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Abstract
Cigarette smoking, either active or passive, is the most important risk factor in the development of
human lung cancer. Mounting evidence indicates that cigarette smoke constituents not only
contribute to tumorigenesis but also may increase the spread of cancer in the body. Nitrosamine 4-
(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) is formed by nitrosation of nicotine and has
been identified as the most potent carcinogen. NNK, an important component in cigarette smoke,
may also promote tumor metastasis by regulating cell motility. Here we found that NNK can
induce activation of a functionally interdependent protein kinase cascade, including c-Src, PKCι
and FAK, in association with increased migration and invasion of human lung cancer cells. c-Src,
PKCι and FAK are extensively co-localized in the cytoplasm. Treatment of cells with α7 nAChR
specific inhibitor α-bungarotoxin (α-BTX) blocks NNK-stimulated activation of c-Src, PKCι and
FAK and suppresses cell migration and invasion. Intriguingly, NNK enhances c-Src/PKCι and
PKCι/FAK bindings, indicating a potential mechanism by which these kinases activate each other.
Specific disruption of c-Src, PKCι or FAK expression by RNA interference significantly reduces
NNK-induced cell migration and invasion. These findings suggest that NNK-induced migration
and invasion may occur in a mechanism through activation of a c-Src/PKCι/FAK loop, which can
contribute to metastasis and/or development of human lung cancer.

1. Introduction
Metastasis is defined as the spread of cancer from a primary tumor to distant sites of the
body, which is the major cause of mortality in patients with cancer [1] . From primary tumor
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to secondary growth, cancer cells must invade the surrounding tissues, penetrate vessels, and
travel to other sites where they arrest and resume growth [2] . During the metastatic cascade,
tumor cells disrupt many physical barriers formed by epithelial and endothelial basement
membranes. Active cell motility is essential during intravasation and extravasation [2] . The
process of tumor invasion can be classically divided into three sequential steps: adhesion of
the tumor cells to the basement membrane and extracellular matrix (ECM), disruption of the
basement membrane by proteolytic digestion, migration through the modified basement
membrane [2; 3] . Cell migration has been considered a required process during tumor cell
metastasis [4] . Thus, mechanism of cell movement is critical to understand tumor
metastasis. Cancer cells disseminate from the primary tumor either as individual cells, using
amoeboid-or mesenchymal-type movement, or as cell sheets, stands and clusters using
collective migration [3; 4] . Metastatic tumor cells are more motile than non-metastatic cells
or most normal cells [5] .

Several clinical studies in human present an association between cigarette smoking and an
increase in metastasis of lung, breast and bladder cancers [6; 7] . Cigarette smoke has also
been reported to increase metastasis of lung carcinoma cells in mice [6] . However, the
mechanism by which cigarette smoking promotes tumor metastasis remains enigmatic. The
tobacco-related carcinogen nitrosamine 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone
(NNK) is a major component in cigarette smoke and derived from nicotine by opening of the
pyrrolidine ring and nitrosation. Among the numerous toxic agents contained in tobacco
smoke, NNK has been identified as the most potent lung carcinogen [8] .

Since enhanced PKC activity is often found in cancer cells that show marked invasive and/
or metastatic potential [9] and PKC has been found to promote tumor-cell migration in a
mechanism by regulating localization of cytoskeletal proteins and phosphorylation of focal
adhesion kinase (FAK) [5; 10; 11; 12] , cigarette smoke constituents (i.e. NNK) may
stimulate lung tumor metastasis through regulation of PKC activity. PKC is a multigene
family consisting of at least 11 distinct lipid-regulated protein-serine/threonine kinases that
play pivotal roles in cell growth, apoptosis, differentiation, malignant transformation and
metastasis [2] . This family can be divided into three subtypes: the classic isoforms (PKCα,
βI, βII, and γ), which are Ca2+ and diacylglycerol (DAG) dependent; the novel isoforms
(PKC-δ, ε, η, %thetas;, and μ), which are DAG dependent but Ca2+-independent; and the
atypical isoforms (PKC-ζ and λ/ι), which possess only one zinc finger and lack the
characteristic C2 domain, hence they are insensitive to both Ca2+ and DAG [13; 14] . PKC
isoenzymes exhibit distinct tissue distribution and play a distinct role in various cellular
events including cell survival, proliferation, tumorigenesis, tumor invasion and metastasis
[6; 7; 9; 15] . For example, PKCι, an atypical PKC isoform, presents predominantly in lung
and brain [16] , suggesting that PKCι may play a pivotal role in lung cancer development. It
has been reported that PKCι potently enhances cell survival in a mechanism involving
activation of NF-κB [17; 18; 19] . PKCι is also implicated in Ras transformation and
carcinogenesis [20] . Furthermore, increased expression of PKCι occurs in the melanoma
lymph node associated with metastases, which may indicate a new function of PKCι in
tumor metastasis [21] . FAK is a nonreceptor protein-tyrosine kinase localized prominently
within focal adhesions and function as a positive regulator of both cell motility and cell
survival [22] . The ability of tumor cells to migrate, invade and metastasize has been found
to be associated with increased FAK expression, phosphorylation and catalytic activity [23] .
FAK plays a critical role in tumor invasion and metastasis because FAK binds to the
cytoplasmic domain of β1 integrin, and subsequently binds to the SH2 domain of c-Src
[24] , as well as p130cas [25] and paxillin [26] . This molecular complex, known as the focal
adhesion complex, facilitates activation of the c-Src/FAK signaling cascade and is critical in
many cytoskeletal functions [27] . The nonreceptor tyrosine kinase c-Src is activated in most
invasive cancers. c-Src becomes activated in response to integrin-mediated cell adhesion and
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growth factor stimuli, and is recruited to focal adhesions and cell-cell contacts [28] . Upon
activation, c-Src phosphorylates multiple substrates including PKCι [18] and FAK [29; 30] ,
which is required for cell adhesion [31] and cell spreading [32] . The functional relationship
between c-Src, PKCι and FAK represents an interdependent activation loop in cell migration
and invasion signaling. Results presented here reveal that the tobacco-specific nitrosamine
NNK can enhance cell migration and invasion in a mechanism through a signaling pathway
involving α7 nAChR/c-Src/PKCι/FAK, which may contribute to metastasis of lung cancer.

2. Materials and Methods
2.1.Materials

Anti-c-Src, FAK, PKC ι antibodies and c-Src, FAK siRNAs were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). The phospho-specific FAK, c-Src and PKC ι
antibodies were obtained from Cell Signaling Technology. Enolase was purchased from
Sigma (St Louis, MO). Nitrosamine 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK)
was obtained from Toronto Research Chemicals (Toronto, Canada). α-BTX (α-
bungarotoxin) and 4-amino-5-(4-chlorophrnyl)-7-(t-buty)pyrazolo [3,4-d] pyrimidine (PP2)
were purchased from Calbiochem (La Jolla, CA). The QCM™ Chemotaxis 96-well cell
migration and the QCM™ chemotaxis 24-well colorimetric cell invasion assay kits were
obtained from CHEMICON INTERNATIONAL, Inc. (Temecula, CA). All reagents used
were obtained from commercial sources unless otherwise stated.

2.2. Cell migration and invasion assay
Human lung cancer cell lines (i.e. H1299, H82, H157 cells and H460 cells) were obtained
from the American Type Culture Collection (ATCC, Manassas, VA) and maintained in
RPMI 1640 with 10% fetal bovine serum. For measurement of cell migration, 100μl of
5×105cells/ml were seeded into Chemotaxis 96-well cell migration chamber. Cells were
treated with agonist or inhibitor as indicated. Cell migration was assessed using QCM™

Chemotaxis 96-well cell migration assay kit following the manufacturer’s instructions
(Chemicon, Temecula, CA). This new technique does not require cell labeling, scraping,
washing or counting. The 96-well insert and homogenous fluorescence detection format
allows for large-scale screening and quantitative comparison of multiple samples. Migratory
cells on the bottom of the insert membrane are dissociated from the membrane when
incubated with cell detachment buffer. These cells are subsequently lysed and detected by
the patented CyQuant GR dye. This green-fluorescent dye exhibits strong enhancement of
fluorescence when bound to cellular nucleic acids. Samples were read with a fluorescence
plate reader (SPECTRA FLUOR, TECAN INC) using 480–520 nm filter set. Cell invasion
was assessed using the Chemicon cell invasion assay kit. This assay was performed in an
invasion chamber, which is a 24-well tissue plate with 12 cell culture inserts. The inserts
contain an 8-μm pore size polycarbonate membrane over which a thin layer of ECMatrix™

is dried. The extracellular matrix (ECM) layer occludes the membrane pores, blocking non-
invasive cells from migrating through. Invasion cells migrate through the ECM layer and
cling to the bottom of the polycarbonate membrane. The insert membrane with invaded cells
on the bottom was placed in the wells with cell stain/dissociation solution after incubation
and reincubated for 30 min at 37 °C. Absorbance was measured with a microplate reader at
560 nm. Each experiment was repeated three times, and data represent the mean ± S.D. of
three determinations.

2.3. Immunofluorescent staining
Cells were washed with 1 PBS, fixed with methanol and acetone (1:1) for 5 minutes and
blocked with 10% donkey serum. Then, cells were incubated with a rabbit PKCι or a rabbit
c-Src and a mouse FAK primary antibody for 90 min. After washing, samples were
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incubated with rhodamine-conjugated anti-rabbit and FITC-conjugated anti-mouse
secondary antibodies for 60 min. Cells were washed with PBS and observed under a
fluorescent microscope (Zeiss). Pictures were taken and colored with the same exposure
setting for each experiment. To determine subcellular regions of protein co-localization,
individual red-and green-stained images derived from the same field were merged using
Openlab 3.1.5 software from Improvision, Inc. (Lexington, MA). Areas of protein co-
localization appear yellow.

2.4. Measurement of intracellular c-Src activity
H1299 cells were stimulated with NNK, harvested, and lysed in immunoprecipitation lysis
buffer. The c-Src was immunoprecipitated from the lysates using a c-Src antibody. The
complexes were washed three times with 500μl of lysis buffer and twice with c-Src kinase
assay buffer (20mM HEPES, pH 7.0, 10mM MnCL2, 0.05% Triton X-100). Then, the
immune complex beads were suspended in 45μl of kinase assay buffer containing 1μg of
acid-treated enolase as described [18] . The kinase reaction was initiated by the addition of
2μCi of [γ32 P] ATP, and the reaction mixture was incubated at 30°C for 10 min. The
reaction was stopped by the addition of 50μl of 2×SDS-PAGE sample buffer. Radiolabeled
proteins were resolved by 10%SDS-PAGE, transferred to a nitrocellulose membrane, and
exposed to Kodak X-Omat film at-80°C for 24h. The activity of c-Src was determined by
autoradiography. The same filter was then probed by Western blot analysis using a c-Src
antibody.

2.5.PKCι activity assay
H1299 cells were treated with NNK (100pM) as indicated. PKCι was immunoprecipitated
using agarose-conjugated PKCι antibody. Immunoprecipitated PKCι was suspended in 50μl
of kinase assay buffer containing 20mM HEPES, pH7.4, 100μM CaCl2, 10mM MgCl2,
200μg/ml Histone H1, 100μM ATP, 100μg/ml phosphatidylserine, 2μCi of [γ32 P] ATP, and
0.03%Triton X-100 as described [33] . The mixture was incubated for 30 min at 30°C. The
reaction was stopped by the addition of 2×SDS sample buffer and boiling the sample for 5
minutes. The samples were separated by 10% SDS-PAGE. PKCι activity was determined by
autoradiography.

2.6. Depletion of c-Src or FAK expression by RNA interference (RNAi)
Human c-Src siRNA (CUCGGCUCAUUGAAGACAA ) and human FAK siRNA
(GCAUGUGGCCUGCUAUGG ) were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). Cells were transfected with c-Src or FAK siRNA using Lipofectamine ™-2000
according to the manufacturer’s instructions. A control siRNA (non-homologous to any
known gene sequence) was used as a negative control. The levels of c-Src or FAK
expression were analyzed by Western blotting using a c-Src or a FAK antibody,
respectively. Specific silencing of the targeted c-Src or FAK gene was confirmed by at least
three independent experiments.

Vector-based gene silence of PKCι by RNAi—PKCι DNA target sequence for siRNA
design is AACTCTTGATTCATGTGTTCC which was determined by Ambion’s siRNA
Target Finder according to human PKCι cDNA sequence. The PKCι specific hairpin siRNA
insert was determined using a computerized insert design tool based on a target sequence
following instructions from Ambion’s web site. Then, the oligonucleotide encoding PKCι
specific hairpin siRNA insert was synthesized and ligated into pSilencer™ 2.1-U6 hygro
vector (Ambion, Austin, TX). The pSilencer™ 2.1-U6 hygro plasmids bearing PKCι hairpin
siRNA insert were transfected into H1299 cells using Lipofectamine ™-2000 according to
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the manufacturer’s instructions. The levels of PKCι expression were analyzed by Western
blot using PKCι antibody.

2.7. Monolay wound healing assay
Cells were seeded into a six-well tissue culture dish and allowed to grow to 90% confluency
in complete medium. Cell monolayers were wounded by a plastic tip (1 mm) that touched
the plate as described [34] . Wounded monolayers were then washed four times with
medium to remove cell debris and incubated in 0.5% FBS medium in the absence or
presence of NNK (100pm) or inhibitor for various times up to 24 h. Cells were monitored
under a microscope equipped with a camera (Zeiss).

3. Results
3.1. NNK induces activation of c-Src, PKCι and FAK in association with increased cell
migration/invasion and accelerated wound healing of human lung cancer cells

Growing evidence reveals that c-Src, PKC and FAK are closely involved in regulating
tumor invasion and metastasis [6; 23; 32] . Here we found that c-Src, PKCι and FAK are
widely expressed in both SCLC and NSCLC cells (Fig. 1A). To test whether cigarette
smoke component NNK can activate c-Src, PKCι and FAK in human lung cancer cells,
H1299 cells were treated with NNK (100pM) for various times. Results indicate that NNK
not only potently activates c-Src and PKCι but also induces multi-site phosphorylation of
FAK at Y576, 577 and 925 which can enhance multiple functions of FAK (Fig. 1B, C and
D). Intriguingly, treatment of cells with NNK significantly enhances migration and invasion
and accelerates wound healing of H1299 cells (Fig. 1E and F). Other human lung cancer cell
lines (i.e. H82, H157 cells, etc.) were also tested and the similar results were obtained (data
not shown). The c-Src is the physiological kinase for both PKCι and FAK that can directly
phosphorylate and/or activate PKCι and FAK, which can positively regulate cell motility
[18; 29; 30] . Thus, NNK-induced activation of PKCι and FAK may occur through
activation of their upstream kinase c-Src leading to enhanced migration and invasion of
human lung cancer cells.

3.2. The c-Src, PKCι and FAK are co-localized in the cytoplasm and NNK stimulates their
interactions

Our data show that NNK potently stimulates activation of c-Src, PKCι and FAK in
association with enhanced cell migration and invasion (Fig. 1). Immunofluorescent staining
reveals that these three proteins are co-localized in the cytoplasm (Fig. 2A). PKCι is
insensitive to Ca2+ due to the absence of the calcium-binding domain [15] . Thus, NNK-
induced activation of PKCι may occur through a calcium-independent mechanism. The c-
Src has been reported to directly induce tyrosine phosphorylation of PKCι along with
activation of enzyme activity [18] . Since NNK can activate c-Src (Fig. 1B), it is possible
that c-Src may function as NNK-activated PKCι kinase which phosphorylates and activates
PKCι. It is becoming more apparent that phosphorylation and protein-protein interactions
play a major role in activation of PKCι [18] . Because the SH3 domain of c-Src could bind
and interact with the regulatory domain of PKCι [18; 35] , NNK-induced activation of PKCι
may occur in a mechanism involving regulation of PKCι/c-Src interaction. FAK is a major
positive regulator for migration and invasion of tumor cells [22; 23] . PKCι and FAK may
also have a functionally cooperative role in cell migration signaling. To test whether NNK
promotes PKCι to associate with c-Src or FAK, co-immunoprecipitation experiments were
performed using c-Src or FAK antibody, respectively, following treatment of H1299 cells
with NNK. Results indicate that NNK stimulates increased associations between c-Src and
PKCι or PKCι and FAK (Fig. 2B). It can be speculated that NNK-induced tyrosine
phosphorylation of PKCι may induce some conformational change that facilitates direct
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interactions between c-Src and PKCι, or PKCι and FAK. These findings imply a potential
mechanism of c-Src, PKCι and FAK in NNK-stimulated cell migration/invasion signaling.

3.3. The Src specific inhibitor PP2 inhibits NNK-induced activation of c-Src and PKCι in
association with suppression of cell migration and invasion

It has been reported that c-Src can directly phosphorylate and activate PKCι [18] . PP2 is a
potent and selective inhibitor of the Src family of protein tyrosine kinases which can
compete for the ATP binding site [36] . To further pharmacologically demonstrate whether
c-Src is the NNK-activated upstream kinase of PKCι, H1299 cells were treated with NNK in
the absence or presence of increasing concentrations of PP2 (0~40 μM). Results show that
PP2 not only blocks NNK-stimulated c-Src activity but also potently suppresses NNK-
induced PKCι activity (Fig. 3AB). To further assess whether PP2 affects NNK-stimulated
cell migration and invasion, cells were treated with NNK in the absence or presence of
increasing concentrations of PP2 as described above. Results reveal that treatment of lung
cancer cells with PP2 blocks NNK-induced migration and invasion in a dose-dependent
manner (Fig. 3C). These findings provide the pharmacological evidence that c-Src is the
upstream activator of PKCι in a NNK-stimulated cell migration/invasion signaling pathway.

3.4. The α7 nicotinic acetylcholine receptor (α7nAChR) specific inhibitor α-bungarotoxin (α-
BTX) blocks NNK-induced activation of c-Src, PKCι and FAK in association with decreased
migration and invasion of human lung cancer cells

The α-bungarotoxin (α-BTX) has been identified as the site-selective antagonist for α7
nAChR [37] . The α7 nAChR plays an important role in lung cancer cell signaling and NNK
is a site-selective, high-affinity agonist for the α7nAChR [1; 37; 38] . We have previously
reported that NNK enhances cell proliferation of human lung cancer cells through
phosphorylation of Bcl2 and c-Myc, which can be inhibited by α-BTX [38] . In addition to
cell proliferation, here we found that NNK can also stimulate migration and invasion of
human lung cancer cells through activation of c-Src, PKCι and FAK (Fig. 1). To further test
whether α7 nAChR plays a role in NNK-induced activation of c-Src, PKCι and FAK as well
as cell migration and invasion, H1299 cells were treated with NNK in the presence of
increasing concentrations of α-BTX. Results show that α-BTX potently blocks NNK-
induced activation of c-Src, PKCι and FAK in a dose-dependent manner (Fig. 4ABC),
which is associated with suppression of cell migration and invasion (Fig. 4D). This indicates
that the α7 nAChR may function as the upstream receptor in NNK-stimulated c-Src-PKCι-
FAK signaling pathway.

3.5. Depletion of PKCι, c-Src or FAK by RNA interference blocks NNK-induced cell
migration and invasion

Our findings suggest that NNK-stimulated activation of c-Src, PKCι and FAK may
contribute to increased migration and invasion of human lung cancer cells. To genetically
demonstrate this, c-Src, PKCι or FAK was knocked down by RNA interference (RNAi) as
described in “Methods”. For silence of PKCι, a vector-based stable gene silencing approach
was employed for specific depletion of PKCι from human lung cancer cells. The pSilencer™

2.1-U6 hygro plasmids bearing the PKCι hairpin siRNA insert were transfected into H1299
cells. The stable clones persistently producing PKCι siRNA were selected using
hygromycin. Results indicate that cells expressing PKCι siRNA display >85% reduction of
PKCι protein expression (Fig. 5A). For depletion of c-Src and FAK, c-Src siRNA and FAK
siRNA purchased from Santa Cruz were used. Recent studies have demonstrated that
transfection of cells with siRNA concentrations greater than 100 nM frequently produces
nonspecific off-target effects, and a concentration of 20–100 nM only occasionally produces
effects. One group has reported that siRNA concentrations of 10–20 nM generally do not
exert nonspecific effects [39] . To minimize the nonspecific effect, a low concentration (i.e.
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15nM) of c-Src or FAK siRNA was used in the experiments. H1299 cells were transfected
with c-Src siRNA, FAK siRNA or control siRNA. Cells expressing c-Src siRNA or FAK
siRNA displayed a >98% reduction of c-Src or FAK protein expression (Fig. 5A).
Functionally, depletion of either PKCι c-Src or FAK by RNAi significantly suppresses
NNK-stimulated migration and invasion as well as wound healing of lung cancer cells (Fig.
5BC).

4. Discussion
Cigarette smoking has been found to enhance dissemination of tumor cells in the body of
patients with various types of cancer [6; 7] . Thus, tobacco-related agents concerning human
health are much more important than experimental tumor promoters in influencing
metastatic abilities of tumor cells [6] . NNK is formed by nitrosation of nicotine and has
been identified as a potent pulmonary carcinogen contained in cigarette smoke, independent
of the route and type of administration [40; 41] . The amount of NNK in one stick of
cigarette ranges between 16 and 369 ng [42] . The concentration of NNK (i.e. 100 pM) used
in our in vitro studies is clinically relevant and of translational value because exposure to
NNK via cigarette smoking can result in detectable plasma NNK concentrations ranging
from pM to nM [43] .

Previous studies reveal that cigarette smoking-induced tumor cell invasion and metastasis
may result, at least in part, from activation of PKC signal transduction pathway [6] . The c-
Src, PKCι and FAK are major regulators of cell migration and invasion [30; 31; 32; 44] .
Here we found that NNK not only activates c-Src but also PKCι and FAK, which leads to
enhanced migration and invasion of human lung cancer H1299 cells (Fig. 1). Since activated
c-Src has been reported to phosphorylate FAK at Y576 and Y577 leading to activation of
FAK [29; 30] , NNK-induced FAK phosphorylayion at Y576 and Y577 may occur through
activation of c-Src (Fig. 1B and D). Intriguingly, c-Src has also reported to function as a
physiological PKCι kinase that directly phosphorylates and activates PKCι [18] . This helps
explain why inhibition of c-Src by treatment of cells with PP2 (i.e. c-Src specific inhibitor)
not only blocks NNK-stimulated c-Src activation but also potently suppresses NNK-induced
PKCι activity (Fig. 3). Recent report indicates that c-Src directly interacts with FAK and this
association facilitates activation of both c-Src and FAK (45). We found that PKCι is
associated with both c-Src and FAK, which can be enhanced by NNK treatment (Fig. 2).
The enhanced interactions between c-Src, FAK and PKCι may facilitate their activation.
Based our findings, we propose that NNK-enhanced migration and invasion of human lung
cancer cells may occur through activation of a signaling cascade involving c-Src, FAK and
PKCι (Fig. 6). We have previously demonstrated that NNK can induce proliferation of
SCLC H69 and H82 cells but not NSCLC H1299 cells [38] . Thus, proliferation should not
affect NNK-stimulated migration/invasion in human lung cancer H1299 cells.

The nAChRs are cationic channels whose opening is controlled by acetylcholine and
nicotinic receptor agonists. The α7 nAChR is expressed in normal human small airway
epithelial cells, SCLC and NSCLC cells [8; 37; 45] . NNK binds to and activates the α7
nAChR with a high affinity in lung cancer cells [8; 37] . The α-BTX has been identified as
the site-selective antagonist for α7nAChRs [37; 46; 47] . Because α-BTX potently blocks
NNK-induced activation of c-Src, PKCι and FAK in association with inhibition of cell
migration and invasion (Fig. 4), this indicates that NNK-induced cell migration and invasion
may occur through activation of the signal transduction pathway involving α7 nAChR/c-Src/
PKCι/FAK in lung cancer cells (Fig. 6). Importantly, α-BTX may have potential clinical
relevance in strategies designed to restrain tumor invasion and metastasis through this novel
mechanism in patients with lung cancer.
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Because NNK-activated c-Src, FAK and PKCι positively regulate migration and invasion of
human lung cancer cells, specific targeting of c-Src, FAK or PKCι may represent an
attractive and novel therapeutic approach in restraining metastasis of lung cancer.
Intriguingly, specific knockdown of c-Src, FAK or PKCι expression by RNA interference
significantly blocks NNK-induced migration and invasion as well wound healing (Fig. 5).
This indicates that c-Src, FAK are PKCι are required targets in NNK-induced migration and
invasion of human lung cancer cells. Additionally, a recent report has demonstrated that
NNK can increase adhesive ability of lung cancer cells [48] . This may be another potential
mechanism by which NNK enhances migration and invasion of lung cancer cells.

In summary, our studies have identified a novel NNK-stimulated cell migration and invasion
signal transduction pathway involving α7 nAChR/c-Src/FAK/PKCι (Fig. 6). NNK-induced
tyrosine phosphorylation of c-Src, FAK and PKCι may facilitate their interactions leading to
activation of c-Src, FAK and PKC. Because our findings demonstrate that c-Src, FAK and
PKCι are essential targets in NNK-induced migration and invasion of human lung cancer
cells, novel therapeutic strategies for prevention of metastasis and/or treatment of metastatic
tumors could be developed by specifically targeting c-Src, FAK or PKCι in human lung
cancer or other malignancies.
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Fig.1.
NNK induces activation of c-Src, PKCι and FAK in association with increased migration/
invasion and accelerated wound healing of human lung cancer cells. (A) H69, H82, H157
and H1299 human lung cancer cells were lysed in detergent buffer. Expression levels of c-
Src, PKCι and FAK were analyzed by Western blot. (B), (C) and (D) H1299 cells were
treated with NNK for various times. Activity or phosphorylation of c-Src, PKCι and FAK
was analyzed as described in “Methods”. (E) H1299 cells were treated with NNK (100pM)
for 24h. Cell migration or invasion was assessed using a QCM™ Chemotaxis 96-well cell
migration assay kit or a QCM™ 24-well colorimetric cell invasion kit, respectively. Each
experiment was repeated three times and data represent the mean ± S.D. of three
determinations. (F) H1299 cells were seeded into a six-well tissue culture dish and allowed
to grow to 90% confluency in complete medium. Cell monolayers were wounded by a
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plastic tip (1 mm) that touched the plate. Wounded monolayers were then washed four times
with medium to remove cell debris and incubated in 0.5% FBS medium in the absence or
presence of NNK (100pM) for various times up to 24 h. Pictures were taken under a
microscope equipped with a camera (Deiss).
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Fig. 2.
NNK induces PKCι/c-Src and PKCι/FAK associations. (A) co-localization of PKCι/c-Src
and PKCι/FAK in H1299 cells was detected by co-immunofluorescent staining as described
in “Methods”. (B) H1299 cells were treated with NNK for various times. Co-
immunoprecipitations were performed using c-Src or FAK antibody, respectively. PKCι/c-
Src and PKCι/FAK associations were analyzed by Western blotting.
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Fig. 3.
The Src specific inhibitor PP2 reduces c-Src and PKCι activities and suppresses cell
migration and invasion induced by NNK. (A) and (B) H1299 cell were treated with NNK in
the absence or presence of increasing concentrations of PP2 for 30 min. Activities of c-Src
and PKCι were analyzed as described in “Methods”. (C) H1299 cells were treated with
NNK in the absence or presence of increasing concentrations of PP2 for 24h. Cell migration
and invasion were analyzed as the legend of figure 1E.
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Fig. 4.
The α7 nAChR-specific inhibitor α-bungarotoxin (α-BTX) inhibits NNK-induced activation
of c-Src, PKCι and FAK leading to suppression of migration and invasion of human lung
cancer cells. (A), (B) and (C) H1299 cells were treated with NNK in the absence or presence
of increasing concentrations of α-BTX for 30 min. Activities of c-Src and PKCι were
analyzed as described in “Methods”. Phosphorylation of FAK was detected by Western
blotting. (D) H1299 cells were treated with NNK in the absence or presence of increasing
concentrations of α-BTX for 24h. Cell migration and invasion were analyzed as the legend
of figure 1E.
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Fig. 5.
Specific knockdown of PKCι, c-Src or FAK by RNA interference results in suppression of
NNK-induced cell migration/invasion and wound healing. (A) PKCι, c-Src or FAK was
silenced by RNAi as described in “Methods”. Expression levels of PKCι, c-Src or FAK
were analyzed by Western Blot. (B) H1299 cells expressing PKCι, c-Src or FAK siRNA
were treated with NNK (100pM) for 24h. Cell migration and invasion were analyzed as the
legend of figure 1E. (C) H1299 cells expressing PKCι, c-Src or FAK siRNA were treated
with NNK (100pM) for 24h. Wound healing was analyzed as the legend of figure 1F.

Shen et al. Page 16

Cancer Lett. Author manuscript; available in PMC 2013 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6. Proposed model
NNK-induced migration and invasion of human lung cancer cells occurs through activation
of the α7 nAChR/c-Src/PKCι/FAK signaling transduction pathway.
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