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Cigarette smoking has been linked to almost all major types of cancer. Emerging evidence suggests that
smoking initiates transformed cell growth and migration by disrupting cell–cell interactions in the polar-
ized mucosal epithelium. Together with other adherens junction proteins, p120-catenin (p120ctn) main-
tains cell–cell adhesion through its direct interaction with E-cadherin (E-cad). Mislocalization and/or loss
of p120ctn have been reported in all lung cancer subtypes and are related to poor prognosis. Here, we
showed that p120ctn modulates smoke-induced cell migration via the EGFR/Src-P pathway. Chemical
blockade of EGFR/Src signaling inhibited smoke-induced activation of cofilin (an actin severing protein)
and promoted cell migration in the presence of p120ctn but had little effect on blocking migration in the
absence of p120ctn. These data suggested that smoke-induced cell migration was mediated via an EGFR/
Src-dependent signaling pathway in cells that expressed p120ctn, but upon loss of p120ctn, migration
continued to occur via an alternative, EGFR/Src-independent pathway. Thus, gradual loss of membrane
p120ctn with lung cancer progression may contribute to reduced effectiveness of conventional chemo-
therapies, such as those directed against EGFR.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction interactions in mucosal epithelia is the adherens junction. p120-
Smoking represents the single most important carcinogenic
exposure and is the leading cause of cancer-related mortalities
[1]. Smoke promotes lung carcinogenesis through triggering genet-
ic mutations [2], epigenomic changes [3], inflammation [4] and
epithelial-mesenchymal transition (EMT) [5,6]. EMT is involved
in normal embryonic development, during which cells switch from
a polarized, immobile epithelial phenotype to a highly motile,
fibroblastic or mesenchymal phenotype. In the airway, inappropri-
ate activation of embryonic pathways by smoke can promote EMT
and tumorigenesis [5,6]. Signaling via the epithelial growth factor
receptor (EGFR) and Src has been established as a major pathway
modulating smoke-induced cell migration, invasion and EMT. EGFR
exposed to cigarette smoke is aberrantly activated and promotes
cell migration and invasion [7–9]. Nicotine, a major component
of cigarette smoke, has been reported to promote EMT and acceler-
ate cell migration and invasion through Src signaling [10,11]. In
these events, Src has been reported as a downstream effector of
EGFR [8,11].

In order to undergo EMT, epithelial cells must first be released
from their interactions with neighboring cells in the polarized epi-
thelial sheet. One important component that maintains cell–cell
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Catenin (p120ctn) is an armadillo repeat-containing protein. To-
gether with other adherens junction proteins such as cadherins,
b-catenin (b-ctn) and a-catenin, p120ctn plays a critical role in reg-
ulating cell–cell adhesion [12]. Previous studies have demonstrated
a crucial role for 120ctn in stabilizing the adherens junction
through its direct interaction with E-cadherin (E-cad). Loss of
p120ctn disrupts adherens junctions by promoting the internaliza-
tion and turnover of E-cadherin [13–16], while loss of E-cadherin
represents a major hallmark of EMT [17] and tumor malignancy
[18]. Accordingly, mislocalization, downregulation and loss of
p120ctn have been reported in all lung cancer subtypes, and are
related to poor prognosis [12,14]. Out of 1081 human genes
predicted to affect cell migration and adhesion, high-throughput
siRNA screening recently identified p120ctn as the most confident
gene inhibiting cell migration in MCF-10A breast cancer cells [19].

The similarities that exist between smoke and p120ctn in medi-
ating EMT and cell migration, raised two intriguing questions: Is
p120ctn a target of smoke? And, if so, does p120ctn play a func-
tional role in modulating cell migration provoked by smoke? Here,
we identified p120ctn as a membrane target of cigarette smoke.
Using primary human bronchial epithelial (HBE) cells with and
without functional p120ctn, we identified a smoke-induced
EGFR/Src signaling pathway that stimulated cell migration in the
presence of membrane p120ctn but failed to do so in p120ctn-
knockdown cells. Accordingly, EGFR and Src specific inhibitors
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abolished smoke-induced cell migration in wild-type HBE cells but
failed to block migration in p120ctn-deficient cells. This indicated
the existence of an EGFR/Src-independent signaling pathway that
continued to promote migration in cells lacking p120ctn despite
treatment with conventional chemotherapies, such as those direc-
ted against EGFR. Thus, loss of p120ctn with tumor progression in
smokers may provide a novel mechanism of chemoresistance.

2. Materials and methods

2.1. Cell culture

Human tissue was handled according to the Declaration of Hel-
sinki and was approved by the University of California Committee
for Human Research. Primary HBE cells were isolated from tracheal
tissue strips of human donors and cultured using previously estab-
lished methods [20]. HBE cells were cultured in BEGM BulletKit
(Lonza, Basel, Switzerland) according to vendor’s instructions.

2.2. p120ctn knockdown

p120siRNA pool 1 was composed of p120ctn siRNA1 [13],
p120ctn siRNA2 (s3725) and p120ctn siRNA3 (s3727, Ambion
Inc., Austin, TX). p120siRNA pool 2 was composed of p120ctn siR-
NA1 [13] and p120ctn siRNA4 [21], synthesized by Sigma–Aldrich
(St. Louis, MO). Scrambled siRNA control was purchased from
Ambion Inc. (Austin, TX). HBE cells were transfected with the
above siRNAs by Amaxa NHBE nucleofector Kit (Lonza, Basel, Swit-
zerland) according to the manufacturer’s protocol. Experiments
were generally performed at 48 h posttransfection.

2.3. Smoke and inhibitor treatment

Smoke-conditioned medium was prepared as previously de-
scribed [22]. Concentrated smoke exposed medium (93 mg/m3 to-
tal suspended particles (TSP)) was prepared in DMEM and diluted
with culture medium to final concentrations of 12, 24 and 48 mg/
m3 TSP. AG1478 was purchased from Cell Signaling Technology Inc.
(Danvers, MA). PP2 was obtained from Sigma–Aldrich (St. Louis,
MO). Cells were starved in basal medium without growth factor
for 2 h and pretreated with the above inhibitors for 1 h, followed
by incubation in smoke-free or smoke medium for 3 h or 24 h as
indicated in the text. Concentrations of all inhibitors were titrated
to have no effect on cellular toxicity as determined by trypan blue
exclusion assay.

2.4. Immunofluorescent analysis

Cells were fixed with 4% paraformaldehyde, permeabilized with
0.3% triton X-100 and incubated with primary antibodies at 4 �C
overnight. Antibodies directed against p120ctn, b-ctn and E-cad
were obtained from BD Transduction Laboratories (San Jose, CA)
and used as instructed. Cells were stained with Alexa fluor-488
or -594 conjugated secondary antibodies (Invitrogen, Carlsbad,
CA). Nuclei were stained with DAPI. Images were photographed
with a Nikon-TiE fluorescence microscope.

2.5. Western blot

Protein concentrations of cell lysates were determined using the
Bradford protein assay (Bio-Rad, Hercules, CA). Western blot analy-
sis was performed using the Novex gel system (Invitrogen, Carlsbad,
CA). The following primary antibodies were obtained from Cell Sig-
naling Technology Inc. (Danvers, MA) and used as instructed: phos-
pho-Tyr416 Src, total Src, phospho-Ser3 Cofilin, phospho-Limk1
(Thr508)/Limk2(Thr505) and GAPDH. Phospho-Tyr 4G10 was ob-
tained from Millipore (Billerica, MA). Total EGFR was obtained from
Santa Cruz Biotechnology Inc. (Santa Cruz, CA). Western blot signals
were detected with secondary HRP-conjugated antibodies and ECL
reagent (Invitrogen, Carlsbad, CA), followed by densitometric quan-
titation with ImageJ (National Institutes of Health, Bethesda, MD).

2.6. Cell migration assay

HBE migration was measured with 24-well Boyden chambers
containing Transwell filters with 8 lm pores (BD Biosciences, Bed-
ford, MA). p120ctn siRNA- or scrambled siRNA-transfected cells
were starved and pretreated with inhibitors as above at 48 h post-
transfection. Subsequently, 2 � 104 cells suspended in growth fac-
tor-free medium without and with inhibitor were loaded onto
the filter. Smoke-free and smoke medium were applied to the low-
er chambers. After 4 h of incubation at 37 �C, the non-migratory
cells on upper surface of the filters were removed with a cotton
swab. Cells that migrated to the bottom of filters were fixed,
stained with 0.01% crystal violet, washed with 5% acetic acid/5%
methanol. The number of migratory cells was estimated with col-
orimetric readings taken at OD 595 nm.

2.7. Statistical analysis

Three to four independent repeats were conducted in all exper-
iments. Data were presented as mean ± SEM. A Student’s t-test was
used and a p value of <0.05 was considered significant.

3. Results

3.1. p120ctn-knockdown in HBE cells disrupts adherens junctions

Primary human bronchial epithelial (HBE) cells were incubated
with smoke-free medium (Ctrl) or smoke medium at 24 mg/m3

TSP (Smk) overnight. In unexposed HBE cells, p120ctn was localized
to adherens junctions on the basolateral membranes of adjacent
HBE cells (Fig. 1A, Ctrl panel). In contrast, smoke exposure caused
the cytoplasmic translocation and loss of p120ctn (Fig. 1A, Smk
panel). Having observed smoke’s effects on membrane p120ctn,
we explored adherens junction integrity in the presence and
absence of p120ctn. HBE cells were transfected with p120ctn siRNA
or scrambled siRNA and cultured as monolayers. Immunostaining
48 h posttransfection confirmed p120ctn knockdown (p120KD) in
over 70% of p120ctn siRNA-treated cells compared to scrambled
siRNA-transfected (p120WT) cells. Loss of membrane p120ctn
following siRNA treatment (p120KD) mimicked the loss that
occurred following exposure to smoke (Fig. 1B, leftmost column).
Moreover, basolateral localization of adherens junction compo-
nents, b-ctn and E-cad, was disrupted in p120KD cells (Fig. 1B,
middle and rightmost columns).

Western blot results confirmed loss of adherens junction com-
ponents in p120KD cells at 48 h posttransfection (Fig. 1C). Using
densitometry, p120ctn, b-ctn and E-cad were estimated to de-
crease by 75%, 50% and 60%, respectively, compared to p120WT
cells (Fig. 1D). p120siRNA pool 1 was composed of a mixture of siR-
NAs targeting three non-overlapping sequences of human p120ctn
gene. p120siRNA pool 2 consisted of two siRNAs targeting different
sequences of the human p120ctn gene. Similar p120ctn knock-
down effects and experimental results were achieved using either
pool, suggesting that the observed consequences were specific to
p120ctn ablation. These results demonstrated the feasibility of
depleting endogenous p120ctn from primary HBE cells and sup-
ported previous tumor cell studies where loss of p120ctn led to
destabilization of adherens junctions and increased cell migration
[13–15].



Fig. 1. siRNA knockdown of p120ctn in primary HBE cells disrupts adherens junctions. (A) Immunofluorescent staining of adherens junction markers p120-catenin (p120ctn)
in untreated cells (Ctrl) and cells treated with smoke medium at 24 mg/m3 TSP (Smk) for 24 h. (B) Immunofluorescent staining of p120ctn, b-ctn, and E-cad in scrambled
siRNA-transfected cells (p120WT) and p120ctn knockdown cells (p120KD) at 48 h posttransfection. Bar represents 50 lm. (C) Cell lysates from p120WT and p120KD cells
(transfected with p120siRNA pool 1 or p120siRNA pool 2) were analyzed by Western blots probed with p120ctn, b-ctn and E-cad antibodies at 48 h posttransfection. GAPDH
was used as a loading control. (D) Quantitation of p120ctn, b-ctn and E-cad levels in p120WT and p120KD cells at 48 h posttransfection by densitometry. The levels of
proteins in p120KD cells (black bars) were normalized to those in p120WT cells (white bars, designated 1-fold). Results shown are the average of three independent
experiments. ⁄⁄p < 0.01, p120KD versus p120WT cells.
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3.2. EGFR/Src activation in response to smoke occurred in the presence
and absence of p120ctn

Previous studies showed smoke-mediated cell migration oc-
curred through intracellular signaling pathways involving EGFR
and Src [23,24]. To investigate the involvement of p120ctn in the
activation of EGFR/Src signaling by smoke, we examined kinase
phosphorylation in p120WT and p120KD HBE cells. Compared to
control cells, phosphoryation of EGFR (EGFR-P) and Src (Src-P)
peaked at 3 h of smoke exposure. Activation was similar in the
presence and absence of p120ctn (Fig. 2A). Quantitative analysis
based on a minimum of three independent experiments confirmed
that EGFR-P and Src-P were significantly increased in the presence
of smoke (Fig. 2B, top bar graph). Src activation appeared to occur
downstream to EGFR as AG1478 can block Src phosphorylation in
response to smoke ([8,25] and data not shown).
3.3. Lim kinase/cofilin suppression in response to smoke occurred in
the presence and absence of p120ctn

Cofilin (Cof) is an actin binding protein that regulates the disas-
sembly of actin during cell migration. In its phosphorylated form,
the severing capacity of cofilin is inhibited. Dephosphorylation re-
stores its severing capacity and promotes cell migration [26].
Smoke-induced dephosphorylation of cofilin at Ser3 (Cof-P) was
detected as early as 3 h post-exposure (Fig. 2A). Cofilin is a down-
stream target of Lim kinases (Limk1 and Limk2). Phosphorylated
Lim kinases inhibit the actin severing activity of cofilin by phos-
phorylating cofilin at Ser3 [26,27]. Accordingly, smoke promoted
the dephosphorylation of Limk1 at Thr508 (Limk1-P) in HBE cells
(Fig. 2A). Quantitative analysis based on a minimum of three inde-
pendent experiments confirmed that Cof-P and Limk1-P were sig-
nificantly decreased in the presence of smoke (Fig. 2B, bottom bar
graph). Next, we treated HBE cells with increasing doses of smoke
to demonstrate that a dose-dependent increase in Src-P occurred in
conjunction with dose-dependent decreases in the phosphoryla-
tion of Limk1 and cofilin (Fig. 2C). Limk1-P and Cof-P were inhib-
ited �80% in both p120WT and p120KD cells after 3 h of smoke
exposure, closely mirroring the activation of Src-P under identical
conditions (Fig. 2D).
3.4. Smoke-induced cell migration is p120ctn-dependent

To link smoke-mediated activation of EGFR/Src to dephospho-
rylation of cofilin (pro-migration), and to explore the potential role
of p120ctn in modulating this link, we treated p120WT and
p120KD cells with Ctrl or smoke medium at 48 mg/m3 TSP for
3 h in the presence and absence of chemical inhibitors, AG1478



Fig. 2. Smoke-mediated signaling events in HBE cells. (A–D) Smoke causes p120ctn-independent phosphorylation of EGFR/Src and dephosphorylation of Limk1/Cofilin (Cof)
in HBE cells after 3 h of exposure. (A) Cell lysates obtained from p120WT and p120KD cells after a 3 h exposure to smoke-free (Ctrl) or smoke medium at 48 mg/m3 TSP (Smk)
were analyzed by Western blot using antibodies directed against Tyr-phosphorylated EGFR (EGFR-P), Tyr416-phosphorylated Src (Src-P), Thr508-phosphorylated Limk1
(Limk1-P) and Ser3-phosphorylated Cofilin (Cof-P). Equal loading of lysates was confirmed using antibodies directed against total EGFR, Src and GAPDH. Blots are
representative of three independent experiments. (B) Relative fold change in EGFR-P, Src-P, Limk1-P and Cof-P following smoke exposure in p120WT (grey bar) and 120KD
cells (black bar) was normalized relative to Ctrl (white bars, designated 1-fold). Results shown are the mean ± SEM of three independent experiments. ⁄⁄p < 0.01, p120KD or
p120WT versus Ctrl cells. (C) HBE cell lysates exposed to smoke-free (Ctrl) or smoke medium at 12, 24 and 48 mg/m3 TSP (Smk) for 3 h were analyzed by Western blot using
antibodies directed against Src-P, Limk1/2-P and Cof-P. Levels of total Src and GAPDH were used as loading controls. (D) Relative fold change in Src, Limk1 and Cof
phosphorylation induced by smoke was normalized to Ctrl (designated 1-fold) at 3 h and plotted as dose-response curves. Results shown are the mean ± SEM of three
independent experiments. ⁄⁄p < 0.01, Smk-exposed versus Ctrl cells.
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(EGFR inhibitor), or PP2 (Src inhibitor). Interestingly, AG1478
blocked smoke-mediated dephosphorylation of cofilin in p120WT
cells, but failed to inhibit the effect in p120KD cells (Fig. 3A and
B). Similarly, PP2 only prevented cofilin dephosphorylation by
smoke in the presence of p120ctn (Fig. 3C and D). Similar results
were noted in Boyden Chamber assays, where blocking Src only
inhibited migration in the presence of p120ctn (Fig. 3E). These re-
sults were intriguing in that well-established smoke-induced sig-
naling pathways functioning downstream of EGFR and Src
required p120ctn to mediate essential elements of cytoskeletal
reorganization in migrating cells. Conversely, in the absence of
p120ctn, migration persisted despite treatment with conventional
chemotherapies, such as those directed against EGFR. A proposed
model of smoke-modulated cell migration in the presence and ab-
sence of p120ctn is described in Fig. 4.
4. Discussion

We used primary human bronchial epithelial cells to decipher
events associated with lung cancer initiation, including disruption
of adherens junctions and increased cell motility [28,29]. Given the
strong association between loss of p120ctn and poor prognosis in
lung cancer [30], we explored the potential involvement of
p120ctn in smoke-induced migration. Using p120WT and
p120KD HBE cells treated with tobacco smoke, we provide com-
pelling evidence that chemical inhibitors directed against the
well-established EGFR/Src signaling pathway do not effectively
block smoke-induced actin depolarization or cell migration in
the absence of membrane p120ctn. Thus, as membrane p120ctn
is lost with tumor progression, an alternative, EGFR/Src-indepen-
dent signaling pathway appears to be engaged that renders



Fig. 3. EGFR and Src inhibitors fail to block decreased Cof-P and increased cell migration in response to smoke when cells lack p120ctn. (A–D) p120WT and p120KD cells were
treated with smoke-free (Ctrl) or smoke medium at 48 mg/m3 TSP (Smk) for 3 h in the presence of 1 lM AG1478 (A and B) or 12.5 lM PP2 (C and D) to inhibit EGFR or Src,
respectively. Western blot (A and C) and densitometric analysis (B and D) of Cof-P in Smk-treated cells were normalized to Ctrl (designated 1-fold). Data are expressed as the
mean ± SEM of three independent experiments. (E) P120WT and p120KD cells were loaded on Boyden chambers and incubated with Ctrl (white bar) or smoke medium at
48 mg/m3 TSP (black bar) in the presence of DMSO (vehicle control) or 12.5 lM PP2 for 4 h. Migrating cells were quantified by measuring the OD at 595 nm and plotted as the
mean ± SEM of three independent chambers. ⁄⁄p < 0.01, smoke-treated p120WT or p120KD cells versus respective control. ⁄⁄p < 0.01, smoke-treated p120KD cells versus
smoke-treated p120WT cells.
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migrating cells resistant to chemical inhibitors directed against
EGFR and Src.

p120ctn has been suspected as a tumor suppressor mainly
based on its physical and functional connection with cadherins,
especially E-cad. p120ctn mediated stability and turnover of E-
cad [13,15], which has been proposed as the most potent mediator
of cell–cell adhesion [17,18]. Loss of p120ctn may endow cancer
cells an advantage in cell migration through abrogation of cell
adhesion. Consistently, membrane loss, downregulation or mislo-
calization of p120ctn has been reported in almost all major types
of cancer, including lung, prostate, breast, pancreas, colon, skin,
bladder, and endometrium [30,31]. Neoplastic lesions grow in the
oral cavity, esophagus, and forestomach of p120ctn conditional
knockout mice [32], and intestinal adenoma have been identified
in a mouse model with limited p120ctn ablation [33]. These stud-
ies established a causal role for p120ctn as a tumor suppressor and
are in line with our reported findings.

Although the mechanism whereby smoke promotes membrane
loss of p120ctn is currently unknown, it is possible that Src actively
elicits it promigratory function by virtue of disrupting p120ctn.
Interestingly, both AG1478 [29] and PP2 [34] have been reported
to stabilize adherens junctions. Destabilization of p120ctn follow-
ing Src activation may be achieved through its phosphorylation
since membrane p120ctn was originally identified as a substrate
of Src [35]. Our data suggest that in the early stages of lung cancer,
intact membrane p120ctn maintains cell–cell adhesion until
smoke-induced Src-P negates its effect to promote cell migration.
With advanced disease, loss of membrane p120ctn releases its role



Fig. 4. Smoke mediates EGFR/Src-dependent and independent cell migration. In the
normal human airway, adherens junctions (p120ctn, b-ctn and E-cad) are intact on
the epithelial cell membrane. Smoke induces rapid activation of membrane Src
through EGFR. Src activation promotes cell migration through suppression of Cof-P.
When airway epithelial cells express p120ctn, EGFR and Src specific inhibitors (as
those used in chemotherapy) help to stabilize p120ctn on the membrane where it
functions as a tumor suppressor. In the advanced stages of lung cancer, p120ctn is
translocated into the cytoplasm by smoke where it is degraded or modified.
Membrane loss of p120ctn results in disruption of adherens junctions and
decreased cell–cell adhesion. Src continues to be activated through EGFR but EGFR
and Src inhibitors fail to block cell migration because loss of tumor-suppressing
membrane p120ctn, activates an alternative EGFR/Src-independent pathway
(denoted with a dotted-line). Cell migration continues via this alternative pathway
in the absence of p120ctn, bypassing traditional EGFR/Src signaling and thus
providing a potential mechanism of chemotherapeutic resistance.
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as a tumor suppressor and unveils an alternative pathway (Fig. 4).
Activation of this pathway promotes cell migration independent of
EGFR/Src; thus, providing a mechanism whereby EGFR or Src inhib-
itors lose their therapeutic efficiency. Our preliminary studies sug-
gest this pathway may involve the activation/inhibition of cofilin’s
upstream signaling partners Limk1, ROCK and the Rho GTPases,
RhoA and Rac1. Inhibition of ROCK and Limk1 has been shown to
promote cofilin dephosphorylation and migration independent of
p120ctn [27]. Identification of alternative pathways linking smoke
to cell migration in a primary cell system is essential given most
lung cancer patients exhibit intrinsic resistance or develop ac-
quired resistance to conventional tyrosine kinase inhibitors target-
ing EGFR or Src after a median of 10–14 months [36]. A deeper
understanding of smoke-induced cell migration may provide a
platform for screening new drug candidates that suppress tumor
progression in the setting of increasing chemoresistance and
decreasing expression of membrane p120ctn.
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