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ABSTRACT

Nicotine via nicotinic acetylcholine receptors (nAChRs) stimulates non-small
cell lung cancer (NSCLC) cell invasion and epithelial to mesenchymal transition
(EMT) which underpin the cancer metastasis. However, the receptor subtype-
dependent effects of nAChRs on NSCLC cell invasion and EMT, and the signaling
pathway underlying the effects remain not fully defined. We identified that nicotine
induced NSCLC cell invasion, migration, and EMT; the effects were suppressed by
pharmacological intervention using a7-nAChR selective antagonists or by genetic
intervention using a7-nAChR knockdown via RNA inference. Meanwhile, nicotine
induced activation of MEK/ERK signaling in NSCLC cells; a7Z-nAChR antagonism or
MEK/ERK signaling pathway inhibition suppressed NSCLC cell invasion and EMT
marker expression. These results indicate that nicotine induces NSCLC cell invasion,
migration, and EMT; the effects are mediated by a7-nAChRs and involve MEK/ERK
signaling pathway. Delineating the effect of nicotine on the NSCLC cell invasion and
EMT at receptor subtype level would improve the understanding of cancer biology and
offer potentials for the exploitation of selective ligands for the control of the cancer
metastasis.

INTRODUCTION

Lung cancer represents the leading cause of cancer
mortality worldwide with non-small cell lung cancer
(NSCLC) accounting for over 85% of all lung cancers [1].
The vast majority of patients are diagnosed at the late stage
after the onset of cancer metastasis and they die from the
distant metastasis rather than the primary cancer [2]. This
warrants a need for elucidating the biological mechanism
underlying the metastasis and seeking novel therapeutic
targets and strategies aiming to inhibit metastasis [3].

Cigarette smoking is the leading risk factor
driving lung cancer [4]. Nicotine, as the major addictive
component in cigarettes, is reported to not only promote
cancer cell survival, proliferation, and angiogenesis, but
also contribute to tumor dissemination, invasion, and
epithelial to mesenchymal transition (EMT), an essential
embryonic process fueling metastatic spread [5-7].

Major effects of nicotine are elicited via its binding
to and activation of nicotinic acetylcholine receptors
(nAChRs). nAChRs are ligand-gated ion channel proteins
comprising various combinations of al—al0, B1—34, vy,
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0, and ¢ subunits. Differences in subunit combination
determine the distinct functional and pharmacological
properties of the receptors that are formed. The activation
of different nAChR subtypes results in differential
effects. While some lead to growth-promoting cues [6],
others have the opposite effects in various tumors [8].
The receptor subtype-dependent effects of nAChRs
on NSCLC cell invasion and EMT, and the signaling
pathway underlying the effects remain not fully defined.
Here, we have identified that nicotine induces NSCLC cell
invasion, migration, and EMT; the effects are mediated by
a7 homomeric nAChRs (a7-nAChRs) and involve MEK/
ERK signaling pathway. Delineating the effect of nicotine
on NSCLC cell invasion and EMT at receptor subtype
level would improve the understanding of cancer biology
and offer potentials for the exploitation of selective ligands
for the control of the cancer metastasis.

RESULTS

o7-nAChR mediates nicotine-induced NSCLC
cell invasion and migration

RT-PCR analysis showed the expression of the a7
subunit transcripts in A549 and H1299 cells but not in
PCO9 cells (Figure 1A). The a7 subunits formed functional
nAChRs in the NSCLC cells, because the cells responded
to nicotine by an increase of intracellular calcium influx
(Figure 1B, 1C, 1D, 1E, 1F, 1G, and 1H) and the effect
was hampered by the a7-nAChR selective antagonist
a-bungarotoxin (a-BTX) (Figure 1B, 1C, 1F, and 1G) or
by the knockdown of the a7 subunit via RNA interference
(Figure 1D, 1E, 1H, and 11).

Nicotine induced A549 cell invasion in a
concentration-dependent manner (Figure 2A). Activation
of a7-nAChR by TC5619, the subtype selective agonist,
recapitulated the invasion-promotion effect (Figure 2B).
The nicotine- or TC5619-induced cell invasion was
abrogated by o-BTX (Figure 2B). o-BTX abrogated
the nicotine-induced cell invasion in a concentration-
dependent manner, with 10 uM having the maximum
effect when the antagonist was concurrently administrated
with the agonist (Figure 2C). When the antagonist was
introduced 1 hour prior to the agonist, a-BTX at the
concentration down to 0.1 pM can fully abolish the
nicotine-induced cell invasion (Figure 2D). The a7-
nAChR dependence of nicotine-induced invasion was
reconfirmed in the a7-receptor subunit knockdown
assay (Figure 2E). Analogously, nicotine induced A549
cell migration and the effect was abrogated by the a7-
nAChR specific antagonists a-BTX and mecamylamine
(MLA) (Figure 2F). PC9 cells, which lacked a7 subunit
expression, failed to respond to nicotine in the induction
of migration though they were sensitive to TGF-f (Figure
2@G). These indicate that a7-nAChR mediates nicotine-
induced NSCLC cell invasion and migration.

a7-nAChR mediates nicotine-induced EMT in
NSCLC cells

Cell invasion and migration are closely involved
in the process of EMT. We then investigated the effects
of nicotine on the EMT of NSCLC cells and the receptor
subtype mechanism. RT-PCR analysis showed the
transcription of the epithelial marker E-cadherin in A549
cells and the mesenchymal markers vimentin, slug,
N-cadherin, B-catenin, and twist in A549 cells and H1299
cells (Figure 3A).

Nicotine induced the EMT of the NSCLC cells. After
nicotine treatment at 1 uM for 48 h, A549 and H1299 cells
changed their morphology, including loss of apical-basal
polarity, disappearance of cell-to-cell contacts, and front-
to-back polarized compared with the untreated cells which
showed more circular in shape and in greater cell-to-cell
adhesion. The morphology change was blocked by the
pre-treatment of a-BTX (Figure 3B). Immunofluorescent
analysis showed that nicotine induced an up-regulation
of mesenchymal marker fibronectin and down-regulation
of epithelial marker E-cadherin expression in A549 cells
(Figure 3C); the effect was blocked by the pre-treatment
of a-BTX (Figure 3C). Western blot analysis showed that
a-BTX decreased the expression of mesenchymal marker
vimentin in a concentration-dependent manner (Figure
3D). The a7-nAChR dependence of nicotine-induced
EMT was reconfirmed in the a7-subunit knockdown
assay; nicotine induced up-regulation of the expression of
the mesenchymal markers in Control shRNA cells whereas
the a7-nAChR shRNA cells were resistant to this effect
(Figure 3E).

MEK/ERK signaling is involved in nicotine-
induced invasion/migration

The role of ERK in MEK/ERK signaling
pathway in nicotine-induced invasion has not been well
understood. Western blot showed that nicotine induced
an up-regulation of ERK phosphorylation, indicating an
activation of MEK/ERK signaling pathway (Figure 4A).
The activation of MEK/ERK signaling was attenuated by
a7-nAChR selective antagonism (Figure 4A). Inhibition
of MEK/ERK pathway by U0126 decreased the nicotine-
induced increase of cell invasion as shown in ECMatrix-
based assay (Figure 4B) and abrogated nicotine-induced
up-regulation of vimentin as shown in high-content
analysis (HCA) (Figure 4C).

DISCUSSION

Delineating the biological and pharmacological
effect of nicotine on cancer cells at receptor subtype level
is valuable for cancer prevention and treatment. In this
study we have identified a facilitating effect of nicotine
on NSCLC cell invasion, migration, and EMT and
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Figure 1: Functional expression of a7-nAChR in NSCLC cells. A. RT-PCR analysis of nAChR subunits in A549, H1299, and
PC9 cells. B-I. Measurement of calcium influx in A549 cells. The cells were treated with 1 mM nicotine and this effect was suppressed by
the simultaneous administration of a-BTX (B and C) or by the knockdown of the a7 receptor subunit (D and E). Nicotine in 30 uM also
can induce calcium influx and the effect was suppressed by the administration of a-BTX 60 min prior to the nicotine treatment (F and G)
or by the knockdown of the a7 receptor subunit (H and I). The representative responses of the nicotine-induced increase of calcium influx
measured by fluorescence intensity were shown (B, D, F, and H). Quantifications of the mean relative fluorescence peak calculated by [ (F-
F )/F ]1x100% are shown as means = S.E.M from three independent experiments (C, E, G, I). " P <0.05,™ P <0.01, ™ P<0.001.
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Figure 2: Dependence of a7-nAChR of nicotine-induced NSCLC cell invasion and migration. A. Dose-dependence effect
of nicotine on A549 cell invasion. The cells were treated for 48 h. B. Induction of A549 cell invasion by nicotine and a7-nAChR selectively
agonist TC-5619 and the abrogation of the effect by a-BTX. *, P < 0.05 compared with the control group; #, P < 0.05 compared with the
nicotine alone group; $, P < 0.05 compared with the TC5619 alone group. C and D. Blockade of nicotine-induced A549 cell invasion by a7-
nAChR selectively antagonist o-BTX. When the antagonist was added simultaneously with the agonist, 1 uM of the antagonist was needed
to attenuate the agonist-induced cell invasion (C); when the antagonist was added 1 h prior to the agonist, a-BTX at 0.1 uM fully blocked
the effect (D). " P <0.05, " P<0.001 compared with the control group; #, P <0.05, ###, P <0.001 compared with the nicotine alone group.
E. Attenuation of nicotine-induced A549 cell invasion by the knockdown of a7-receptor subunit. *** P <(0.001 compared with the control
group; ##, P < 0.01 compared with the nicotine-treated Control shRNA group. F. Abrogation of nicotine-induced A549 cell mobility by
07-nAChR selectively antagonist a-BTX and MLA. Images were taken with 10x objective lens. * P < 0.05, ** P < 0.01 compared with
control group; # P < 0.05 compared with nicotine alone group. MLA, mecamylamine. TGF- at 5 ng/mL as the migration-inducing positive
control. The cells were treated by TGF-p or nicotine for 20 h; the antagonist a-BTX at 1 uM or MLA 1 uM was added 5 minutes prior to
the agonists. G. Non-induction of PC9 cell mobility by nicotine. Images were taken with 10x objective lens. * P < 0.05 compared with
control group. The cells were treated by TGF-3 at 5 ng/mL or nicotine for 20 h; the antagonist a-BTX at 1 uM was added 5 minutes prior
to the agonists. BTX, a-BTX. The cells were treated by 3 uM nicotine for 48 h in invasion assay and 1 pM nicotine for 20 h in migration
assay unless otherwise indicated. Quantifications in bar graphs are shown as means + S.E.M from at least three independent experiments.
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Figure 3: Dependence of a7-nAChR of nicotine-induced NSCLC cell EMT. A. RT-PCR analysis of epithelial/mesenchymal
markers in A549 and H1299 cells. B. Mesenchymal transition of A549 and H1299 cells stimulated by nicotine and the attenuation of the
effect by a-BTX assayed by morphology analysis. TGF-B at 5 ng/mL as the EMT-inducing positive control. Images were taken with 10
x objective lens. C. Mesenchymal transition of A549 cells stimulated by nicotine and the attenuation of the effect by a-BTX assayed by
immunofluorescence analysis of EMT protein markers. TGF-f at 5 ng/mL as the EMT-inducing positive control. Fibronectin and vimentin
as the mesenchymal markers and E-cadherin as the epithelial marker. D. Down-regulation of vimentin expression in A549 cell by a7-
nAChR antagonism assayed by western blot analysis. E. Attenuation of nicotine-induced upregulation of vimentin expression in A549 cells
by knockdown of a7-nAChR subunit. The cells were treated by TGF-B or nicotine for 48 h; the antagonist a-BTX was added 5 minutes

prior to the agonist.
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Figure 4: Involvement of MEK/ERK signaling in nicotine-induced invasion/migration. A. Induction of ERK phosphorylation
by nicotine and the attenuation of the effect by a7-nAChR antagonism. B. Attenuation of nicotine-induced A549 cell invasion by MEK-
ERK selective inhibitor U0126. * P < 0.05, ** P < 0.01 compared with control group; # P < 0.05 compared with nicotine alone group. C.
Attenuation of nicotine-induced vimentin upregulation by MEK-ERK selective inhibitor U0126. The cells were treated by 3 uM nicotine
for 30 min in western blot analysis and for 48 h in invasion and HCA assay; U0126 at 50 uM was added 5 minutes prior to the agonist.
Quantifications in bar graphs are shown as means + S.E.M from at least three independent experiments.
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determined that the effect is mediated by the a7-nAChR
involving MEK/ERK signaling pathway.

Metastasis is the major cause of cancer-related
death. Invasion represents the metastatic step of the
migration of cancer cells away from the primary site
[9]. Better understanding of the nicotinic interference of
NSCLC cell migration and invasion at receptor subtype
level offers potentials for the exploitation of selective
ligands for the control of tumor metastasis.

nAChR contains five subunits which assemble
into heteromeric or homomeric pentamers. Different
combinations of the subunits form different
receptor subtypes and have distinct biophysical and
pharmacological characteristics. While heteromeric
04p2-receptor and aS-receotpr exert negative effect on
cell proliferation and migration, a7-nAChR has positive
effect [8, 10]. This also might be one of the reason that
nicotine seemed to inhibit the cell invasion and ERK
phosphorylation when a7 receptor was blocked in the
study; in this situation, the effect of other receptor
subtypes such as a5 might be prominent. In keratinocytes,
03B2-nAChR and a7-nAChR are pivotal for nicotinergic
chemokinesis, and 09-nAChR is critical for adhesion
and motility [11]; in breast epithelial cells a9-nAChR
is responsible for nicotine-stimulated cell growth
and malignant transformation [12]. In our study, a7-
nAChR specific antagonists and a7-nAChR knockdown
completely abolished the nicotine-induced invasion,
indicating the importance of a7-nAChR subtype in this
process. This is consistent with the finding that nicotine
promotes metastasis of pancreatic and colon cancers via
a7nAChRs [13, 14].

The a7-nAChRs have the greatest Ca*" permeability
[15] and markedly affect cell invasion, migration, and
EMT. Elevated cytosolic calcium activates PKC and
subsequent MEK-ERK signaling cascade [10, 16-20].
On the other hand, a7-nAChR indirectly stimulates Raf-
ERK signaling via facilitating the epidermal growth
factor (EGF) release and the transactivation of EGF
receptors [21]. ERK signaling pathway dictates EMT and
invasion. Cooperating with TGF-3 signaling pathways,
ERK signaling cascade upregulates the expression of
the mesenchymal genes and epithelial repressor genes
[22]. Our study identified that nicotine via a7-nAChRs
activated ERK signaling and upregulated the expression of
mesenchymal protein fibronectin and vimentin in NSCLC
cells, indicating the role of the receptor subtype in the
EMT process involving MEK/EKR signaling pathway.

EMT represents a process that cells lose epithelial
properties and obtain more migratory mesenchymal
characteristics. This process depends on the up-regulation
of mesenchymal proteins vimentin and fibronectin.
Nicotine induced the EMT and up-regulation of vimentin
in NSCLC cells and the effects were suppressed by a7-

nAChR selective antagonist a-BTX and o7-nAChR
knockdown. Similar effect of nicotine on EMT has also
been identified in breast, colon, and gastric cancer cells
[6, 14, 23]. In carcinoma cells, the acquired mesenchymal
properties from the EMT process donate these cells the
various traits required to implement multiple steps of the
invasion-metastasis cascade by facilitating the cells with
the ability to migrate, invade away from the primary site,
travel through the blood and lymph vessels, and eventually
make up metastases [24].

The concentration of nicotine that markedly induces
NSCLC cell invasion and EMT ranges from 0.1-10 uM
in our and other studies. The nicotine concentrations in
smoker blood fall in this range. The average steady state
level is about 0.2 uM and spikes to 10 uM or more right
after cigarette smoking [25, 26]. In addition to causing
cancers, nicotine leads to tobacco addiction, making the
smokers consume more cigarettes and exposed to more
nicotine. These add the warrant of quitting active or
passive smoking and the rational of nAChRs as the target
for cancer control.

Taking together, nicotine induces NSCLC cell
invasion, migration, and EMT; the effects are mediated
by a7-nAChRs and involve MEK/ERK signaling pathway.
This finding would improve the understanding of cancer
biology and offer potentials for the exploitation of
selective ligands for the control of the cancer metastasis.

MATERIALS AND METHODS

Reagents

Nicotine, a-BTX, MLA and TC5619 were
purchased from Sigma-Aldrich (St. Louis, MO, USA).
U0126 was purchased from Beyotime Biotechnology
(Shanghai, China). Antibodies used for Western blot
or immunofluorescence were purchased from Cell
Signaling Technology (Danvers, MA, USA) for ERK,
phosphor-p42/44 ERK, vimentin, E-cadherin, fibronectin
and GAPDH.

Cell culture

Human NSCLC cell lines A549 and H1299 were
purchased from the Chinese Academy of Sciences Cell
Bank of Type Culture Collection (Shanghai, China).
PC9 cell line was kindly gifted by Professor Qiang-Gang
Dong in Shanghai Cancer Institute affiliated to Shanghai
Jiao Tong University. A549, H1299, and PC9 cells were
cultured in 10% fetal bovine serum (FBS)-contained
F12K, RPMI1640, and high glucose DMEM medium
(Invitrogen, Carlsbad, CA, USA), respectively, in 37°C
with 5% CO,.
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Migration assay

Cell migration assays were performed in 24-well
transwell Boyden chambers (8 um pore size; Costar, MA,
USA) according to the vendor’s instructions. Briefly,
100 pL cell suspension (without serum) containing 5x10°
cells/mL was seeded into the upper migration chamber.
A 600 pl medium containing 10% FBS which served as
the chemo-attractant was added to the lower chambers
of the transwell plates. After incubation in 37°C for
20 h, the media in the lower chamber were discarded.
A 600 pL 1% glutaraldehyde was added to the lower
chambers to fix the cells on the membrane for 15 min at
room temperature. The upper chambers were removed
and wiped with a cotton swab to clear the residual cells
on the upper side. Cells migrating to the lower surface
of the polycarbonate membrane were stained with 0.1%
crystal violet for 25 min. The membranes were rinsed with
Dulbecco’s phosphate-buffered saline (DPBS) buffer and
photographed by using a microscope (Olympus, DP50,
Tokyo, Japan). The areas of cell migration were quantified
by counting 3 randomly selected microscopic fields and
the digital pixel densitometry of images was analyzed
using Image-J software (National Institutes of Health,
USA).

Invasion assay

The QCM ECMatrix™ based 24-well cell invasion
assay kit was used to assess tumor cell invasion according
to the manufacturer’s protocol (8 um pore size; Millipore
Inc, USA). The kit utilizes ECMatrix, a reconstituted
basement membrane matrix of proteins derived from the
Engelbreth Holm-Swarm (EHS) mouse tumor. The ECM
layer occludes the membrane pores, blocking the migration
of non-invasive cells. Invasive cells, on the other hand,
migrate through the ECM layer and cling to the bottom of
the polycarbonate membrane. Cell suspensions (0.5 ~ 4.0
x 10%mL) were loaded to the interior of the inserts in FBS-
free F12K- or RPMI1640-medium. The lower chambers
were filled with medium containing 10% FBS serving
as the chemo-attractant. The plates were covered and
incubated for 48 hours at 37°C in a 5%CO, incubator. The
remaining cell suspensions containing non-invaded cells
were carefully removed from the upper side of the insert
with a pipette. The invasion chamber inserts were placed
into clean wells containing 225 pL of pre-warmed cell
detachment solution and incubated for 30 minutes at 37°C.
The cells invading the ECMatrix™-coated membrane on
the bottom of the insert membrane were dissociated from
the membrane when incubated with the cell detachment
buffer supplied with the kit. Those cells were subsequently
lysed and detected by the patented CyQuant GR dye which
exhibited strong fluorescence enhancement when bound
to cellular nucleic acids. The mixture was read with a

fluorescence plate reader using 480/520 nm filter set to
measure quantitatively the fluorescence intensity of the
invading cells.

RNA extraction and reverse transcriptase-
polymerase chain reaction (RT-PCR)

Total RNAs were extracted from cells using the
E.ZN.A. DNA/RNA/Protein isolation kit (Omega
Bio-Tek, USA) according to the manufacturer’s
instructions. Reverse transcriptions were carried out
using a Quantscript RT kit (TTANGEN, China), and the
resultant single strand cDNAs were stored at -20°C for
later use in the PCR reactions. PCRs were performed
with TaKaRa Ex Taq (TaKaRa Biotechnology, China).
The cDNAs were amplified according to the following
temperature profile: 94°C for 30 s, 55°C for 30 s, and
72°C for 1 min. At the end of 31 cycles, the reaction
was continued for an additional 10 min at 72°C, and
PCR products (24 pL) were analyzed electrophoretically
on 2% agarose gels using 1 x TAE buffer. The primer
sequences used for PCR are shown in Supplementary
Tables S1.

Protein extraction and Western-blot analysis

Protein levels were measured as following. Briefly,
all the cultured cells were rinsed with ice-cold PBS, lysed
in 150 or 200 pL lysis buffer RIPA containing 1 mM
PMSF (Beyotime, China) on ice. Lysates were collected
after centrifugation at 14000 r.p.m for 8 min at 4°C. The
supernatants were collected and the protein concentrations
were determined using BCA Protein Assay Kit (Pierce
Chemical, Rockford, IL, USA). The lysates were
solubilized with 5xSDS-PAGE sample loading buffer
(Beyotime, China) and boiled for 5 min at a temperature
of 100°C to denature the protein. Equal amounts of protein
extracts were separated on 10% sodium dodecyl sulfate
(SDS)-polyacrylamide gels electrophoresis (PAGE).
Subsequently, the separated proteins were transferred to
polyvinylidinedifluoride (PVDF) membranes (Millipore
Billerica, MA, USA) by electroblotting. Membranes
were blocked with 5% nonfat dry milk in Tris-buffered
saline and 0.1% Tween 20 (TBST) for 1 hour at room
temperature, washed for 5 minutes with wash buffer
(1xTBST) and incubated overnight at 4°C with the
following primary antibodies: rabbit anti-vimentin,
ERK1/2, and GAPDH (1:1000), rabbit anti-p-ERK1/2
(1:2000). Membranes were then washed with TBST
several times, and incubated with secondary antibodies
including goat anti-rabbit IgG conjugated to horseradish
peroxidase (1:1000) for 1 hour at room temperature. The
immunoblots were then visualized and scanned using the
Odyssey FC Imaging System (LI-COR Biosciences, NE,
USA).
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Transfection of shRNA

Human a7-nAChR shRNA lentiviral particles (sc-
42532-V) and control shRNA lentiviral particles (sc-108080)
were purchased from Santa Cruz, USA. The shRNA
transfection was performed according to the manufacturer’s
instructions. Each milliliter medium contained 5 x 10*
infectious units of virus. Cells with stable integration of
shRNA were chosen to use with 10 pg/mL puromycin

Immunofluorescence, confocal microscopy and
high-content analysis

Cells were detached, seeded onto multiple
glass-bottom tissue culture plates (10 mm, Shengyou
Biotechnology, China) and cultured for 24 h with complete
medium containing 10% FBS. Sub-confluent cells were
washed with PBS rapidly at room temperature (RT). Cells
were fixed in 4% paraformaldehyde for 15 min at 37°C,
washed in cold PBS and blocked for 30 min with 1% FBS
in PBS at RT. Cells were then washed and incubated with
primary antibody at the concentration of 1: 100 overnight
at 4°C in the wet dark box. The primary antibodies used
were as following: anti-vimentin, 1:100; anti-E-cadherin,
1:100 and anti-fibronectin, 1:100. Next, cells were washed
and stained with FITC-conjugated secondary antibodies
(1:100) at 37°C for 1 h, and then washed with PBS. The
samples were mounted in 1:2000 DAPI and analyzed
using confocal laser scanning microscope Zeiss LSM 710
(Zeiss, Thornwood, NY, USA) or HCA (ArrayScan XTI,
Thermo Scientific).

Calcium influx

The cells were seeded onto the glass chamber
slides (Shengyou Biotechnology, 043320B; China). After
culturing for 24 hours, the medium was removed and the
cells were incubated with 1 uM solution of Fluo-4 AM
(DojindDo, China) in Hank’s balanced salt solution (HBSS)
at 37°C for 1h. Cells were then washed once with HBSS and
stored in HBSS for 30 minutes before analysis and imaged
with a Zeiss LSM-510 (Germany) EXCITER microscope.

Statistical analysis

Student’s t-test or one-way ANOVA with Bonferroni
post-test was properly used to test statistical significance
with GraphPad Prism5.0 software (La Jolla, CA, USA).
Differences were considered significant if P value was less
than 0.05.
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