PCR; (B) sequencing result of the novel mutation detected in a female patient with lung adenocarcinoma. P14, 
P58, P71, P86, and P92 represent sample numbers. RT-PCR, reverse transcription polymerase chain reaction; HER2, human epidermal 
growth factor receptor. 
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identified with a 9 bp novel insertion GGGCTCCCCG at 
2866–2867 in exon 20. The adjacent non-malignant lung 
tissue presented a wild-type sequence of the HER2 gene; 
this result confirmed that this mutation was somatic. The 
complete HER2 data from the present study indicated that 
the HER2 mutation may be one of the driver mutations in 
lung cancer and may serve an active role in the development 
of lung cancer. In Xuanwei, the concentration of Bap (the 
optimal index of PAH carcinogenicity) is higher than the 
national criterion for China due to air pollution (14). PAHs 

can directly bind to DNA, form DNA adducts, and induce 
gene mutations. A previous study confirmed the existence of 
PAH-DNA adducts in female patients with lung cancer in 
Xuanwei (11,37). In our previous study, 167 genes exhibited 
significantly higher mutation frequencies in patients from 
Xuanwei and Fuyuan compared with patients from control 
regions, and mutation rates of 70 genes were associated 
with the BaP exposure of patients (16); MUC16 mutations 
potentially associated with air pollution may participate in 
the development and progression of air pollution-related 

Figure 2 Association of HER2 overexpression, and EML4-ALK and CD74-ROS1 fusion genes with air pollution (A), smoking (B), and total 
exposure (C). Low air pollution, living in relatively clean region C (Bap concentration, <60 ng/m3); High air pollution, living in heavily 
polluted regions A (Bap concentration, >170 ng/m3)/B (Bap concentration, 60–170 ng/m3). Low total exposure, living in relatively clean 
region C and also non-smoking; high total exposure, living in heavily polluted regions A/B or smoking. HER2, human epidermal growth 
factor receptor; EML4-ALK, echinoderm microtubule-associated protein-like 4-anaplastic lymphoma kinase; CD74-ROS1, cluster of 
differentiation 74-ROS proto-oncogene 1; Bap, benzo(a)pyrene.
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lung cancer (28). However, in the current study, it appeared 
that the HER2 mutation was not associated with BaP 
exposure. Furthermore, it was identified using RT-PCR 
that 17 cases of the lung cancer over-expressed HER2; by 
contrast, one of the 17 cases exhibited a HER2 mutation. 
This finding suggested that numerous genetic mechanisms, 
including gene overrepresentation, translational and 
post-translational mechanisms, and gene mutation, may 
be responsible for HER2 overexpression. In the present 
study, we also observed that HER2 overexpression was not 
associated with air pollution levels, smoking status, or total 
exposure degrees. Interestingly, the germline point mutation 
of HER2 (G660D) has been detected in non-smoker 
relatives with multigenerational lung AD in Japan (38).  
However, the germline mutation of HER2 was not found 
in familial lung cancer samples obtained from the Chinese 
population in highly air-polluted regions, Xuanwei and 
Fuyuan (39). Thus, we hypothesized that the HER2 
mutation and HER2 overexpression may not be associated 
with BaP exposure. Nevertheless, the mechanisms 
underlying the HER2 mutation and overexpression in lung 
cancer require further investigated. 

HER2 functions not only as a driver oncogene but also 
as a good target of personalized treatments. Patients with 
overexpressed HER2 tumors exhibit sensitivity to Herceptin, 
which is a monoclonal antibody targeting HER2 (25). 

HER2-targeted therapy has been successfully administered 
to treat breast, lung, and gastric cancer; and successful anti-
tumor treatment with Herceptin is markedly associated with 
the HER2 overexpression in tumors (25,40,41). Therefore, 
the examination of the HER2 expression level is a valuable 
test to screen patients for HER2-targeted therapy. Although 
FISH and IHC are commonly used in hospitals and 
laboratories for this particular examination, these methods 
have limitations at different levels (26). In the present study, 
RT-PCR was performed to evaluate the HER2 expression 
of the patients with lung cancer from Xuanwei and Fuyuan. 
The RT-PCR results demonstrated that 20.7% (17/82) 
of the patients with lung cancer exhibited an upregulated 
HER2 expression. In addition, the HER2 overexpression 
was more prevalent in females, smokers, and patients 
with lung AD compared with other patients. The results 
of the present study are consistent with other published 
observations through IHC and quantitative RT-PCR (qRT-
PCR); in particular, previous studies revealed that the HER2 
overexpression was identified in 20% (29), 34.9% (42)  
and 61.1% (43) of NSCLC using IHC, qRT-PCR and 
NGS (next generation sequencing), respectively. On the 
basis of these data, we hypothesized that: (I) certain lung 
cancer cases in Xuanwei and Fuyuan overexpressed HER2 
in the same manner as the other lung cancer types; and (II) 
the HER2 expression level of the patients in Xuanwei and 
Fuyuan can be screened through RT-PCR-based methods. 
Consequently, the patients with HER2 overexpression 
may be effectively treated with appropriate therapies or 
clinical trials via effective screening, and therefore, patient 
survival may be improved. Although the association 
between the HER2 overexpression and the air pollution 
was not observed, in view of its high prevalence (20%) in 
air pollution-related lung cancer, it is worthwhile to screen 
patients for HER2 overexpression in this fatal disease for 
treatment guidelines. HER2 screening will be performed in 
cooperation with clinicians in hospitals in areas with high 
air pollution and high incidence of lung cancer in China. 
The mRNA overexpression of HER2 has been associated 
with prognosis of NSCLC (18,42). Levels of HER2 mRNA 
may also be evaluated through qRT-PCR to determine the 
prognosis of patients with lung cancer.

HER2 and BRAF encode proteins in the EGFR-signaling 
pathway; members of this pathway account for >50% of 
somatic mutations in lung AD (44). Nevertheless, the 
estimated frequency of BRAF mutations is quite low in 
lung cancer. Several studies have demonstrated that the 

Table 3 Oncogenic alterations of cell lines included in the study

Cell line EML4-ALK CD74-ROS1 HER2 overexpression

801D − − −

SPC-A-1 − − +

GLC-82 − − −

A549 − − +

NCI-H292 − − −

XLA-07 − − −

XLJT − − −

NCI-H460 − − +

95-D − − +

NCI-H446 + − +

16HBE − − −

Beas-2B − − −

+, positive; −, negative.
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common BRAF mutation prevalence rate in populations 
with NSCLC is 1–4% (44,45), whereas a study in Caucasian 
patients revealed a higher prevalence rate of ~9% (46). In 
addition, BRAF mutations were predominantly found in 
current or past smokers with lung AD (45). In the present 

study, the BRAF mutation was not detected in patients with 
lung cancer, similar to other published data that identified 
no mutation in the BRAF gene of Asian non-smokers with 
lung cancer (20,32). BRAF mutations are potentially more 
common in lung cancer caused by smoking and are less 

Figure 3 RT-PCR analysis of EML4-ALK and CD74-ROS1 fusion genes. (A) Graphical representation of EML4-ALK fusion gene; (B) 
electrophoresis results of EML4-ALK fusion gene in tumor tissue samples and cell line. Fragment size of 550 bp represent variant 5b in 
EML4-E2+ALK-E20, whereas fragment size of 1,100 bp represent variant 2 in EML4-E13+ALK-E20; (C) graphical representation of CD74-
ROS1 fusion gene; (D) electrophoresis results of CD74-ROS1 fusion gene in tumor samples. RT-PCR, reverse transcription polymerase 
chain reaction; EML4-ALK, echinoderm microtubule-associated protein-like 4-anaplastic lymphoma kinase; CD74-ROS1, cluster of 
differentiation 74-ROS proto-oncogene 1. E, exon. P45, P50, P11, P22, P37, P71, P41, and P66 represent sample numbers.
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prevalent in air pollution-related lung cancer. 
The EML4-ALK fusion gene has been identified in lung 

cancer and several variants have been characterized to date 
(30,47). This fusion gene potentially participates in lung 
carcinogenesis (47). In the present study, two variants of the 
EML4-ALK fusion gene were exhibited in 6% of patients 
with lung cancer in Xuanwei and Fuyuan. Furthermore, 
the present study also revealed that the patients harboring 
the EML4-ALK fusion gene were considerably younger 
compared with those without the fusion gene, which is 
similar to data from previous studies (48,49). An additional 
study conducted in China identified that 5.8% (3/52) of 
lung cancer samples from non-smokers harbored this 
fusion gene (32). However, in the present study, EML4-
ALK was detected to be more prevalent in smokers (10.8%) 
compared with non-smokers (2.2%). Notably, all the five 
cases occurred either in smokers or in patients from the 
most polluted region A; their respiratory system were 
considered to have suffered the highest levels of exposure 
to air carcinogens. Although the association between the 
exposure to air carcinogens and EML4-ALK fusion did not 
reached statistical significance, the effect of air carcinogens 
on the gene fusion should be considered. 

Interest ingly,  previous studies  identi f ied ALK 
rearrangements primarily in lung AD (32,46); by contrast, 
the present study identified that the three cases of SCC 
also harbored the EML4-ALK fusion gene. The EML4-
ALK fusion protein is among the most recent molecular 
targets of NSCLC therapy. Crizotinib, a small-molecule 
inhibitor designed for EML4-ALK fusion protein, yields 
an effective therapeutic outcome for patients with EML4-
ALK (30). In the present study, 5 out of the 82 patients were 
positive for EML4-ALK; therefore, these patients may be 
treated with crizotinib. The present study also emphasized 
that the PCR-based test could detect not only the existence 
of fusion genes but also their different variants, which may 
affect responses to targeted inhibitors (48-50). Thus, the 
screening of the EML4-ALK fusion gene in air pollution-
related lung cancer through RT-PCR may guide treatment.

CD74-ROS1 gene rearrangement is a novel oncogenic 
driver mutation. In the present study, the prevalence of 
this fusion in patients with lung cancer patients in Xuanwei 
and Fuyuan is 3.6% (3/82). The results of the present 
study indicated that CD74-ROS1-positive cases are more 
prevalent in non-smokers (6.6%) and females (9.1%). 
Similarly, ROS1 rearrangements in NSCLCs have been 
demonstrated to be more prevalent in young non-smokers 
as compared with smokers with lung AD (51). Furthermore, 

two out of three samples were positive for CD74-ROS1 
fusion gene in the low total exposure group. Although the 
difference was not statistically significant due to the small 
number of positive cases, the observation indicated that 
air carcinogens may serve a minor role in the gene fusion 
event. The present study is only a pilot study, and further 
studies are required to achieve final conclusions.

Environmental pollution may induce its signature 
spectrum of oncogene mutations. However, air is fluid 
and it is able to affect a large area; therefore, air pollution-
associated mutations may be etiologically and clinically 
different from patterns of mutations induced by other 
environmental sources of carcinogens, including food, habits 
or occupational exposure, which may have more individual 
effects that are limited to certain types of mutation (16,20). 
In addition, air pollution comprises a complicated mixture of 
chemicals that waft from sources ranging from factories to 
lawnmowers, and the components of air pollution differ in 
various regions (5,10). Therefore, the spectrum of oncogene 
mutations caused by air pollution is extremely complex and 
requires extensive studies to demonstrate associations. Finally, 
air pollution and smoking collectively effect population, 
for examples: a smoker living in a clean region is exposed 
to carcinogens of a higher concentration due to smoking as 
compared with the non-smoker from a clean region, while 
a non-smoker living in a heavily polluted area is inevitably 
affected by higher level of air carcinogens as compared with 
the non-smoker from a clean region. Therefore, smoking and 
air pollution should be jointly considered in researches.

Conclusions

Several oncogenic alterations, including HER2 overexpression 
and mutation, and EML4-ALK and CD74-ROS1 fusion 
genes, were detected in air pollution-related lung cancer 
in Xuanwei and Fuyuan. These genetic alterations may be 
associated with air pollution-induced lung carcinogenesis; 
conversely, they may serve as molecular targets for 
personalized therapies. Therefore, the present study 
proposed that Herceptin and crizotinib could also be used 
in patients with air-pollution related lung cancer with HER2 
overexpression and EML4-ALK fusion genes, respectively; 
and that RT-PCR-based test may be a useful tool to screen 
these genetic alterations in clinical application.
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