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Abstract
Cigarette smoking is strongly correlated with the onset of non-small cell lung cancer (NSCLC).
Nicotine, an active component of cigarettes, has been found to induce proliferation of lung cancer
cell lines. In addition, nicotine can induce angiogenesis and confer resistance to apoptosis. All these
events are mediated through the nicotinic acetylcholine receptors (nAChRs) on lung cancer cells. In
the present study we demonstrate that nicotine can promote anchorage-independent growth in
NSCLCs. In addition, nicotine also induced morphological changes characteristic of a migratory,
invasive phenotype in NSCLCs on collagen gel. These morphological changes were similar to those
induced by the pro-migratory growth factor VEGF. The pro-invasive effects of nicotine were
mediated by α7-nAChRs on NSCLCs. RT-PCR analysis showed that the α7-nAChRs were also
expressed on human breast cancer and pancreatic cancer cell lines. Nicotine was found to promote
proliferation and invasion in human breast cancer. The pro-invasive effects of nicotine were mediated
via a nAChR, Src and calcium dependent signaling pathway in breast cancer cells. In a similar fashion
nicotine could also induce proliferation and invasion of Aspc1 pancreatic cancer cells. Most
importantly, nicotine could induce changes in gene expression consistent with epithelial to
mesenchymal transition, characterized by reduction of epithelial markers like E-cadherin expression,
ZO-1 staining and concomitant increase in levels of mesenchymal proteins like vimentin and
fibronectin in human breast and lung cancer cells. Therefore, it is probable that the ability of nicotine
to induce invasion and EMT may contribute to the progression of breast and lung cancers.
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Introduction
Cigarette smoke is the strongest documented risk factor for the development of lung cancer,
accounting for about 157,000 deaths every year in the US 1. A significant proportion of non-
small cell lung cancer cases are detected only in the advanced stage after the onset of metastasis,
leading to a remarkably low 5-year survival rate (about 15%) in patients 1. Tobacco derived
carcinogens like 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) and N’-
nitrosonornicotine (NNN) are known to form DNA adducts, mutating vital growth regulatory
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genes like p53 and Ras, initiating oncogenesis2–4. In addition, several lines of evidence
indicate that cigarette smoking correlates with increased metastasis of lung, pancreatic, breast
and bladder cancers 5–7. Although cigarette smoke is a complex mixture of over 4000
compounds, nicotine has been shown the major addictive component of cigarettes 8–10.
Nicotine, while not carcinogenic by itself, has been shown to induce proliferation and
angiogenesis in several experimental models 11–14; these effects occurred at concentrations
normally found in the blood stream of smokers (10−8 M to 10−7M) 12. These levels can vary
greatly in smokers, and urine cotinine levels have been reported to range from 1500ng/ml to
8000ng/ml 15–17.

The pathophysiological effects of nicotine are mediated by nicotinic acetylcholine receptors
(nAChRs), which are expressed on neurons and neuromuscular junctions 8, 9, 18, 19; in
addition, they have been found to be expressed in a variety of non-neuronal cells including
endothelial cells and several histological types of lung tissue 20. Several convergent studies
show that nicotine induces angiogenesis by upregulation of COX-2, prostacyclin, VEGFR-2,
MMPs, uPA, e-NOS activity. Additionally, nicotine can exert its pro-angiogenic activity by
increasing the cellular levels of VEGF, bFGF and PDGF. The administration of nicotine
increased the severity of choroidal neovascularization and reversed VEGF-induced
suppression of MMP-2 activity in mice 7, 21, 22. While there are insights into the molecular
mechanisms by which nicotine induces angiogenenesis, however, the molecular mechanisms
underlying its role in tumor invasion and metastasis is not yet clear.

Clinical studies have shown an association between smoking and the development of pancreatic
as well as breast cancers; further, patients who were smokers showed worse survival profile
relative to non-smokers 1, 23, 24. In the present study we show that nicotine can induce invasion
and migration of NSCLC cells in a α7-receptor dependent and Src-dependent manner. Whereas
the pro-invasive effects of nicotine were mediated by α7-nAChRs in lung cancer cells, α7-
nAChRs as well as DhβE-sensitive nAChRs mediated invasion of breast cancer cells. Nicotine
was also found to inhibit anoikis (loss of cell-substratum adhesion) in lung airway epithelial
cells. Further, we demonstrate that nicotine induces changes in gene expression consistent with
epithelial-mesenchymal transition (EMT)25–27; a signature of more advanced and less
differentiated cancer. Long-term treatment of lung cancer and breast cancer cells with 1µM
nicotine was found to diminish levels of epithelial markers namely β-catenin and E-cadherin,
and upregulate mesenchymal proteins like fibronectin and vimentin, indicative of disruption
of cell-cell contacts and increased motility. Our results suggest that nicotine plays a key role
in the regulation of the complex cellular cascades that modulate cell adhesion, invasion and
migration, leading to metastasis.

Materials and Methods
Cell culture

A549, MDA-MB-468 and MCF-7 cells were cultured in F12K or DMEM (Mediatech Cellgro,
Virginia) containing 10% FBS (Hyclone). Aspc1 cells were cultured in RPMI supplemented
with 10% FBS. Small airway epithelial cells (SAECs) were purchased from Clonetics and
cultured in SAGM. The studies using anti-cancer drugs or signal transduction inhibitors were
done on cells that were rendered quiescent by serum starvation for 36 hours, following which
cells were treated with indicated concentrations of the drugs for 30 minutes. Thereafter, cells
were stimulated with 1µM nicotine (Sigma Chemical Company) in the presence or absence of
the inhibitors for 18 hours. The concentrations of inhibitors used for the various experiments
were 10µM PP2, 1µM atropine, 10µM methylallylaconitine, 1µM α-lobeline, 10µM
nifedipine, 1µM DhβE, 10µM α-bungarotoxin and 20µM hexamethonium bromide.
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Anoikis Assay
Small airway epithelial cells were grown to 70–80% confluency in SAGM containing growth
factors. Cells were harvested by trypsinization and 105 cells were plated on 35mm culture
dishes which were either uncoated or coated with polyhema (10mg/ml in ethanol).
Subsequently one set of the uncoated or polyhema coated plates were stimulated with Nicotine
(1µM) for 18 hours 28. Cells were collected from uncoated plates by trypsinization while in
polyhema coated plates non-adherent floating cells were collected using a pipet. After washing
with PBS, cells were suspended in 200µl PBS and Cytospin was used to collect cells on the
slide by spinning at 500rpm for 15min. TUNEL assay was performed on the fixed cells using
Promega’s Dead End Colorimetric TUNEL system. TUNEL positive cells were counted in 4
different fields and % positive cells were plotted.

Soft Agar Growth Assay
Anchorage independent growth was assayed by the soft agar growth assay as described
elsewhere 29. The first step involves plating a bottom layer of 0.6% agar in serum-free media
in 12-well plates. The plates were incubated at room temperature for 30 minutes to solidify the
agar. Cells were harvested by trypsinization and 2000 cells were mixed with 0.3% agarose
(made in serum-free media) in the presence of the indicated nicotine concentration and layered
carefully on the top of existing 0.6% agarose. Each treatment was done in triplicate. The plates
were covered with 1mL of medium supplemented with 10% FBS, in the presence or absence
of the indicated concentrations of nicotine and incubated at 37°C in a 5% CO2 incubator for 3
weeks. Nicotine was added every 2 days to the test wells. The covering medium was replaced
every week. At the end of 3 weeks, cell colonies were stained with 10mg/ml MTT and colonies
with >0.1 mm in diameter were counted under a microscopic field at 40× magnification. Mean
colony count was based on numbers from triplicate wells for each treatment condition and was
analyzed using two-sided Student's t test.

Collagen gel culture
3D collagen-1 gels were prepared on ice using equal volumes of 3mg/ml collagen solution and
2× HEPES-buffered salt solution [50.4mM HEPES, pH 7.4, 162.6mM NaCl, 10.6mM KCl,
88.2mM NaHCO3, 1.6 mM Na2HPO4, and 11mM D(+)-glucose] yielding a concentration of
1.3 mg/ml following addition of culture medium 30, 31. The collagen gel solution (0.2 ml) was
added to each well of the 96-well plate and allowed to set at 37°C for 30 minutes. A549 cells
were collected in a single cell suspension and added on the preformed collagen gel. The plates
were incubated at 37°C for 3 days, at which time complex structures had formed. The 3-D
structures were visualized by phase contrast microscopy.

Invasion Assay
The invasive ability of Aspc-1, MCF-7, A549 and MDA-MB-468 cells was assayed according
to the method reported before 32. Briefly, the upper surface of the filters were precoated with
collagen (100µg/filter). Matrigel was applied to the upper surface of the filters (50µg/filter)
and dried in a hood. These filters were placed in Boyden chambers. Cells were grown to 70%
confluency in respective media and were rendered quiescent by serum starvation, then treated
with 1µM nicotine in the presence or absence of indicated inhibitors for 18 hours. The inhibitors
were added to the cells 30 minutes before the addition of nicotine. For some experiments cells
treated with 10% serum were used as the positive control. Following treatment, cells were
trypsinized and 7000 cells were plated in the upper chamber of the filter in media containing
0.1% bovine serum albumin (Sigma), indicated inhibitors and nicotine. Media containing 20%
fetal bovine serum was placed in the lower well as a chemoattractant and the chambers were
incubated at 37°C. After 18 hours, non-migrating cells on the upper surface of the filters were
removed by wiping with cotton swabs. The filters were processed first by fixing in methanol
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followed by staining with hematoxylin. The cells migrating on the other side of the filters were
quantitated by counting three different fields under 40× magnification. Data presented is a
mean of three independent experiments.

Proliferation Assays
Bromodeoxyuridine (BrdU) labeling kits were obtained from Roche Biochemicals. Cells were
plated in poly-D-lysine coated chamber slides at a density of 10,000 cells per well and rendered
quiescent by serum starvation for 36 hours. Cells were then re-stimulated with 1µM nicotine
or 10% FBS for 18 hours. S-phase cells were visualized by microscopy and quantitated by
counting 3 fields of 100 cells in quadruplicate. Data is presented as the percentage of BrdU
positive cells out of the 100 cells counted.

Lysate preparation and Western blotting
Lysates from cells treated with different agents were prepared by NP-40 lysis as described
earlier 11, 33 and 100µg protein was run on polyacrylamide-SDS gel. The proteins were
transferred to a nitrocellulose membrane and immunoblotted with antibodies corresponding to
various EMT markers. Polyclonal β-catenin and fibronectin, monoclonal E-cadherin and
Vimentin antibodies were obtained from Santa Cruz Biotechnology. Monoclonal antibody to
Actin was purchased from Sigma Chemical Co. and polyclonal N-cadherin antibody from
Abcam. Western blots are representative of three independent experiments.

Wound Healing Assay
10,000 Aspc-1 cells were plated and grown asynchronously to 90% confluency in a 6-well
plate (Falcon Becton Dickinson). These cells were starved in 0.1% fetal bovine serum for 24
hours and then washed with 1× Dulbecco’s phosphate-buffered saline (MediaTech). The cells
were scratched with a sterile 200µl pipet tip in three separate places in each well and medium
containing 1µM nicotine or 10% fetal bovine serum was added in addition to the two wells
that remained serum starved. After 24 hours, the wounds were observed and images were taken
in 20× magnification. Similar experiments were performed with A549, MCF-7 and MDA-
MB-468 cells, except that cells were not serum starved prior to inflicting the scratch. The cells
were treated with 0.01µM, 0.1µM or 1µM of nicotine in serum free media; media containing
10% serum was used as a positive control. The data is representative of three independent
experiments.

Immunofluorescence and confocal microscopy
A549, MCF-7 and MDA-MB-468 cells were plated onto poly-D-lysine-coated eight well glass
chamber slides (7,000 cells per well) for immunostaining. Cells were rendered quiescent,
followed by treatment with 1µM Nicotine for the indicated time points. The cells were fixed
with 10% buffered-formalin and double immunofluorescence was performed as per the
protocol published previously 34. Primary antibodies used were monoclonal E-cadherin, ZO-1
(Abcam) and polyclonal Crm-1 (Santa Cruz) at 1:100 dilution. Secondary antibodies were goat
anti-rabbit Alexa Fluor-546 and anti-mouse Alexa Fluor-488 (Molecular Probes) respectively.
Control experiments demonstrated no cross-reactivity between anti-mouse secondary and anti-
rabbit primary antibodies and vice-versa; nor were there any detectable staining by secondary
antibodies alone (data not shown). DAPI (Vector labs) was used to stain the nuclei. Cells were
visualized with a DM16000 inverted Leica TCS SP5 tandem scanning confocal microscope
with a 63×/1.40NA oil immersion objective. 405 diode, 488 Argon and 546 HeNe laser lines
were applied to excite the cells using AOBS line switching to minimize crosstalk between
fluorochromes. Images were produced with three cooled photomultiplier detectors and
analyzed with the LAS AF software version 1.6.0 build 1016 (Leica Microsystems, Germany).
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Results
Nicotine induces proliferation, migration and invasion of lung cancer cells

The proliferative effects of nicotine were examined in the bronchioalveolar lung carcinoma
cell line A549. Nicotine induced a dose-dependent increase in S-phase entry of quiescent A549
cells, with the maximal proliferation being observed at 1µM nicotine (Figure 1A).12. Ability
of cells to grow independent of adhesion is a feature of cancer cells and enhanced capability
of adherence-independent growth is a feature of advanced tumors. Since nicotine was able to
increase the proliferation of A549 cells grown on plastic, efforts were made to assess whether
it promoted adherence-independent growth as well. As shown in Figure 1B, treatment of cells
with nicotine promoted their growth in soft agar; nicotine treatment increased the number as
well as the size of the colonies. Given these results, Boyden Chamber assays were carried out
to assess whether nicotine affects the invasive as well as migratory properties of A549 cells.
It was found that nicotine could enhance the migration and invasion of A549 cells in a dose-
dependent manner; the maximum effect was observed at 1µM and the effect was reduced at
10µM (Figure 1C).

Several lines of evidence show that nicotine not only promotes tumor growth and
neovascularization, but plays a role in tumorigenesis as well. Normal adherent cells undergo
apoptosis shortly after loss of adhesion to substratum, a phenomenon known as anoikis 35. In-
vitro-transformed cells and cancer-derived cells are able to survive and grow in the absence of
anchorage to the extracellular matrix (ECM) and their neighboring cells. This represents one
of the most important hallmarks of oncogenic transformation of normal cells 36, 37. Since
nicotine could enhance adherence-independent growth of cells in soft agar, experiments were
carried out to determine whether nicotine could promote anchorage-independent survival of
normal lung epithelial cells. Primary small airway epithelial cells (SAECs) were grown on
polyhema coated plates to reduce adherence; these cells showed a significant increase in
apoptosis compared to cells grown on regular plates. The treatment of the small airway
epithelial cells with 1µM nicotine induced resistance to anoikis when grown on polyhema
coated plates, showing reduced apoptosis (Figure 1D). This suggests that nicotine could not
only promote the proliferation of cells, but can also provide a survival advantage. Based on
these findings, attempts were made to assess whether nicotine altered the morphology of A549
cells indicative of a more mesenchymal and migratory potential. Quiescent A549 cells were
grown as 3-D cultures on collagen and treated with 1µM nicotine or 100ng/ml (equivalent to
2.38nM) VEGF. Figure 1E shows that the cells treated with nicotine acquired elongated
migratory morphology relative to control cells. The angiogenic factor VEGF was taken as the
positive control for the assay and similar morphological changes were observed in both the
cases. These results clearly show that nicotine can alter the proliferative, migratory and survival
properties of cells.

Nicotine induces invasion of lung and breast cancer cells via nAChRs
Ability to invade through a basement membrane and adjacent tissues is critical for metastasis
of cancer cells. Since nicotine could promote the invasive properties of cells, we wanted to
determine the signaling pathways underlying the pro-invasive activity of nicotine. Towards
this purpose, Boyden Chamber assays were done in the presence or absence of various receptor
antagonists or signaling inhibitors. Nicotine-induced tumor cell invasion was completely
ablated by the generalized nAChR antagonist hexamethonium, but unaffected by atropine, a
muscarinic receptor antagonist. In particular, α7-nAChR antagonists α-bungarotoxin and MAA
significantly abrogated the nicotine-stimulated invasion of A549 cells, whereas α-lobeline and
DhβE did not have any effect (Figure 2A). Thus, the pro-invasive effects of nicotine in A549
cells are primarily mediated by α7-nAChRs. Further, the stimulatory effects of nicotine on
A549 invasion were suppressed by 1µM Iressa (gefitinib, EGFR inhibitor), 1µM PP2 (Src
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inhibitor) and 1µM nifedipine (calcium channel inhibitor). These results show that the pro-
invasive effects of nicotine on A549 cells involve α7-nAChR subunits, Src, EGFR activity as
well as calcium channel activity.

Since tobacco use has been implicated in the pathogenesis of several non-lung cancers like
breast cancer and pancreatic cancer 1, we examined the effect of nicotine on two human breast
cancer cell lines. RT-PCR analysis shows the presence of α7 subunit of nAChRs in a variety
of breast and pancreatic cancer cell lines (Figure 2B). Given this result, we examined whether
nicotine could cause S-phase entry in MCF-7 and MDA-MB-468 cells. BrdU assays
demonstrate that the treatment of MCF-7 and MDA-MB-468 cells with varying doses of
nicotine induced a dose-dependent cell proliferation, the maximal proliferative effect being
observed at 1µM nicotine in both cell lines (Figure 2C). Furthermore, 1µM nicotine could
induce invasion of MCF-7 and MDA-MB-468 cells in Boyden chamber assays (Figure 2D)
and promote colony formation on soft agar (Figure 2E). Invasion assays using various inhibitors
show that the invasion of breast cancer cells in response to nicotine was mediated partially by
α7-nAChR and DhβE-sensitive nAChRs (Figure 2F); this is probably due to the reduced
amounts of α7 expression in these cells compared to A549 cells (Figure 2B). It can be imagined
that DhβE-sensitive α3β4 subunits, which transmit survival signals 28,33, might be contributing
to the invasion of the breast cancer cells.

Given that pancreatic cancer also shows correlation with smoking, experiments were carried
out to examine whether nicotine had similar effects on pancreatic cancer cells. It was found
that nicotine induces proliferation of Aspc1 pancreatic cancer cells, similar to lung cancer and
breast cancer cell lines (Figure 3A); this induction was reduced by the Src kinase inhibitor PP2.
This is similar to our earlier results on A549 cells 11, suggesting that the same pathways mediate
nicotine-mediated proliferation of pancreatic cancer cells as well. Nicotine was also found to
promote invasion of pancreatic cancer cells as measured by wound healing assays (Figure 3B).
Boyden chamber assays showed that the pro-invasive activity of nicotine was abrogated by the
Src inhibitor PP2, suggesting an additional role of Src in both these processes (Figure 3C).
These results show that multiple tumor types can respond to physiological concentrations of
nicotine by undergoing proliferation and that nicotine can enhance their invasive properties.

Nicotine promotes wound healing in vitro in a dose-dependent manner
Given the results of the Boyden chamber assays and the observation that nicotine can promote
migration and wound-healing in pancreatic cancer cells, attempts were made to see whether
similar effects are observed in NSCLC and breast cancer cells. Towards this purpose, A549,
MCF-7 and MDA-MB-468 cells were grown to 90% confluency and the plates were scratched
with a pipet tip. Cells were treated with 0.01µM, 0.1µM or 1µM nicotine for 24 hours; treatment
with 10% serum was used as a positive control. It was found that nicotine could induce the
migration of cells to the scratched area in a dose-dependent manner (Figure 4). While there
was only marginal invasion at 0.01µM nicotine, there were significantly more cells migrating
to the wound when exposed to 0.1µM and 1µM nicotine. This result is in agreement with the
data obtained in Boyden chamber assays (Figure 2F).

Nicotine modulates the levels of multiple proteins involved in epithelial-to mesenchymal
transition

Epithelial to mesenchymal transition (EMT) is known to be one of the vital steps for the
acquisition of malignant phenotype 25. This transition allows the cell to acquire migratory
properties and allows metastasis to a new location. Epithelial-mesenchymal transition involves
the repression of epithelial-specific adhesion molecules like E-cadherin and β-catenin with a
concomitant expression of proteins like fibronectin and vimentin 30. Since nicotine was found
to alter the invasive and migratory properties of cells, we wanted to examine whether long-
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term treatment of cancer cells with nicotine could induce changes characteristic of the EMT
process. Figure 5A shows that treatment of A549 cells with nicotine causes an increase in the
levels of mesenchymal proteins like fibronectin and vimentin with a concomitant
downregulation of epithelial markers E-cadherin and β-catenin. Interestingly, nicotine induced
EMT in breast cancer cell lines like MCF-7 and MDA-MB-468; this is significant since
smoking has been correlated with increased metastasis of breast cancers. Experiments were
done to assess whether nicotine induced EMT in a dose-dependent fashion. Towards this
purpose, A549, MCF-7 or MDA-MB-468 cells were rendered quiescent by growing in 0.1%
serum for 24 hours and stimulated with 0.01µM, 0.1µM or 1µM nicotine for 72 hours. It was
found that the maximal effect of nicotine was observed at 1µM concentration while 0.1µM
nicotine also induced EMT like changes (Figure 5B). The changes were less marginal at the
lowest concentration tested. All the three cell lines exposed to nicotine showed a reduction in
E-cadherin and β-catenin levels while levels of fibronectin, vimentin and N-cadherin were
elevated. This result shows that exposure to nicotine can induce EMT in a variety of human
cancer cells.

These results were further confirmed by immunofluorescence experiments in A549, MCF-7
and MDA-MB-468 cells (Figure 6). E-cadherin was localized on the outer cell membrane in
all three cell lines (Figure 6, top panels); DAPI was used to stain the nuclei of the cells. It was
observed that treatment with nicotine for 48 or 72 hours led to a significant reduction in the
levels of E-cadherin, in all three cell lines (Figure 6, middle and lower panels). These results
confirm that the epithelial adhesion molecule E-cadherin is indeed downregulated by nicotine,
a molecular signature consistent with EMT.

Since induction of EMT facilitates detachment of contacts with adjacent cells, attempts were
made to assess whether nicotine affected the levels and localization of the tight junction protein,
ZO-1. Towards this purpose, an immunofluorescence experiment was conducted on A549,
MCF-7 and MDA-MB468 cells. Quiescent cells displayed membranous staining of ZO-1
characteristic of epithelial tight junctions (Figure 7, top panel); Crm-1 was used as a marker
for protein levels. However, when the cells were treated with 1µM nicotine for 48 or 72 hours,
diffuse ZO-1 staining was observed, characteristic of a migratory mesenchymal phenotype
(Figure 7, middle and bottom panel) 26, 27. Further, the overall intensity of the ZO-1 staining
was reduced. Taken together, our data indicates that exposure of lung cancer and breast
carcinoma cells to nicotine induce EMT like changes, which facilitate disruption of cell-cell
contacts and subsequently metastasis.

Discussion
The present study shows that nicotine induces a dose-dependent increase in proliferation of
lung cancer cells, breast cancer cells and pancreatic cancer cells via α7-nAChRs-mediated
signal transduction pathways. These results are in agreement with our earlier studies as well
as recent studies from other labs that show the importance of the α7-receptor subunit in
nicotine-induced cell proliferation. Indeed, a recent study has shown that proliferation of
transplanted A549 cells in nude mice can be inhibited by α-cobratoxin, an α7 receptor
antagonist10, 38. Nicotinic acetylcholine receptors particularly α7-nAChRs have been detected
in primary endothelial cells as well as human NSCLC cell lines A549, NCI-H23 and H1299;
similarly, other labs have shown that these receptor subunits are expressed on human lung
cancers 11, 20, 33, 39–42. Thus it appears that the presence of these receptor subunits and their
ability to promote cell proliferation might contribute to the growth of tumors already initiated
by tobacco-specific carcinogens. The importance of α7-nAChRs in mediating the
pathophysiological effects of nicotine is further reinforced by the fact that it is overexpressed
on human NSCLC tumors relative to adjacent normal tissue. At the same time, recent studies
from the Minna lab had shown that the expression of α6 and β4 subunits is different on tumors
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from smokers and non-smokers 43; this raises the possibility that other subunits might also be
contributing to the growth of lung cancers in vivo. In addition, it has been reported that
variations in chromosomal loci 15q24 and 15q25, which harbor genes for nicotinic
acetylcholine receptors, correlate with nicotine dependence, lung cancer and peripheral arterial
disease 44–46. These and other studies lend support to the idea that exposure to nicotine and
enhanced activation of nicotinic acetylcholine receptors contribute to lung cancer.

Apart from non-small cell lung cancer, cigarette smoking has been implicated in the
pathogenesis of breast, gastric, colon and cervical cancers 1. Our results show that nicotine can
induce proliferation in a variety of cancer cell lines apart from NSCLC; furthermore, this
induction appears to be through α7-nAChR subunits, which are expressed on these cell lines.
Our findings seem to suggest that nAChRs may be an autocrine mitogenic signaling pathway
facilitating the growth of several types of cancers in addition to lung cancer. Several lines of
evidence show that β-adrenergic receptors also mediate the proliferative, pro-angiogenic and
anti-apoptotic effects of nicotine, mainly in non-lung cancer cells. The mitogenic and
proangiogenic effects of nicotine have been found to be mediated by β-adrenergic receptors in
colon and gastric cancer cells 47, 48. Studies by Shin et al. (2007) indicate that nicotine
promotes growth of gastric cancers via PKC, ERK1/2 phosphorylation, and COX-2 activation
in a β-adrenergic receptor-dependent fashion 49. Further, data by Wong et al., (2007)
demonstrate that nicotine-induced proliferation of HT-29 colon cancer cells are mediated by
both α7-nAChRs and β-adrenergic receptors 47. Their findings show that nicotine binds to
α7-nAChRs nicotine on the membranes of HT-29 colon cancer cells and thereby facilitates
downstream production of adrenaline and β-adrenergic activation; thus β-adrenergic receptors
contribute to the proliferation indirectly. These data reveal that the both α7-nAChRs and β-
adrenergic receptors contribute to the mitogenic effects of nicotine in colon cancer cells. The
proliferative effects of the tobacco carcinogen NNK [4-(methylnitrosamino)-1-(3-pyridyl)-1-
butanone] have been found to be mediated by β-adrenergic receptors on human
adenocarcinomas of the lungs, pancreas, and breast 40, 50. Thus it is possible that β-adrenergic
receptors are also contributing to the observed changes, either directly or indirectly.

Multiple lines of evidence indicate that cigarette smoking not only facilitates proliferation of
cancer cells but might also promote their metastatic spread as well 51–53. Invasion and
metastasis are complex, multi-step processes that involve alteration of cell adhesion to
extracellular matrix proteins as well as disruption of cell-cell junctions. Nicotine has been
shown to promote phosphorylation of calpains, upregulation of COX2, VEGF and VEGFR2;
these molecules are known to affect the metastasic process 54–56. Our findings shed light on
additional pathways that contribute to the pro-invasive effects of nicotine. These include α7-
nAChR-mediated activation of Src, calcium channels and upregulation of EGFR. These
findings raise the possibility that inhibition of α7 nAChR activity by non-toxic agents or
inhibition of its downstream mediators might open novel avenues for the therapy of cancers
promoted by smoking 57.

Our data further shows that sustained exposure to nicotine promotes anchorage-independent
growth by downregulation of anoikis. Ability to survive independent of a substratum is a feature
of cancer cells that is indispensable for metastasis 58. Anoikis prevents normal cells from
detaching from their substratum and migrating to different locations; the ability of nicotine to
enhance the survival of cancer cells independent of a substratum might be contributing
significantly to the ability of these cells to detach and find alternate sites of attachment. Indeed,
nicotine could enhance adherence-independent proliferation of tumor cells lines, showing that
the proliferative and survival advantages it provides allows the cells to grow robustly
independent of a substratum.

Dasgupta et al. Page 8

Int J Cancer. Author manuscript; available in PMC 2010 February 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Clinical and epidemiological studies have suggested that smokers tend to have more progressed
and metastatic cancer than non-smokers 23. Further, smokers had enhanced metastasis of breast
cancers to the lung 51, 53. Our findings suggest that nicotine induces changes consistent with
EMT is highly relevant in this context. Indeed, earlier studies had suggested that long-term
exposure to nicotine could alter the phenotype of epithelial and endothelial cells 12, 28. We
provide the molecular changes that facilitate these morphological changes. Results presented
here show that chronic treatment with nicotine resulted in the downregulation of ECM proteins
E-cadherin and β-catenin, with concomitant increase of fibronectin and vimentin. Several
studies show that the decrease in E-cadherin and β-catenin with a concurrent increase in
fibronectin and vimentin levels is one of the hallmarks of EMT in lung cancer cells. Further,
clinical studies also report that smoking decreases levels of E-cadherin in lung tumors and
might be contributing to resistance to chemotherapeutic agents 33. It is probable that apart from
its pro-invasive activity, nicotine plays a role in promoting EMT via downregulation of ECM
proteins.

The results presented here suggest that while nicotine is not a carcinogen by itself , it has the
potential to promote the growth and progression of tumors. The ability of nicotine to promote
proliferation, angiogenesis, adherence-independent growth, and EMT while inhibiting anoikis
might be contributing significantly to the growth and metastasis of tumors that are sensitive to
nicotinic acetylcholine receptors. Further, these results also show that exposure to nicotine can
affect tumors of tissues other than that of the lung. Development of agents that can disrupt the
nAChR signaling pathway might prove beneficial in the treatment of such cancers.
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Figure 1.
Nicotine can promote proliferation, invasion and survival pathways in A549 NSCLC cells. (A)
Nicotine can induce S-phase entry in A549 NSCLC cells in a dose-dependent manner, as
measured by BrdU assays. (B) Nicotine can induce anchorage-independent growth of A549
cells in soft-agar assay. Nicotine increased the size of the individual colonies but had little
effect on the total number of colonies. (C) Nicotine can promote migration and invasion of
A549 cells in Boyden Chamber assays, in a dose dependent manner, the maximal effect being
observed at 1µM nicotine. (D) Nicotine can confer resistance to anoikis of SAECs. SAECs
were treated with 1µM nicotine and plated on polyhema coated slides. Apoptosis was measured
by TUNEL assays. (E) Treatment of A549 cells with 1µM nicotine caused morphological
changes, similar to VEGF on 3D collagen gel assays.
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Figure 2.
Nicotine induces proliferation and invasion in human lung cancer and breast cancer cells. (A)
The pro-invasive effects of nicotine require α7-nAChR, Src activity, EGFR and intracellular
calcium, in A549 cells as seen in a Boyden Chamber assay. The pro-invasive effects of nicotine
were reversed by the general nAChR antagonist hexamethonium, the α7-nAChR antagonists
α-bungarotoxin and MAA, the Src inhibitor PP2, calcium channel blocker nifedipine and the
EGFR inhibitor Iressa (gefitinib). (B) The α7-nAChR subunit is expressed by multiple human
cancer cell lines including breast cancer cell lines MCF-7, MDA-MB-468 and pancreatic
cancer cell lines Aspc-1, Panc-1 and CAPAN-2, as examined by RT-PCR. RT-PCR for actin
was used as the control. (C) BrdU assays show that nicotine induces dose-dependent

Dasgupta et al. Page 15

Int J Cancer. Author manuscript; available in PMC 2010 February 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



proliferation of human breast cancer cell lines MCF-7 and MDA-MB-468, the maximal effect
being observed at 1µM. (D) Nicotine promotes invasion of MCF-7 and MDA-MB-468 breast
cancer cells at a concentration of 1µM, as measured by Boyden chamber assays. A549 NSCLC
cells were used as the positive control for the assay. (E) Nicotine stimulates the anchorage-
independent growth of MCF-7 and MDA-MB-468 human breast cancer cells in soft agar
assays. MCF-7 and MDA-MB-468 cells treated with 1µM nicotine formed larger colonies in
soft agar relative to untreated controls. (F) Nicotine-mediated invasion of MCF-7 and MDA-
MB-468 human breast cancer cells is dependent on Src activity and intracellular calcium
pathways. The pro-invasive effects on nicotine in these breast cancer cells were mediated by
both α7-nAChR and DhβE-sensitive nAChRs.
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Figure 3.
Nicotine induces proliferation and invasion of pancreatic cancer cells. (A). Quiescent Aspc1
cells were stimulated with 1µM nicotine for 18 hours and S-phase entry was measured by BrdU
assays. The proliferative effects of nicotine in Aspc1 cells were abrogated in the presence of
1µM of Src inhibitor PP2, indicating that Src function is required for the proliferative effects
of nicotine. (B) Wound healing assays show that 1µM nicotine can promote migration and
invasion of Aspc1 cells. Cells treated with media containing 10% FBS were used as the positive
control for the assay. (C) Nicotine was able to potently promote invasion of Aspc1 pancreatic
cancer cells at a concentration of 1µM as seen in a Boyden-chamber assay. The pro-invasive
activity of nicotine was abrogated by PP2 demonstrating a requirement for Src function.
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Figure 4.
Nicotine can promote invasion of A549, MCF-7 and MDA-MB-468 cells as seen in a wound
healing assay. Cells were scratched and treated with the indicated amounts of nicotine; cells
treated with 10% serum were used as the positive control. Nicotine induced the migration of
the cells in a dose-dependent manner.
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Figure 5.
Nicotine induced epithelial to mesenchymal transition in human lung cancer cells and breast
cancer cells. (A) Treatment with 1µM nicotine induced downregulation of epithelial markers
E-cadherin and β-catenin, whereas it caused concomitant increase of mesenchymal proteins
fibronectin and vimentin in A549 human NSCLC as well as MCF-7 and MDA-MB-468 human
breast cancer cells. Quiescent cells were treated with 1µM nicotine for the indicated time-points
and the expression of epithelial and mesenchymal markers was examined by immunoblotting.
Western blotting for β-actin was used as the control for the assay. (B) Induction of EMT by
nicotine in a dose-dependent manner. Quiescent cells were treated with the indicated amounts
of nicotine for 72 hours and EMT markers examined by western blotting.
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Figure 6.
Nicotine treatment reduces the expression of E-cadherin as seen in immunofluorescence
assays. Treatment with 1µM nicotine causes the downregulation and translocation of epithelial
marker E-cadherin from the cell membrane in A549 (NSCLC), MCF-7 and MDA-MB-468
(breast cancer) cells in a time dependent manner. DAPI was used to visualize the nuclei.
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Figure 7.
Nicotine induces disruption of tight junctions to facilitate EMT and invasion. (A) Nicotine
downregulates the membrane localization of the tight junction protein ZO-1 in human A549
lung cancer cells and MCF-7, MDA-MB-468 breast cancer cells. Quiescent cells were treated
with 1µM nicotine for the indicated time-points. Immunofluorescence analysis demonstrates
the reduction in membrane localization of ZO-1 upon nicotine treatment, indicating that
nicotine reduces the presence of membrane-bound ZO-1.
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