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Abstract: Nicotine in tobacco smoke is considered carcinogenic in several malignancies including
lung cancer. The high incidence of lung adenocarcinoma (LAC) in non-smokers, however, remains
unexplained. Although LAC has long been less associated with smoking behavior based on previous
epidemiological correlation studies, the effect of environmental smoke contributing to low-dose nicotine
exposure in non-smoking population could be underestimated. Here we provide experimental evidence
of how low-dose nicotine promotes LAC growth in vitro and in vivo. Screening of nicotinic acetylcholine
receptor subunits in lung cancer cell lines demonstrated a particularly high expression level of nicotinic
acetylcholine receptor subunit α5 (α 5-nAChR) in LAC cell lines. Clinical specimen analysis revealed
up-regulation of α 5-nAChR in LAC tumor tissues compared to non-tumor counterparts. In LAC cell
lines α 5-nAChR interacts with epidermal growth factor receptor (EGFR), positively regulates EGFR
pathway, enhances the expression of epithelial-mesenchymal transition markers, and is essential for
low-dose nicotine-induced EGFR phosphorylation. Functionally, low-dose nicotine requires α 5-nAChR
to enhance cell migration, invasion, and proliferation. Knockdown of α 5-nAChR inhibits the xenograft
tumor growth of LAC. Clinical analysis indicated that high level of tumor α 5-nAChR is correlated
with poor survival rates of LAC patients, particularly in those expressing wild-type EGFR. Our data
identified α 5-nAChR as an essential mediator for low-dose nicotine-dependent LAC progression
possibly through signaling crosstalk with EGFR, supporting the involvement of environmental smoke
in tumor progression in LAC patients.
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1. Introduction

Lung cancer is one of the leading causes of cancer death worldwide, accounting for 29% of
total cancer deaths in the US and over 1.4 million deaths worldwide, largely because most cases are
diagnosed at late stages [1]. Lung cancer is classified into two major types: non-small-cell lung cancer
(NSCLC, accounting for 85% of all lung cancer cases) and small-cell lung cancer (SCLC, 15% of all
lung cancer cases); in which NSCLC is further subclassified into three major histological subtypes:
squamous cell carcinoma (20–25%), adenocarcinoma (30–40%), and large cell carcinoma (15–20%) [2].
Tobacco smoking causes many lung cancers, among them, the majority are squamous cell carcinoma
and small cell carcinoma. Adenocarcinoma, another histologic type of lung cancer with increasing
incidence globally, has long been regarded unrelated to smoking since a considerable number of the
lung adenocarcinoma (LAC) patients are non-smokers [3]. However, this argument overlooks the
potential second hand smoking in non-smokers caused by environmental tobacco smoke, and therefore,
may mislead people to underestimate the detrimental effect of smoking on LAC. Second hand smoking
has become a global issue of public health; the damages second hand smoking can cause, such as
increased cancer incidence, are supported by epidemiological and genomic research [4,5]. It recently
develops as a policy issue whether to restrict the scope of smoking area to reduce the emission of
environmental smoke. In Taiwan, 90% of female lung cancer patients have no smoking history, but the
occurrence rate of adenocarcinoma in female lung cancer patients is as high as 80% [6]. Considering the
high smoking prevalence (86%) among men, which, as expected, leads to a large amount of involuntary
exposure of non-smoking women to environmental smoke [6], the effects of environmental smoke on
LAC may be more substantial than we currently think. However, an experimental proof of second
hand smoke on cancer progression is still missing.

Nicotine, a major component of tobacco, promotes cell proliferation and facilitates cancer genesis and
progression [7,8]. Nicotine is absorbed rapidly across pulmonary epithelium, into the arterial circulation,
traveling to the central nervous system [9,10]. Nicotine can reach a micromolar concentration in the
blood of smokers, while inhalation of environmental tobacco smoke results in a nanomolar blood level
of nicotine [11]. The half-life of nicotine in the body is approximately 2 h. Significant accumulation of
nicotine and its inactive metabolite, cotinine, can be found in plasma, urine, and saliva after exposure to
environmental tobacco smoke in a normal working day [11]. Most of the previous nicotine studies focused
on micromolar level of nicotine, and hence, may be more relevant to smoking activity. The mitogenic effect
of nicotine is mediated by nicotinic acetylcholine receptors (nAChRs) [12]. nAChRs are ligand-gated ion
channels, which are mainly expressed in the plasma membranes of certain neurons and on the postsynaptic
side of the neuromuscular junction; they are also expressed in some non-neuronal cells, including bronchial
epithelial cells [13]. A functional nAChR is either a homo- or a hetero-pentamer; the composition and
stoichiometry of the subunits (named α1-α10 and β1-β4) constituting the pentamer may have a profound
impact on receptor pharmacology, cation selectivity, desensitization kinetics, and spatial distribution.
The α5 subunit of nAChR (α5-nAChR) plays an important role in nicotine addiction. α5-nAChR gene
variants altered nicotine responsiveness in cultured human cells [14,15]. The presence of α5-nAChR
subunit, combined with α4 and β2 subunits, increased calcium conductance and enhanced nAChRs
affinity to nicotine [16,17]. Gallego et al. have shown that overexpression of the cluster CHRNA5/A3/B4
increased nicotine-induced c-Fos expression in dopaminergic neurons [18]. In the transgenic mice
overexpressing the human CHRNA5/A3/B4 cluster, increased sensitivity to the pharmacological effects of
nicotine was observed compared to the control mice, expressing many α3β4-nAChRs in the brain [18].
Nicotine administration induced dose-dependent seizures in both genotypes, but were more marked
in human CHRNA5/A3/B4 transgenic mice [18]. This may suggest that α5-nAChR in mice increased
cellular sensitivity to nicotine and modifies its reinforcing effects. Additionally, a study conducted by
Gerzanich et al. indicated that in some types of nAChR, theα5-nAChR subunit increased Ca2+ permeability
and specifically increased acetylcholine sensitivity of the α3β2 nAChR [19]. Moreover, the transcriptional
deregulation at the 15q25 locus, which encodes for α5-nAChR, was associated with LAC risk [20–23].
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Although the correlation of α5-nAChR with lung cancer progression is evident, the mechanism by which
it regulates LAC tumor progression, especially in response to low-dose nicotine remains unclear [24].

In the present study, we evaluated the effect and the role of α5-nAChR in low-dose nicotine induced
lung adenocarcinoma progression. We examined the α5-nAChR levels in LAC patients, as well as lung
cancer cell lines, to establish the correlation between α5-nAChR expression and LAC. We investigated the
functional and physical interaction between α5-nAChR and EGFR to demonstrate a crosstalk between
nicotine and EGFR pathways. Our data revealed the essential role of α5-nAChR in regulating low-dose
nicotine-dependent modulation of cancer cell motility, progression, and epithelial-mesenchymal
transition (EMT).

2. Results

2.1. α5-nAChR Expression is Elevated in Lung Adenocarcinoma Cells and Clinical Tumor Tissue

We examined the expression of a panel of nAChR α subunit (CHRNA) genes in LAC cell lines and
found that CHRNA5 mRNA was the most expressed (Figure 1A). Further analysis in five LAC cell lines
(A549, H1975, HCC827, CL1-0, and CL1-5) and two human bronchial epithelial cell lines (BEAS-2B and
NL-20) demonstrated that CHRNA5 mRNA levels were higher in LAC than in bronchial epithelial cells
(Figure 1B). Comparing paired tumor and non-tumor tissues from 20 LAC and 10 squamous cell lung
carcinoma (SCLC) surgical specimens (Figure 1C), we found higher levels of CHRNA5 mRNA in tumor
than in adjacent non-tumor tissues in LAC specimens; however, this differential expression pattern
was not observed in SCLC samples. Since α7-nAChR and α9-nAChR have been implicated in the
tumorigenesis of SCLC, gastric cancer, and breast cancer [25–27], we also examined their expression.
Interestingly, CHRNA7 particularly up-regulated in SCLC tumors, while CHRNA9 did not show
significant difference in tumor and non-tumor tissues in either LAC or SCLC. Immunohistochemistry
results confirmed the overexpression of α5-nAChR protein in LAC tumor but not in the adjacent tissues
(Figure 1D). Together, our findings suggest that α5-nAChR may be a specific type of nAChR subunit
involved in LAC pathogenesis.

2.2. α5-nAChR Interacts with EGFR

Epidermal growth factor receptor (EGFR) is frequently overexpressed or activated in LAC, and promotes
tumor initiation and progression in the early stages of cancer development [28,29]. Inhibition of EGFR
signaling by EGFR tyrosine kinase inhibitor (TKI) has been an effective targeted therapy for advanced lung
adenocarcinomas with EGFR-activating mutations in tumor cells. We establishedα5-nAChR- overexpressing
or knockdown clones in LAC cell lines (Figure 2A) and found that α5-nAChR overexpression in LAC
cell lines leads to enhanced EGFR phosphorylation as well as the phosphorylation of Akt and
STAT3 (Figure 2B,C; Figure S1A). The levels of total EGFR were not changed much upon α5-nAChR
overexpression and knockdown (Figure 2B,C); neither did the mRNA levels of EGFR (Figure S1B).

High-dose nicotine (0.5 µM) has been shown to activate the EGFR pathway in breast cancer
cells, although the underlying mechanism is not elucidated [30]. Treatment of LAC cells by different
concentrations of nicotine showed that the EGFR phosphorylation can be triggered with nicotine at
a low concentration between 10 to 100 nM (Figure 2D,E). However, this phenomenon was missing
in α5-nAChR-knockdown A549 cells (Figure 2D). Treatments with low (100 nM) and high doses
(1 µM) of nicotine revealed increased amount of phospho-EGFR and phospho-Akt in response to as
low as 100 nM of nicotine in vector control cells, and overexpression of α5-nAChR enhanced while
knockdown of α5-nAChR blunted the nicotine-induced phosphorylation of EGFR and AKT (Figure 2F).
A time course treatment with 100 nM EGFR activated EGFR phosphorylation within 1 h and reached
a peak level by 4 h; knockdown of α5-nAChR markedly suppressed this nicotine-induced EGFR
phosphorylation (Figure 2G), indicating an essential role of α5-nAChR in the low-dose nicotine-elicited
activation of EGFR.
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Figure 1. Expression of α5-nAChR was high in lung adenocarcinoma (LAC) cell lines and patient 
specimens. (A) LAC cell lines were analyzed by real-time quantitative reverse transcription PCR 
(qRT-PCR) to evaluate the mRNA expression of CHRNA genes encoding different alpha subunits of 
nAChR. Shown are relative expression levels normalized to the amount of 18S rRNA in each sample. 
Data represent the mean ± S.D. of three independent experiments performed in triplicate. (B) Human 
LAC (A549, HCC827, H1975, CL1-0, and CL1-5) and bronchial epithelial (NL-20 and BEAS-2B) cell 
lines were analyzed by qRT-PCR for mRNA expression of the gene encoding α5-nAChR (CHRNA5). 
Data represent the mean ± S.D. of three independent experiments performed in triplicate. Statistical 
analysis was performed using unpaired Student’s t test. * p < 0.05. (C) Twenty pairs of non-tumorous 
and tumorous LAC and 10 pairs of SCLC tissues were subjected to qRT-PCR analysis for CHRNA5, 
CHRNA7, and CHRNA9 expression. Each symbol represents relative mRNA expression normalized 
to 18S rRNA in one sample. The line in each group represents the median value. Unpaired Student’s 
t test was applied to evaluate the significance. (D) Immunohistochemistry analysis of α5-nAChR 
protein expression in tumorous (T) and adjacent non-tumorous (N) lung tissues in LAC specimens. 
Original magnification, 40×; scale bar = 200 μm. High power views (original magnification, 200×; scale 
bar = 50 μm) are presented in the upper and lower panels. 

2.2. α5-nAChR Interacts with EGFR 
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mRNA levels of EGFR (Figure S1B). 

Figure 1. Expression ofα5-nAChR was high in lung adenocarcinoma (LAC) cell lines and patient specimens.
(A) LAC cell lines were analyzed by real-time quantitative reverse transcription PCR (qRT-PCR) to evaluate
the mRNA expression of CHRNA genes encoding different alpha subunits of nAChR. Shown are relative
expression levels normalized to the amount of 18S rRNA in each sample. Data represent the mean ± S.D. of
three independent experiments performed in triplicate. (B) Human LAC (A549, HCC827, H1975, CL1-0,
and CL1-5) and bronchial epithelial (NL-20 and BEAS-2B) cell lines were analyzed by qRT-PCR for mRNA
expression of the gene encodingα5-nAChR (CHRNA5). Data represent the mean± S.D. of three independent
experiments performed in triplicate. Statistical analysis was performed using unpaired Student’s t test.
* p < 0.05. (C) Twenty pairs of non-tumorous and tumorous LAC and 10 pairs of SCLC tissues were subjected
to qRT-PCR analysis for CHRNA5, CHRNA7, and CHRNA9 expression. Each symbol represents relative
mRNA expression normalized to 18S rRNA in one sample. The line in each group represents the median
value. Unpaired Student’s t test was applied to evaluate the significance. (D) Immunohistochemistry
analysis of α5-nAChR protein expression in tumorous (T) and adjacent non-tumorous (N) lung tissues in
LAC specimens. Original magnification, 40×; scale bar = 200µm. High power views (original magnification,
200×; scale bar = 50 µm) are presented in the upper and lower panels.

Given the functional interaction between EGFR and α5-nAChR, we tested the potential binding
between the two proteins. A co-immunoprecipitation assay indicated that HA-α5-nAChR could be
co-precipitated with His-EGFR, and vice versa (Figure 3A,B). Endogenous co-immunoprecipitation
of EGFR and α5-nAChR was also observed in A549 and H1975 cells (Figure 3C), and the association
between EGFR and α5-nAChR could be enhanced by EGF and nicotine stimulation (Figure 3D–F).
Taken together, these data indicated a physical interaction between EGFR and α5-nAChR, and this
interaction can be enhanced by nicotine and EGF stimulation.
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Figure 2. α5-nAChR mediates nicotine-induced activation of EGFR signaling. (A) α5-nAChR-
overexpressing (α5) and knockdown (shα5) stable cells lines, and the respective empty vector (HR) 
and scrambled shRNA (SC) controls were established in A549, H1975, and HCC827 cell lines using a 
lentivirus transfection system. Cells were subjected to western blot analysis to assess the protein level 
of α5-nAChR. (B) H1975 stable cell lines were subjected to western blot analysis to assess the levels 
of indicated proteins. (C) A549 and HCC827 stable cells were analyzed by western blot to assess the 
expression level and phosphorylation status of indicated proteins. (D) A549 parental and stable cell 
lines were serum deprived for 24 h before 1 h treatment with variable concentration of nicotine. The 
phosphorylation status of EGFR was analyzed by western blot. (E) H1975 and HCC827 cells were 
serum deprived for 24 h before 1 h treatment with 100 nM of nicotine. The levels of total and 
phosphorylated EGFR were analyzed by western blot. (F) H1975 stable clones were serum-deprived 
for 24 h and subsequently treated with different doses of nicotine for another 24 h. Total cell lysates 
were subjected to western blot analysis. (G) H1975 stable clones were serum-deprived for 24 h before 
nicotine treatment. Total cell lysates were collected at 1, 4, and 24 h after the addition of 100 nM 
nicotine and analyzed by western blot. All data were repeated in at least three independent 
experiments to achieve statistical significance. Statistical analysis was performed using unpaired 
Student’s t test. * p < 0.05. The numbers at the right-hand side of the western blots indicates the sizes 
of the nearest protein markers. 
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α5-nAChR-knockdown A549 cells (Figure 2D). Treatments with low (100 nM) and high doses (1 μM) 
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Figure 2. α5-nAChR mediates nicotine-induced activation of EGFR signaling. (A)α5-nAChR-overexpressing
(α5) and knockdown (shα5) stable cells lines, and the respective empty vector (HR) and scrambled shRNA
(SC) controls were established in A549, H1975, and HCC827 cell lines using a lentivirus transfection system.
Cells were subjected to western blot analysis to assess the protein level of α5-nAChR. (B) H1975 stable
cell lines were subjected to western blot analysis to assess the levels of indicated proteins. (C) A549 and
HCC827 stable cells were analyzed by western blot to assess the expression level and phosphorylation
status of indicated proteins. (D) A549 parental and stable cell lines were serum deprived for 24 h
before 1 h treatment with variable concentration of nicotine. The phosphorylation status of EGFR
was analyzed by western blot. (E) H1975 and HCC827 cells were serum deprived for 24 h before 1 h
treatment with 100 nM of nicotine. The levels of total and phosphorylated EGFR were analyzed by
western blot. (F) H1975 stable clones were serum-deprived for 24 h and subsequently treated with
different doses of nicotine for another 24 h. Total cell lysates were subjected to western blot analysis.
(G) H1975 stable clones were serum-deprived for 24 h before nicotine treatment. Total cell lysates were
collected at 1, 4, and 24 h after the addition of 100 nM nicotine and analyzed by western blot. All data
were repeated in at least three independent experiments to achieve statistical significance. Statistical
analysis was performed using unpaired Student’s t test. * p < 0.05. The numbers at the right-hand side
of the western blots indicates the sizes of the nearest protein markers.

2.3. α5-nAChR is Essential for Low-Dose Nicotine-Regulated Cell Motility

The malignant transformation of tumor cells is frequently accompanied with enhanced cell motility
and changes in cell morphology. Observing the α5-nACh-overexpression and knockdown cells under
microscope, we noticed that, compared with control cells, α5-nAChR-overexpressing cells were smaller in
size and displayed more spiky processes, while knockdown of α5-nAChR induced flat and enlarged cell
morphology (Figure 4A; Figure S1C). The altered morphology was possibly a result of the transition between
epithelial and mesenchymal phenotypes, because compared to the control cells, cells overexpressing
α5-nAChR expressed lower levels of E-cadherin but higher levels of mesenchymal markers including Slug,
Snai1, N-cadherin, and vimentin, while knockdown of α5-nAChR had an opposite effect (Figure 4B;
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Figure S1D). Moreover, α5-nAChR positively regulated cell migration and invasion in LAC cells
(Figure 4C–E; Figure S1E–H).
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Figure 3. Protein-protein interaction between α5-nAChR and EGFR. (A) His-tagged wild-type and L858R
mutated EGFR (His-EGFR WT and His-EGFR-mt) and HA-tagged nAChRα5 (HA-α5) expression plasmids
were transfected in HEK293T cells, and the cell lysates were subjected to a co-immunoprecipitation assay
with anti-His tag antibody to precipitate His-EGFR. The immunoprecipitated complexes were analyzed
by western blot. (B) A549 and H1975 parental cells were transfected with His-EGFR WT and HA-α5,
followed by immunoprecipitation with anti-HA or anti-His antibodies as described in (A). (C) Lysates
of A549 and H1975 cells were subjected to immunoprecipitation with anti-α5 or anti-EGFR antibodies
to pull down endogenous α5-nAChR or EGFR, and precipitated proteins were analyzed by western
blotting. (D) HEK293T cells transfected with His-EGFR WT and HA-α5 were serum-starved for 8 h before
being treated with EGF or nicotine for 1 h. Lysates were immunoprecipitated using anti-EGFR or anti-α5
antibodies, and precipitated proteins were analyzed by western blot. (E) A549 cells transfected with
His-EGFR WT and HA-α5 were serum-starved for 8 h before being treated with EGF or nicotine for 1 h,
followed by western blotting. (F) A549 cells were serum-starved for 8 h before being treated with EGF or
nicotine for 1 h. Lysates were immunoprecipitated using anti-α5 antibodies, and precipitated proteins
were analyzed by western blotting. All data were repeated in at least three independent experiments.
The numbers at the right-hand side of the western blots indicates the sizes of the nearest protein markers.

It has been shown that high-dose (400 µM) nicotine increases cell motility through α7-nAChR in
gastric cancer [27], while the effect of low-dose nicotine on cell motility has not been investigated. Using
A549 and HCC827 stable clones, we demonstrated that 100 nM of nicotine was sufficient for increasing
cell migration in in vitro wound healing, and knockdown of α5-nAChR eliminated the low-dose
nicotine-induced migration (Figure 4F; Figure S1I). Low-dose nicotine caused an increase in Slug
protein expression in LAC cells within 4 h, and knockdown of α5-nAChR reduced this effect (Figure 4G),
suggesting that low-dose nicotine may regulate EMT throughα5-nAChR. Given the interaction between
α5-nAChR and EGFR, we investigated the role of EGFR in nicotine/α5-nAChR-mediated regulation of
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EMT and cell motility. Pre-inhibition of EGFR activity with gefitinib at their IC50 and IC80 (50 and 80%
inhibitory concentrations) blocked the low-dose nicotine-dependent induction of phosphorylation
of Akt and STAT3 or Slug protein expression (Figure 4H), and this phenomenon cannot be reversed
by α5-nAChR-overexpression (Figure 4I). Furthermore, knockdown of EGFR expression inhibited
cell migration despite the overexpression of α5-nAChR (Figure 4J). Taken together, these results
suggest that α5-nAChR functions upstream of EGFR and that low-dose nicotine may activate this
α5-nAChR/EGFR axis in LAC cells to mediate the regulation of Slug expression and cell motility.Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 8 of 18 
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Figure 4. α5-nAChR is essential for low-dose nicotine-induced cell motility. (A). Micrographs showing
the morphological changes induced by α5-nAChR overexpression or knockdown in H1975 cells.
(B) H1975 stable cells were subjected to an analysis of EMT(epithelial-mesenchymal transition)-related
protein expression by western blot. (C) Control (H1975-HR) and α5-nAChR-overexpressing (H1975-α5)
cells were subjected to the wound-healing mobility assay for up to 12 h. (D,E) Control (H1975-SC) and
α5-nAChR-knockdown (H1975-shα5) cells were subjected to Transwell assays for migration (D) and
invasion (E) for 24 h. Numbers of migratory and invasive cells were quantified. Statistical analysis was
performed using unpaired Student’s t test. * p < 0.05. (F) Control (A549-SC) and α5-nAChR-knockdown
(A549-shα5) cells were subjected to a wound-healing mobility assay in the presence or absence of
100 nM nicotine for 24 h. (G) Control (A549-SC) and α5-nAChR-knockdown (A549-shα5) cells were
serum-starved for 8 h, treated with 100 nM nicotine for indicated time, and analyzed by western
blotting. (H) A549 and HCC827 cells were treated with Gefitinib at indicated concentrations 30 min
before nicotine (100 nM) or vehicle treatment for another hour. Lysates were analyzed by western
blotting for expression levels and phosphorylation status of indicated proteins. (I) A549 stable clones
were treated with Gefitinib and subjected to western blot analysis as in (H). (J) EGFR-knockdown
and control cells were established fromα5-nAChR-overexpressing (H1975-α5) stable clone. Cells were
subjected to a wound healing migration assay for up to 12 h. All data were repeated in at least three
independent experiments to achieve statistical significance. The numbers at the right-hand side of the
western blots indicates the sizes of the nearest protein markers.
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2.4. α5-nAChR Promotes LAC Tumor Progression In Vitro and In Vivo

We next investigated the role of α5-nAChR in regulating LAC cell proliferation and tumor growth.
Growth curve analysis in all the three LAC cell lines showed that adding 100 nM nicotine in the culture
medium increased the growth rate of LAC cells, while knockdown of α5-nAChR expression decreased
LAC cell growth and the growth-promoting effect of low-dose nicotine was no longer observed in
the α5-nAChR- knockdown cells (Figure 5A); these results suggest that low-dose nicotine enhances
proliferation of LAC cells through α5-nAChR. To investigate the effect of α5-nAChR in clonogenic growth,
we performed colony formation assays under two-dimensional (2D) culture conditions with high or low
percentages of serum supplementation. In the presence of 10% serum, control and α5-nAChR-knockdown
HCC827 stable clones formed similar numbers of colonies; however, when serum concentration was
reduced to 0.5%, while control cells still formed some colonies, α5-nAChR-knockdown cells were not able
to form colonies (Figure 5B, top panel), indicating that α5-nAChR can help sustain the growth of LAC
cells under the stress of serum starvation. Under the low-serum culture condition, adding 100 nM nicotine
increased the number of colonies formed by control cells but had no effect on α5-nAChR-knockdown cells
(Figure 5B, middle and bottom panels), suggesting that low-dose nicotine may enhance cell growth/survival
through α5-nAChR under this condition. Subcutaneous transplantation of HCC827 stable clones into
BALB/c-nu/nu mice demonstrated that tumor growth was markedly suppressed in mice transplanted
with α5-nAChR-knockdown cells compared to that in mice transplanted with control cells (Figure 5C);
compared with HCC827-shα5 tumors, the HCC827-SC tumors have a higher α5-nAChR expression
(α5-nAChR) and proliferation index (Ki67) demonstrated by immunohistochemistry (Figure 5D).

2.5. α5-nAChR Expression Correlates with LAC Tumor Recurrence and Patient Survival

To explore the clinical significance of α5-nAChR, we performed immunohistochemistry on LAC
tissue microarrays and analyzed the association between α5-nAChR expression (scored as in Figure 6A–D)
and clinical outcome. In a cohort of 133 patients with surgically resected stage-I LAC, patients with higher
α5-nAChR expression in tumor tended to have worse outcome in both overall (Figure 6E) and disease-free
(Figure 6F) survival, although the apparent association between α5-nAChR levels and the overall survival
did not achieve statistical significance (Figure 6E); high α5-nAChR expression was significantly associated
with poorer disease-free survival (p = 0.006) (Figure 6F), suggesting that overexpression of α5-nAChR
increases the risk of tumor recurrence in stage-I LAC patients. Since no post-operative adjuvant
chemotherapy or radiation was given to patients in this cohort, considering our findings in cultured
LAC cells, we speculate that in patients who had tumors with α5-nAChR overexpression, low-dose
environmental nicotine may continue to facilitate the growth/survival of residual tumor cells after
surgery, which contributes to early tumor recurrence and worse disease-free survival.

We also analyzed a cohort of 176 patients with variable stages of LAC, which included 74 patients
with wild-type EGFR (EGFR-Wt) (42.0%), 52 patients with EGFR L858R mutation (29.5%), 47 patients with
EGFR exon 19 deletion (26.7%), and three patients with EGFR L861Q mutation (1.5%). There appeared to be
no overall survival difference between patients with high or low α5-nAChR expression tumors within the
cohort (Figure 6G); however, upon triage according to EGFR mutation status, high α5-nAChR expression
was significantly associated with reduced overall survival in patients with EGFR-Wt LAC (Figure 6H),
but not in patients with EGFR-mutant LAC (Figure S2A). Analysis of the lung adenocarcinoma patients
with wild-type EGFR in the TCGA database [31] also demonstrated a significant correlation between
high expression levels of CHRNA5 mRNA and poor overall survival outcome of patients (Figure S2B).
Given these results, it is conceivable that for tumors without EGFR mutations, environmental nicotine
may promote the progression of tumors with higher α5-nAChR expression more than those with lower
α5-nAChR expression, and therefore, the overall survival is worse in the former group. For tumors with
EGFR mutations, tumor cells are addicted to active EGFR signaling, and therefore, environmental nicotine
would play a minor role in promoting tumor progression, rendering no statistically significant differences
in survival between the group with high α5-nAChR levels and the group with low α5-nAChR expression.
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Figure 5. α5-nAChR positively regulates cell proliferation and tumor growth. (A) HCC827, A549,
and H1975 stable cells were subjected to cell proliferation analysis by WST-1 assay in the presence or
absence of 100 nM nicotine for 7 days. (B) HCC827-SC and HCC827-shα5 cells were seeded in 6-well
plates at a density of 500 cells per well for colony formation assays. Cells were maintained in medium
supplimented with either 10% or 0.5% serum (top) or in medium supplimented with 0.5% serum with
or without 100 nM nicotine (middle) for 21 days before fixation crystal violet staining. The number of
colonies in the middle panel were counted (bottom). (C) HCC827-SC and HCC827-shα5 cells were
subcutaneously transplanted in 4-week-old female BALB/c-nu/nu mice (n = 5). The tumor size was
measured by a caliper weekly and monitored up to 7 weeks. The xenograft tumors were excised
and photographed 7 weeks after transplantation. (D) Immunohistochemistry staining for α5-nAChR
expression in HCC827-SC and HCC827-shα5 tumors from mice in (C) Scale bar = 100 µm. All data were
repeated in at least three independent experiments to achieve statistical significance. The quantification
charts represent the mean ± S.D. of three independent experiments performed in triplicate. Statistical
analysis was performed using unpaired Student’s t test. * p < 0.05, ** p < 0.01.
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Figure 6. α5-nAChRpositivelyassociatedwithpoorsurvivalofEGFR-wild-typeLACpatients. (A–D)Pathological
scoring of α5-nAChR protein expression in LAC patients’ specimens: negative (d; intensity score = 0),
weak expression (e; intensity score = 1), moderate expression (f; intensity score = 2), strong expression
(g; intensity score = 3). Original magnification: 200×. Scale bar = 50 µm. (E) Kaplan-Meier analysis of
the overall survival in stage I LAC patient cohort. (F) Kaplan-Meier analysis of postoperative disease
recurrence in stage I LAC patient cohort. (G) Kaplan-Meier analysis of the overall survival in patients
with EGFR-wild-type (WT) LAC at variable stages. (H) Kaplan-Meier analysis of the overall survival
in patients with EGFR-mutant LAC at variable stages. (I) Schematic presentation of the α5-nAChR
mediated tumorigenesis effects of low-dose nicotine on lung adenocarcinoma in aspects of EGFR
pathway activation, cell proliferation, epithelial-mesenchymal transition, and cell motility.

3. Discussion

In Asia, none-smokers constitute 30% of NSCLC patients [32], and are characterized by higher
incidence of adenocarcinoma subtype, in comparison to smoker patients. However, non-smoking does
not exclude the potential intake of nicotine that may be caused by second-hand smoking, which results in
the intake of environmental low-dose nicotine. The effect of second-hand smoking on lung cancer remains
unknown, as there is a lack of evidence on the molecular mechanism and a lack of pathological studies.
The present study identified α5-nAChR as a regulator mediating the tumorigenesis effects of low-dose
nicotine on lung adenocarcinoma in aspects of proliferation, migration, epithelial-mesenchymal transition,
and EGFR pathway activation (Figure 6I). Our in vitro work has demonstrated how low-dose nicotine may
promote tumor growth and metastasis. A suitable animal model representing the environmental nicotine
uptake may need to develop to investigate the systematic effects of the low-dose nicotine/α5-nAChR
signaling. We also provided clinical and animal evidence of α5-nAChR implication in tumor progression.
Inhibition of α5-nAChR and the restriction of environmental smoking/smoke can be considered as
potential novel approaches for managing lung adenocarcinoma and tumor recurrence prevention.

Since the genome-wide screenings done in 2008 for the associated nicotinic receptor with high risk of
lung cancer [33–35], many studies have attempted to explore the effect of nicotine on lung cancer progress.
Another nicotine receptor subunit, α7-nAChR, has been implied involving in nicotine-dependent tumor
progression, including cell survival, chemotherapeutic drug resistance, cell migration, and stemness genes
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expression [27,36–41]. Smoking habit was related to the overexpression of α7-nAChR in small cell lung
carcinoma and lung squamous cell carcinoma [42]. However, these studies have focused on the effects of
high dose nicotine, defined as being on a micromolar level, which is closer to the simulation of nicotine
intake through smoking. In the current report, we identified α5-nAChR as a mediator for the cellular
response to low-dose nicotine treatment. We found that α5-nAChR was overexpressed in the clinical
tumor samples from LAC patients, which is in line with a previous study [21]. We have also examined
the expression levels of nAChR α7 and nAChR α9 subunits; neither of them was overexpressed in LAC
tumor samples in comparison to their normal counter parts (Figure 1B). A previous study indicated
that a heteropentamer of nicotinic receptor containing α5-nAChR subunit (α4β2α5) showed higher
affinity to low-dose nicotine than the pentamer without α5 subunit [17]. We further showed that
knockdown of α5-nAChR in LAC cells suppressed the low-dose nicotine-dependent enhancement of
proliferation and survival; knockdown of α5-nAChR in mouse model dramatically inhibited xenograft
tumor growth. A study conducted by Shulepko et al. showed that 100 nM of nicotine enhanced the
expression of α7-nAChR and accelerated the proliferation of A549 cell line. In fact, our data also
showed the up-regulation of α7-nAChR expression in LAC cell lines to a lesser extent than α5-nAChR
(Figure 1A). We did not rule out the possibility that other nAChR subunits may also be involved in
low-dose nicotine mediated tumor progression. However, notably, the α-Bungarotoxin used to inhibit
α7-nAChR was shown in a study to suppress the 10 µM nicotine-induced expression of both α5-nAChR
and α7-nAChR [43]. Furthermore, and interestingly, we found that α5-nAChR may also mediate the
transformation in normal lung epithelial cells: overexpression of α5-nAChR in BEAS2B cells increased
their in vitro tumorigenicity property in soft agar culture and caused hypertrophy in mice (Figure
S3). A previous study indicated that high doses (10 µM) of nicotine can increase the expression of
α5-nAChR in normal oral keratinocytes and induce its transformation [43], while we reported that
low-dose (100 nM) nicotine can also lead to normal cell transformation. Though the involvement of the
low dose nicotine/α5-nAChR pathway in tumor initiation of LAC still needs to be further investigated
in a suitable animal model, our data suggest a positive role of α5-nAChR in tumor progression of LAC

Abnormally activation of EGFR, either mutation or amplification, is frequently identified in LAC
patients, resulting in constitutively auto-phosphorylation of EGFR itself and activation of its downstream
molecules, including STAT3 and AKT. Through nicotine has been reported by several groups to increase
phosphorylation and activation of EGFR [30], how and through which subunit nicotine functionally
interacts with the EGFR-dependent pathway is unclear. Our finding thatα5-nAChR sustained cells to low
serum conditions triggered our hypothesis thatα5-nAChR may regulate growth factor-mediated survival
pathway(s) crucial for LAC cells. We demonstrated that α5-nAChR increased EGFR phosphorylation at
Y1068, as well as the downstream signaling of EGFR such as STAT3 phosphorylation at Y705 and Akt
phosphorylation at S473, which has been linked to cell survival and migration [44]. Consistently, a recent
report also demonstrated the involvement of α5-nAChR in the EMT process and tumor metastasis
through regulating the Jab1/Csn5 signaling in lung cancer [45]. Another study revealed the role of
α5-nAChR in regulating cell proliferation and migration in melanoma cells [46]. We further showed
that α5-nAChR is essential of low-dose nicotine-induced EGFR phosphorylation as 100 nM nicotine
had limited effect on phosphorylated EGFR when α5-nAChR was knocked down. A protein-protein
interaction of between EGFR and α5-nAChR is demonstrated in this study, and we showed that this
interaction is positively regulated by EGF and nicotine stimulation. We showed a potential cross-talk
mechanism between EGFR oncogenic signaling pathway and nicotine-α5-nAChR-dependent pathway.
Our data, along with recent published reports, revealed the involvement of α5-nAChR in tumor
progression. We do not rule out the possibility that other nAChR subunits may interplay or be involved
in the α5-nAChR/EGFR interaction. Owing to the fact that α5-nAChR needs to form a functional
nicotinic receptor with other subunits, it is very possible that other subunits, such as α3, α4, β2, and β4,
might also be involved in the crosstalk between α5-nAChR and EGFR. Further investigation is needed
to address the involving molecules in this crosstalk.
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Although the regulatory mechanism between α5-nAChR and EGFR is still unclear, previous
studies have revealed potential mechanisms through which the nAChR ion channel can regulate the
membrane-bound receptor signaling cascade such as the EGFR pathway. Most of the studies were done
with theα7-nAChR possibly because of the homomeric nature of theα7-nAChR receptor, which makes the
study relatively easier than the heteromeric nAChR receptors. Activated homomeric α7-nAChR results in
an influx of Ca2+ into the cells, which trigger the release of epidermal growth factor (EGF). The increased
release of EGF then autocrinally triggers the activation of the EGFR cascade [12]. Furthermore, α7nAChR
regulates noradrenaline release in the brain [47] and the sympathicus of nerves [48] as well as some
cancer cells [49]. These stress neurotransmitters activate β-adrenergic receptors to stimulate the release
of EGF, leading to activated EGFR signaling cascade and the development and progression of numerous
cancers [12,50,51]. Another case of the crosstalk between nicotinic acetylcholine receptor and cellular
receptor signaling pathway is the α9-nAChR homo-pentamer receptor and Estrogen receptor in breast
cancer cells. Previous studies have shown that α9-nAChR may activate PI3K downstream kinases such
as AKT, PDK1, and RSK, which phosphorylate and trigger the nuclear localization of estrogen receptor
that binds to the promoter of α9-nAChR to enhance its expression [25]. These previous finding may
shed lights on how the α5-nAChR regulates the EGFR pathway. It should be noted that there is still a
possibility that the α5-nAChR subunit may have a function other than as a subunit of the nicotinic
acetylcholine receptor.

The effects of α5-nAChR on cell proliferation, migration, and EMT can be witnessed in both
EGFR wild-type (A549) and EGFR mutant (HCC827 and H1975) cell lines (Figures 4 and 5); the animal
experiment using HCC827 also proved that α5-nAChR can affect the tumor growth in EGFR-mutant
cells (Figure 5C,D). However, our clinical correlation study showed that the correlation between high
levels of α5-nAChR and poor survival outcome of LAC patients did not reach statistically significance
in the cohort of EGFR-mutant patients (Supplementary Figure S2). EGFR target therapy is the standard
first line treatment for lung cancer patients with EGFR mutations, and the data in Figure 4H showed
that inhibition of EGFR activity by Gefitinib can block the effect of low-dose nicotine. Therefore, it is
possible that the inconsistent results from EGFR-mutant patients may be due to the interference from
EGFR TKI therapy in a certain population of these patients. More detailed studies may be needed to
address this phenomenon.

In summary, the present studies identified α5-nAChR as a pro-oncogene mediating the tumor
progression and tumorigenesis of LAC in vitro and in vivo. In our in vitro studies we showed that
α5-nAChR mediates the effects of low dose nicotine in LAC, in terms of proliferation, motility, EMT,
and EGFR pathway activation. α5-nAChR could be a potential marker for predicting the risk of LAC
patients when exposed to environmental nicotine, as well as a potential target of cancer prevention
to reduce the second-hand smoking-induced LAC. These reports also provide a clue to the high
occurrence rate of LAC in the group of non-smoker patients.

4. Materials and Methods

4.1. Cell Lines and Culture Condition

Lung adenocarcinoma cell lines (including A549, H1975, and HCC827), human bronchial epithelial
cell lines (including BEAS-2B and NL20), and HEK293T human embryonic kidney cells were obtained
from the American Type Culture Collection and tested positive for human origin. The CL-0 and CL1-5
lung adenocarcinoma cell lines were established previously [52]. All lung cancer cells were grown in
RPMI 1640 with 10% fetal bovine serum (Sigma-Aldrich, Burlington, MA, USA) in a 37 ◦C, 5% CO2
incubator. HEK293T cells were maintained in Dulbecco’s modified Eagle’s medium (Sigma-Aldrich,
Burlington, MA, USA) supplemented with 10% fetal bovine serum (Hyclone, Marlborough, MA, USA)
in a 37 ◦C, 5% CO2 incubator. BEAS-2B cells were grown in F12 medium (Sigma-Aldrich, Burlington,
MA, USA) with 4% fetal bovine serum, in a 37 ◦C, 5% CO2 incubator.
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4.2. Expression Plasmid and shRNA

The α5-nAChR overexpression plasmid was purchased from Thermo (MHS1010-7508410), which
contains full length α5-nAChR cDNA. The shRNA against α5-nAChR (ID: TRCN0000061135; target
sequence: CCTTCAGAACTGTTCCATGAA) and EGFR (ID: TRCN0000121068; target sequence:
GCCACAAAGCAGTGAATTTAT) were obtained from the National RNAi Core Facility at the Genomic
Research Center, Academia Sinica, supported by the National Core Facility Program for Biotechnology
Grants of NSC (NSC 104-2319-B-001-002).

4.3. Western Blot

Western blots were performed as described [53]. Primary antibodies included anti-α5-nAChR
(Abcam, Cambridge, UK), anti-EGFR, anti-pEGFR Y1086, anti-AKT, anti-pAKT S473, anti-STAT3,
anti-pSTAT3 Y705 anti-Slug, anti-E-cadherin, anti-vimentin, anti-N-cadherin (Cell Signaling Technology,
Danvers, MA, USA), anti-α-tubulin (Santa Cruz Biotechnology, Dallas, TX, USA), and anti-β-actin
(Sigma-Aldrich, Burlington, MA, USA). HRP-conjugated secondary antibodies were obtained from
Santa Cruz Biotechnology (1:5000).

4.4. Animals and Tumor Cell Transplantation

HCC827-SC and HCC827-shα5 cells were harvested, washed, resuspended in PBS, and mixed
with an equal volume of Matrigel (BD Biosciences, San Jose, CA, UAS). Cells (in a total volume of
100 µL) were injected subcutaneously into the right dorsolateral side of the flank region of 8-week-old
male BALB/c-nu/nu mice (BioLASCO, Taiwan). The tumors were measured with a caliper weekly up
to 7 weeks; the mice were then sacrificed and the xenograft tumors were excised. All experiments
were performed in accordance with the guidelines set forth by the European Communities Council
Directive of November 24, 1986 (86/609/EEC). The study was approved by the institutional commission
of Academia Sinica, Taiwan for the control of the maintenance and use of animals (protocol number:
13-103580 from 01-01-2014).

4.5. Clinical Specimens and Tissue Microarray Construction

Tumor tissues from patients with lung adenocarcinoma who underwent surgical resection were
retrieved from the surgical pathology archives at Taipei Veterans General Hospital. The specimens
were fixed in formalin and embedded in paraffin before being archived. The pathological stage
was determined according to the 7th Edition Union for International Cancer Control/American Joint
Committee on Cancer TNM classification. Hematoxylin and eosin-stained slides were reviewed by the
pathologist, and representative areas of tumor tissue were selected for tissue microarray construction.
Tissue microarrays were constructed with 3-mm cores of tumor tissue retrieved from the paraffin
blocks for each case. In total, two sets of tissue microarrays were constructed. The first one was a
stage I tissue microarray, which was composed of tumor tissues from 133 patients with stage I lung
adenocarcinoma who underwent surgical resection between 1995 and 2000. The second one was a
variable stage tissue microarray, which was composed of tumor tissues from 204 patients with variable
stage lung adenocarcinoma who underwent surgical resection between 2002 and 2006. All procedures
of tissues acquirements have followed the protocols as detailed in the Declaration of Helsinki and
were reviewed by the Institutional Review Committee at Taipei Veterans General Hospital (ethical
authorization number: 2016-03-005AC). The study was approved by the medical ethical committee
of Taipei Veterans General Hospital, which waived the need for written informed consent from the
patients because of the retrospective nature of the study and the emotional burden that would result
from contacting the patients or their relatives to obtain consent.
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4.6. Immunohistochemistry and Assessment of Staining

Five-micrometer-thick sections were cut from the tissue microarrays and stained with α5-nAChR
antibody. The intensity of immunoreactivity was graded according the following method described
previously [54]. Briefly, the intensity score was semi-quantitatively assessed according to the staining
intensity of tumor cells, as follows: 0 (negative; Figure 6A), 1 (weakly positive; Figure 6B), 2 (moderately
positive; Figure 6C), and 3 (strongly positive; Figure 6D). The percentage score was semi-quantitatively
assessed according to the percentage of positive-stained cells as follows: 0 (0%), 1 (1–10%), 2 (11–50%),
and 3 (51–100%). A composite staining index (SI) was derived from the product of the intensity score and
the percentage score, giving values ranging from 0 to 9. α5-nAChR expression by immunohistochemistry
was dichotomized into high and low categories based on the median value of SI.

4.7. Survival Analysis

Overall survival time was measured from the time of operation to death from any cause or to the
date of last follow-up. Observations on patients alive at the last follow-up visit were censored. Time to
recurrence was defined as the time from the date of operation to the date of disease recurrence. Patients
who died of causes other than lung cancer or who were alive on the last follow-up date were censored.
Survival curves were estimated using the Kaplan-Meier method, and survival differences between
subgroups were compared using the log-rank test. A p value of < 0.05 was considered an indication of
statistical significance. All analyses were carried out using SPSS 19.0 for Microsoft Windows (IBM
Corporation, New York, NY, USA).

4.8. Statistical Analysis

The results are reported as mean ± SD. Statistical analysis was performed using Student’s t test as
appropriate. Statistical analyses were done by SigmaPlot 13 software (Systat Software, San Jose, CA,
USA). A p value < 0.05 was considered statistically significant.

5. Conclusions

The high incidence of lung adenocarcinoma (LAC) in non-smokers is a clinically unsolved
paradox. The present study provides experimental evidence on how environmental low-dose nicotine
promotes lung cancer progression. This study reveals the link between second hand smoking and lung
adenocarcinoma, which has long been considered unrelated to nicotine intake, and supports the restriction
of environmental smoking/smoke as therapeutic strategies for managing lung adenocarcinoma patients.
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31. Goldman, M.J.; Craft, B.; Hastie, M.; Repečka, K.; McDade, F.; Kamath, A.; Banerjee, A.; Luo, Y.; Rogers, D.;
Brooks, A.N.; et al. Visualizing and interpreting cancer genomics data via the Xena platform. Nat. Biotech.
2020, 38, 675–678. [CrossRef] [PubMed]

32. Toh, C.K.; Gao, F.; Lim, W.T.; Leong, S.S.; Fong, K.W.; Yap, S.P.; Hsu, A.A.; Eng, P.; Koong, H.N.;
Thirugnanam, A.; et al. Never-smokers with lung cancer: Epidemiologic evidence of a distinct disease entity.
Int. J. Clin. Oncol. 2006, 24, 2245–2251. [CrossRef] [PubMed]

33. Amos, C.I.; Wu, X.; Broderick, P.; Gorlov, I.P.; Gu, J.; Eisen, T.; Dong, Q.; Zhang, Q.; Gu, X.; Vijayakrishnan, J.; et al.
Genome-wide association scan of tag SNPs identifies a susceptibility locus for lung cancer at 15q25.1.
Nat. Genet. 2008, 40, 616–622. [CrossRef]

34. Chen, Y.C.; Hsu, H.S.; Chen, Y.W.; Tsai, T.H.; How, C.K.; Wang, C.Y.; Hung, S.C.; Chang, Y.L.; Tsai, M.L.;
Lee, Y.Y.; et al. Oct-4 expression maintained cancer stem-like properties in lung cancer-derived CD133-positive
cells. PLoS ONE 2008, 3, e2637. [CrossRef]

http://dx.doi.org/10.1158/1078-0432.CCR-09-0376
http://dx.doi.org/10.1158/1078-0432.CCR-08-2107
http://www.ncbi.nlm.nih.gov/pubmed/19223495
http://dx.doi.org/10.1093/jnci/djn363
http://www.ncbi.nlm.nih.gov/pubmed/18957677
http://dx.doi.org/10.1038/sj.mp.4002154
http://dx.doi.org/10.1016/j.pharmthera.2018.10.002
http://www.ncbi.nlm.nih.gov/pubmed/30291908
http://dx.doi.org/10.1007/s10549-010-1209-0
http://dx.doi.org/10.1093/jnci/djq300
http://dx.doi.org/10.1245/s10434-011-1598-2
http://dx.doi.org/10.1158/0008-5472.CAN-10-0638
http://dx.doi.org/10.1186/1476-4598-11-73
http://dx.doi.org/10.1186/bcr3055
http://dx.doi.org/10.1038/s41587-020-0546-8
http://www.ncbi.nlm.nih.gov/pubmed/32444850
http://dx.doi.org/10.1200/JCO.2005.04.8033
http://www.ncbi.nlm.nih.gov/pubmed/16710022
http://dx.doi.org/10.1038/ng.109
http://dx.doi.org/10.1371/journal.pone.0002637


Int. J. Mol. Sci. 2020, 21, 6829 17 of 18

35. Thorgeirsson, T.E.; Geller, F.; Sulem, P.; Rafnar, T.; Wiste, A.; Magnusson, K.P.; Manolescu, A.; Thorleifsson, G.;
Stefansson, H.; Ingason, A.; et al. A variant associated with nicotine dependence, lung cancer and peripheral
arterial disease. Nature 2008, 452, 638–642. [CrossRef]

36. Wei, P.L.; Chang, Y.J.; Ho, Y.S.; Lee, C.H.; Yang, Y.Y.; An, J.; Lin, S.Y. Tobacco-specific carcinogen enhances
colon cancer cell migration through alpha7-nicotinic acetylcholine receptor. Ann. Surg. 2009, 249, 978–985.
[CrossRef]

37. Brown, K.C.; Perry, H.E.; Lau, J.K.; Jones, D.V.; Pulliam, J.F.; Thornhill, B.A.; Crabtree, C.M.; Luo, H.;
Chen, Y.C.; Dasgupta, P. Nicotine induces the up-regulation of the alpha7-nicotinic receptor (alpha7-nAChR)
in human squamous cell lung cancer cells via the Sp1/GATA protein pathway. J. Biol. Chem. 2013, 288,
33049–33059. [CrossRef]

38. Cheng, W.-L.; Chen, K.-Y.; Lee, K.-Y.; Feng, P.-H.; Wu, S.-M. Nicotinic-nAChR signaling mediates drug
resistance in lung cancer. J. Cancer 2020, 11, 1125–1140. [CrossRef]

39. Hsu, C.C.; Tsai, K.Y.; Su, Y.F.; Chien, C.Y.; Chen, Y.C.; Wu, Y.C.; Liu, S.Y.; Shieh, Y.S. α7-Nicotine acetylcholine
receptor mediated nicotine induced cell survival and cisplatin resistance in oral cancer. Arch. Oral Biol. 2020,
111, 104653. [CrossRef]

40. Witayateeraporn, W.; Arunrungvichian, K.; Pothongsrisit, S.; Doungchawee, J.; Vajragupta, O.;
Pongrakhananon, V. α7-Nicotinic acetylcholine receptor antagonist QND7 suppresses non-small cell lung
cancer cell proliferation and migration via inhibition of Akt/mTOR signaling. Biochem. Biophys. Res. Commun.
2020, 521, 977–983. [CrossRef]

41. Schaal, C.M.; Bora-Singhal, N.; Kumar, D.M.; Chellappan, S.P. Regulation of Sox2 and stemness by nicotine
and electronic-cigarettes in non-small cell lung cancer. Mol. Cancer 2018, 17, 149. [CrossRef] [PubMed]

42. Cesario, A.; Russo, P.; Nastrucci, C.; Granone, P. Is alpha7-nAChR a Possible Target for Lung Cancer and
Malignant Pleural Mesothelioma Treatment? Curr. Drug Targets 2012, 13, 688–694. [PubMed]

43. Arredondo, J.; Chernyavsky, A.I.; Jolkovsky, D.L.; Pinkerton, K.E.; Grando, S.A. Receptor-mediated tobacco
toxicity: Acceleration of sequential expression of alpha5 and alpha7 nicotinic receptor subunits in oral
keratinocytes exposed to cigarette smoke. FASEB J. 2008, 22, 1356–1368. [CrossRef]

44. Chen, R.J.; Ho, Y.S.; Guo, H.R.; Wang, Y.J. Long-term nicotine exposure-induced chemoresistance is mediated
by activation of Stat3 and downregulation of ERK1/2 via nAChR and beta-adrenoceptors in human bladder
cancer cells. Toxicol. Sci. 2010, 115, 118–130. [CrossRef] [PubMed]

45. Chen, X.; Jia, Y.; Zhang, Y.; Zhou, D.; Sun, H.; Ma, X. α5-nAChR contributes to epithelial-mesenchymal
transition and metastasis by regulating Jab1/Csn5 signalling in lung cancer. J. Cell Mol. Med. 2020, 24,
2497–2506. [CrossRef]

46. Dang, N.; Meng, X.; Qin, G.; An, Y.; Zhang, Q.; Cheng, X.; Huang, S. α5-nAChR modulates melanoma growth
through the Notch1 signaling pathway. J. Cell Physiol. 2020. [CrossRef]

47. Barik, J.; Wonnacott, S. Indirect modulation by alpha7 nicotinic acetylcholine receptors of noradrenaline
release in rat hippocampal slices: Interaction with glutamate and GABA systems and effect of nicotine
withdrawal. Mol. Pharmacol. 2006, 69, 618–628. [CrossRef]

48. Mozayan, M.; Lee, T.J. Statins prevent cholinesterase inhibitor blockade of sympathetic alpha7-nAChR-
mediated currents in rat superior cervical ganglion neurons. Am. J. Physiol. Heart Circ. Physiol. 2007, 293,
H1737–H1744. [CrossRef]

49. Wong, H.P.; Yu, L.; Lam, E.K.; Tai, E.K.; Wu, W.K.; Cho, C.H. Nicotine promotes cell proliferation via
alpha7-nicotinic acetylcholine receptor and catecholamine-synthesizing enzymes-mediated pathway in
human colon adenocarcinoma HT-29 cells. Toxicol. Appl. Pharmacol. 2007, 221, 261–267. [CrossRef]

50. Schuller, H.M.; Tithof, P.K.; Williams, M.; Plummer, H. The tobacco-specific carcinogen 4-(methylnitrosamino)-
1-(3-pyridyl)-1-butanone is a beta-adrenergic agonist and stimulates DNA synthesis in lung adenocarcinoma
via beta-adrenergic receptor-mediated release of arachidonic acid. Cancer Res. 1999, 59, 4510–4515.

51. Laag, E.; Majidi, M.; Cekanova, M.; Masi, T.; Takahashi, T.; Schuller, H.M. NNK activates ERK1/2 and
CREB/ATF-1 via beta-1-AR and EGFR signaling in human lung adenocarcinoma and small airway epithelial
cells. Int. J. Cancer 2006, 119, 1547–1552. [PubMed]

52. Chu, Y.W.; Yang, P.C.; Yang, S.C.; Shyu, Y.C.; Hendrix, M.J.; Wu, R.; Wu, C.W. Selection of invasive and
metastatic subpopulations from a human lung adenocarcinoma cell line. Am. J. Respir. Cell Mol. 1997, 17,
353–360. [CrossRef]

http://dx.doi.org/10.1038/nature06846
http://dx.doi.org/10.1097/SLA.0b013e3181a6ce7e
http://dx.doi.org/10.1074/jbc.M113.501601
http://dx.doi.org/10.7150/jca.36359
http://dx.doi.org/10.1016/j.archoralbio.2020.104653
http://dx.doi.org/10.1016/j.bbrc.2019.11.018
http://dx.doi.org/10.1186/s12943-018-0901-2
http://www.ncbi.nlm.nih.gov/pubmed/30322398
http://www.ncbi.nlm.nih.gov/pubmed/22300036
http://dx.doi.org/10.1096/fj.07-9965.com
http://dx.doi.org/10.1093/toxsci/kfq028
http://www.ncbi.nlm.nih.gov/pubmed/20106947
http://dx.doi.org/10.1111/jcmm.14941
http://dx.doi.org/10.1002/jcp.29435
http://dx.doi.org/10.1124/mol.105.018184
http://dx.doi.org/10.1152/ajpheart.00269.2007
http://dx.doi.org/10.1016/j.taap.2007.04.002
http://www.ncbi.nlm.nih.gov/pubmed/16671086
http://dx.doi.org/10.1165/ajrcmb.17.3.2837


Int. J. Mol. Sci. 2020, 21, 6829 18 of 18

53. Hong, C.F.; Chou, Y.T.; Lin, Y.S.; Wu, C.W. MAD2B, a novel TCF4-binding protein, modulates TCF4-mediated
epithelial-mesenchymal transdifferentiation. J. Biol. Chem. 2009, 284, 19613–19622. [CrossRef] [PubMed]

54. Yeh, Y.C.; Chou, T.Y. Pulmonary neuroendocrine tumors: Study of 90 cases focusing on clinicopathological
characteristics, immunophenotype, preoperative biopsy, and frozen section diagnoses. J. Surg. Oncol. 2014,
109, 280–286. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1074/jbc.M109.005017
http://www.ncbi.nlm.nih.gov/pubmed/19443654
http://dx.doi.org/10.1002/jso.23497
http://www.ncbi.nlm.nih.gov/pubmed/24301337
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	5-nAChR Expression is Elevated in Lung Adenocarcinoma Cells and Clinical Tumor Tissue 
	5-nAChR Interacts with EGFR 
	5-nAChR is Essential for Low-Dose Nicotine-Regulated Cell Motility 
	5-nAChR Promotes LAC Tumor Progression In Vitro and In Vivo 
	5-nAChR Expression Correlates with LAC Tumor Recurrence and Patient Survival 

	Discussion 
	Materials and Methods 
	Cell Lines and Culture Condition 
	Expression Plasmid and shRNA 
	Western Blot 
	Animals and Tumor Cell Transplantation 
	Clinical Specimens and Tissue Microarray Construction 
	Immunohistochemistry and Assessment of Staining 
	Survival Analysis 
	Statistical Analysis 

	Conclusions 
	References

