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Background:During epithelial-mesenchymal transition (EMT), cancer cells employ processes to gain migratory and inva-
sive properties that involve dramatic changes in cytoskeletal component organization.
Results: Zyxin silencing increases integrin �5�1 expression, accompanied by enhanced cell motility.
Conclusion: Zyxin is implicated in two diverse activities, regulation of cell adhesion and motility.
Significance: Understanding of cytoskeletal proteins may shed new light on the process of EMT in cancer.

Although TGF-� acts as a tumor suppressor in normal tissues
and in early carcinogenesis, these tumor suppressor effects are
lost in advancedmalignancies. Single cell migration and epithe-
lial-mesenchymal transition (EMT), both of which are regulated
by TGF-�, are critical steps in mediating cancer progression.
Here, we sought to identify novel direct targets of TGF-� signal-
ing in lung cancer cells and have indentified the zyxin gene as a
target of Smad3-mediated TGF-�1 signaling. Zyxin concen-
trates at focal adhesions and along the actin cytoskeleton; as
such, we hypothesized that cytoskeletal organization, motility,
and EMT in response to TGF-�1 might be regulated by zyxin
expression.We show thatTGF-�1 treatment of lung cancer cells
caused rapid phospho-Smad3-dependent expression of zyxin.
Zyxin expression was critical for the formation and integrity of
cell adherens junctions. Silencing of zyxin decreased expression
of the focal adhesion protein vasodilator-activated phospho-
protein (VASP), although the formation and morphology of
focal adhesions remained unchanged. Zyxin-depleted cells dis-
played significantly increased integrin �5�1 levels, accompa-
nied by enhanced adhesion to fibronectin and acquisition of a
mesenchymal phenotype in response to TGF-�1. Zyxin silenc-
ing led to elevated integrin�5�1-dependent single cellmotility.
Importantly, these features are mirrored in the K-ras-driven
mouse model of lung cancer. Here, lung tumors revealed
decreased levels of both zyxin and phospho-Smad3 when com-
paredwithnormal tissues.Our data thus demonstrate that zyxin
is a novel functional target and effector of TGF-� signaling in

lung cancer. By regulating cell-cell junctions, integrin �5�1
expression, and cell-extracellular matrix adhesion, zyxin may
regulate cancer cell motility and EMTduring lung cancer devel-
opment and progression.

Lung cancer is the leading cause of cancer-related mortality
in bothmen andwomenworldwide.Aggressive cancer progres-
sion has been correlated with disrupted epithelial cell homeo-
stasis that leads to the loss of cell epithelial characteristics and
the acquisition of a migratory phenotype (1). Epithelial-mesen-
chymal transition (EMT)3 plays an important role in the regu-
lation of embryonic development, as well as in various patho-
logical conditions including fibrosis and cancer (2). Different
growth factors have been involved in the regulation of EMT,
but transforming growth factor-� (TGF-�) has been clearly
shown as the major inducer of this process (3–6).
Downstream TGF-� signaling can activate distinctive signal

transductionmechanisms, which can be either Smad-mediated
or non-Smad-mediated, depending on the precise cellular con-
text. In the Smad-mediated pathway, upon TGF-� binding, the
type II receptor kinase activates type I receptor kinase, leading
to the phosphorylation and activation of Smad2 and Smad3
proteins. Phosphorylation induces their association with
Smad4 and subsequent translocation to the nucleus, where they
control the expression of TGF-�-responsive genes (7, 8). Inter-
estingly, at early stages of tumor development, TGF-� acts as a
tumor suppressor. In contrast, sustained expression of TGF-�
may enhance malignant properties of tumor cells by increasing
their motility and promoting EMT. Epithelial cells undergoing
EMT lose their apico-basolateral polarity through remodeling
of the actin cytoskeleton. Polymerization of the actin cytoskel-
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eton plays a central role in the regulation of cell apoptosis, pro-
liferation, anchorage-independent growth, and invasion (3, 9).
Several studies have reported TGF-� effects on cell morphol-
ogy and actin rearrangement. The formation of actin stress
fibers in response to TGF-� requires de novo protein synthesis
through Smad-mediated transcription and activation of the
Rho family of GTPases, which in turn control cell motility and
invasion (10–12). Numerous other actin regulatory proteins
including the LIM domain proteins have been described as reg-
ulators of cell adhesion and migration.
Zyxin is a LIM domain protein localized to the nucleus, cell-

cell contacts, and focal adhesions as well as along the actin
stress fibers that harbors distinct actin polymerization activity
independent of the Arp2/3 complex (13). Zyxin contains four
proline-rich repeats at the N terminus followed by a nuclear
export signal, and at the C terminus, three copies of a cysteine-
and histidine-rich motif called the LIM domain. With its pro-
line-rich repeats, zyxin directly interacts with �-actinin and
Enabled/vasodilator-activated phospho-protein (Ena/VASP)
and docks them to the actin filaments (14–18). Furthermore,
intact zyxin proline-rich domains are required for efficient
VASP binding and strengthening of cell-cell adhesions (17, 19).
Zyxin also co-localizes with integrins at focal adhesions where
it serves as a docking protein during the multimeric protein
complex formation, involved in the regulation of cell-extracel-
lular matrix adhesion (20). When cancer cells become more
metastatic, they are able to develop an altered affinity for the
extracellular matrix, mostly due to the changed expression of
cell-surface receptor integrins. Altered integrin expression has
been shown to be important for different cell activities includ-
ing cell survival, differentiation, proliferation, andmotility (21).
Because zyxin appears to have distinct functions in associa-

tion with cell-cell junctions and cell-extracellular matrix adhe-
sions, we sought to investigate its role in TGF-�-triggered EMT
and motility in lung cancer cells. We show that zyxin controls
lung cancer cell motility through modulation of cell adhesion
and expression of integrins.

EXPERIMENTAL PROCEDURES

Materials—Protein A-agarose beads were purchased from
Thermo Scientific (Pierce, Bonn, Germany). Recombinant
human TGF-�1 was obtained from R&D Systems (Wiesbaden,
Germany), and fibronectin was from Biochrom (Berlin, Ger-
many). Poly-L-lysine was purchased from Sigma-Aldrich
(Deisenhofen, Germany). Permanent AP-Red kit and 3,3�-di-
aminobenzidine substrate kit were from Zytomed (Berlin, Ger-
many). Smad3 inhibitor SIS3 was purchased from Calbiochem
(Darmstadt, Germany). All siRNA oligonucleotides were pur-
chased from Ambion (Darmstadt, Germany). Plasmids
pEGFP-N2 and zyxin-EGFPwere kindly provided byDr.Gerald
Burgstaller (Helmholtz Zentrum Muenchen). Alexa Fluor-la-
beled secondary antibodies, Alexa Fluor 568-labeled phalloidin,
Lipofectamine 2000, and Lipofectamine RNAiMAX were pur-
chased from Invitrogen (Karlsruhe, Germany). The following
antibodies were purchased from Abcam (Cambridge, UK):
anti-zyxin, anti-VASP (5C6), and anti-Smad3 (ChIP grade).
Anti-E-cadherin, anti-p120, anti-paxillin, anti-integrin �5,
anti-integrin �1, phycoerythrin anti-human CD49e, and phy-

coerythrin IgG1 isotype control were purchased from BD Bio-
sciences (Heidelberg, Germany). The antibodies against phos-
pho-paxillin (Tyr118), phospho-Src, Src, and Smad3were from
Cell Signaling (New England Biolabs, Frankfurt, Germany).
Anti-actin antibody was purchased from Sigma-Aldrich, and
anti-fibronectin was from Santa Cruz Biotechnology (Heidel-
berg, Germany). Anti-zyxin (clone 2D1) antibody was pur-
chased from Abnova (Heidelberg, Germany), and phospho-
Smad3 (pS423/425) was from Epitomics (Burlingame, CA).
Cell Culture and Treatment—The human non-small cell

lung cancer (NSCLC) cell lines (A549, H2030, H1299, and
H441) were purchased from the American Type Culture Col-
lection (ATCC), andhumanSCLCcell lines (DMS273 andH82)
were from the German Collection of Microorganisms and Cell
Cultures (DSMZ). All cell lines were maintained according to
the instructions of the manufacturer. The cell culture medium
was supplemented with 10% fetal bovine serum (FBS), and cells
weremaintained in a humidified incubator in an atmosphere of
5% CO2 at 37 °C. Cells were routinely passaged every 3–4 days.
For experimental use, cell cultures were made quiescent by
growing them to 80% confluence and overnight incubation in
serum-free medium.
Mice—K-rasLA2 mice (22) and control mice (C57BL/6 back-

ground) were maintained under pathogen-free conditions and
handled in accordance with the European Communities rec-
ommendations for experimentation. 5-month-old mice were
sacrificed for lung tumor analysis, immunohistochemistry, and
gene expression profile.
Reverse Transcription andQuantitative Real-time PCR—To-

tal RNAwas extracted from frozenmouse lung tissues and cells
using the TRIzol (Invitrogen) or peqGOLD total RNA kit
(peqlab, Erlangen, Germany) according to the manufacturer’s
instructions. RNA (1 �g) was reverse-transcribed in a 40-�l
reaction using the M-MLV reverse transcriptase (Promega,
Mannheim, Germany). Quantitative real-time PCR (qRT-PCR)
was performed using SYBR Green PCR master mix (Roche
Applied Science, Mannheim, Germany). All qRT-PCR assays
were performed in triplicate. For standardization of relative
mRNA expression, human hypoxanthine-guanine phosphori-
bosyltransferase (HPRT) or mouse glyceraldehyde-3-phos-
phate dehydrogenase(GAPDH) primers were used. Relative
transcript abundance of a gene is expressed in �Cp values
(�Cp � Cp

reference � Cp
target). Relative changes of mRNA levels

are presented as 2���Cp calculations (��Cp � �Cp
treated �

�Cp
control). PCR amplification was performed with the gene-

specific primers listed in Table 1.
Western Blot Analysis—Cultures were lysed for 30 min at

4 °Cwith lysis buffer (10mMTris-HCl, pH 7.5, 5mMEDTA, pH
8, 150 mM NaCl, 30 mM sodium pyrophosphate, 50 mM NaF,
10%, glycerol, 0.5% Triton X-100, supplemented with Com-
pleteTM proteinase inhibitor mixture (Merck Biosciences,
Darmstadt, Germany)). Cellular debris were removed by cen-
trifugation at 13,000 � g at 4 °C for 15 min, and protein con-
centration was quantified using the BCA assay (Pierce). Lysates
were extracted in sample buffer (260 mM Tris-HCl, 40% glyc-
erol, 8% SDS, 0.004% bromphenol blue, 5% �-mercaptoetha-
nol), resolved by SDS-PAGE, and transferred to polyvinylidene
difluoride (PVDF) membrane (Amersham Biosciences, Bucks,
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UK). After blocking with Tris-buffered saline (TBS) containing
5% nonfat milk and 0.1% Tween, membranes were incubated
with primary antibody either for 3 h at room temperature or
overnight at 4 °C. Immunoreactive proteins were visualized
by autoradiography following incubation with horseradish
peroxidase (HRP)-coupled secondary antibody and enhanced
chemiluminescence (ECL) reagent. Prior to reprobing,
PVDF membranes were incubated with ReBlot Plus buffer
(Millipore, Darmstadt, Germany) according to the manufac-
turer’s protocol.
Cell Adhesion Assay—96-well plates were coated with 10

�g/ml fibronectin and incubated at 4 °C overnight. Coated
wells were blocked with 0.5% bovine serum albumin (BSA) in
phosphate-buffered saline (PBS) for 1 h at 37 °C. After siRNA
transfection, cells were serum-starved and then incubated in
the absence or presence of TGF-�1 (5 ng/ml) for 24 h. 2 � 104
cells were added to each well and incubated for 30 min at 37 °C
under an atmosphere of 5% CO2. Plates were shaken for 10 s on
a plate shaker followed by threewashing steps inwashing buffer
(0.1% BSA in PBS) to remove nonadherent cells. The bound
cells were fixed in 3.7% paraformaldehyde and stained with
crystal violet for 20 min. Cell-associated crystal violet was
elutedwith 10% acetic acid, and optical densitywasmeasured at
a wavelength of 570 nm.
Chromatin Immunoprecipitation Assay—Cells were serum-

starved overnight and then treated with TGF-�1 (5 ng/ml) for
30 min. Cross-linking was performed by the direct addition of
formaldehyde (1.42% final concentration) for 10 min at room
temperature followed by glycine (125 mM final concentration)
addition to quench the formaldehyde. After washing with ice-
cold PBS, cells were collected by centrifugation. Collected cells
were washed twice in 1 ml of cell lysis buffer (150 mM NaCl, 50
mM Tris-HCl, pH 7.5, 5 mM EDTA, 0.5% v/v Nonidet P-40, 1%
v/v Triton X-100, supplemented with CompleteTM proteinase
inhibitor mixture). Nuclei were pelleted, resuspended in lysis
buffer, and incubated 30 min at 4 °C. After incubation, samples
were sonicated to yield sheared DNA fragments between 200
and 500 bp and clarified by centrifugation at 12,000 � g for 10
min at 4 °C. Immunoprecipitation was carried out with 5 �g of
antibody against Smad3 or control IgG at 4 °C overnight fol-
lowed by a 2 h incubationwith proteinA-agarose beads. Immu-
noprecipitates were washed as follows: three times with lysis
buffer, two timeswithTE buffer (10mMTris-HCl, pH 8.0, 1mM

EDTA, pH 8.0). Elutions were performed at room temperature

by adding elution buffer (50 mM NaHCO3, 1% SDS, 10 mM

DTT) to the beads. Cross-linking was reversed by incubation at
65 °C overnight. The samples were treatedwith RNase and pro-
teinase K for 2 h at 45 °C. DNA was extracted with phenol/
chloroform and ethanol precipitation. The purified DNA was
dissolved in 100 �l water. 5 �l of purified DNA was amplified
and analyzed by qRT-PCR using primers specific for the zyxin
promoter region (primers are given in Table 1).
Immunohistochemical Analysis—For immunohistochemis-

try, mouse lungs were perfused with PBS, fixed in 4% parafor-
maldehyde (pH 7.0), and embedded in paraffin. Paraffin
sections (2 �m) were deparaffinized, rehydrated, and pressure-
cooked (30 s at 125 °C and then for 10 s at 90 °C) in citrate buffer
(10 mM, pH 6.0) for an antigen retrieval followed by blocking of
endogenous peroxidase (3% H2O2/dH2O; 15 min). Immuno-
staining employed the streptavidin-alkaline phosphatase tech-
nique (Permanent AP-Red kit) for zyxin (clone 2D1) and
streptavidin-horseradish-peroxidase technique (3,3�-diamino-
benzidine substrate kit) for pSmad3. Stained slides were coun-
terstained for 1min inMayer’s Haemalaun solution (Carl Roth,
Karlsruhe, Germany). Images were taken with an Axio Imager
(Zeiss) using a 40� oil immersion objective. All immunohisto-
chemical slides were evaluated by two independent observers.
ImmunofluorescenceMicroscopy—A549 cells were treated as

described under “Results” and plated onto poly L-lysine-coated
glass coverslips. After a 24-h incubation, cultures were serum-
starved and treated in the absence or presence of TGF-�1 (5
ng/ml) for the indicated times. Cells were washed in PBS, fixed
in 3.7% paraformaldehyde, and permeabilized with PBS con-
taining 0.1% Triton X-100. After blocking with PBS containing
5% BSA at room temperature, cells were incubated with the
primary antibody for 1 h, washed, and incubated for an addi-
tional 1 h with either Alexa Fluor 488- or Alexa Fluor 568-
labeled secondary antibody. Afterward, cells were washed and
incubated with 4�,6-diamidino-2-phenylindole (DAPI) and
phalloidin for 30 min at room temperature.
Coverslips were mounted in fluorescent mounting medium

(Dako, Hamburg, Germany) and fluorescent microscopy per-
formed using the laser-scanning microscope LSM710 (Carl
Zeiss,Munich, Germany). Images were analyzed using the ZEN
2010 software (Carl Zeiss).
Small Interfering RNA Transfection—Reverse transfection

of siRNA into cells was performed with Lipofectamine
RNAiMAX according to the manufacturer’s instructions.

TABLE 1
Primer list
HPRT, hypoxanthine-guanine phosphoribosyltransferase.

Gene Forward primer (5�-3�) Reverse primer (5�-3�)

Human zyxin GCAGAATGTGGCTGTCAACGAAC TGAAGCAGGCGATGTGGAACAG
Human ITG�5 TCAGTGGAGTTTTACCGGCCGGG TGGCTGGTATTAGCCTTGGGTGC
Human ITG�1 ACCAAATGATGGACAATGTCACCTGGA ACAGGCTGAAATTCTTCAGTAACTGCA
Human HPRT AAGGACCCCACGAAGTGTTG GGCTTTGTATTTTGCTTTTCCA
Human zyx-1 (ChIP) TTACCCAGGTCTGGCTTCTTTCGT TACTGGCCAGACTGGATTTCTC
Human zyx-2 (ChIP) TGAGAAATCCAGTCTGGCCAGTAG TGCTCGTCTTTTACGGCCCTTCAA
Human zyx-ctr (ChIP) TGGCAACCCAGAAAGGGACATA TTCCAGTTCTGCCCAGAATG
Human Smad7 (ChIP) GAAACCCGATCTGTTGTTTGC CTCTGCTCGGCTGGTTCCAC
Human Smad3 TGGCTACCTGAGTGAAGATGGA ATTATGTGCTGGGGACATCGGA
Mouse zyxin GGCTGCTACACCGACACTTTG CTCAGCATGCGGTCAGTGAT
Mouse TGFbRII AACGTGGAGTCGTTCAAGCAGA ATTGCAGCGGGACGTCATTT
Mouse GAPDH TGTGTCCGTCGTGGATCTGA CCTGCTTCACCACCTTCTTGA
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The final siRNA concentration of 10 nM was used in all
experiments. Cells transfected with siRNA were incubated
72 h before harvest.
Flow Cytometry—Treated cells were washed with PBS and

harvested. The cells were washed once with FACS buffer con-
taining 2% FBS in PBS. One million cells were incubated with
the primary antibody (conjugated with phycoerythrin (PE)) for
20 min on ice. The cells were washed in FACS buffer after the
incubation, resuspended in 700 �l of the same buffer, and
acquired in a BDBiosciences LSR II flow cytometer. The results
were analyzed using the software Cell Quest. Unstained cells

and cells incubated with a suitable isotype control antibody
were used as a negative control.
Plasmid Transfection—A549 cells were transfectedwith 3�g

of plasmid DNA using Lipofectamine 2000 according to man-
ufacturer’s instructions and used within 72 h.
Time-lapse Microscopy—Cells were transfected with siRNA

and plated into 24-well plates. Cultures were incubated for 24 h
and serum-starved overnight. Starved cultures were incubated
in either the absence or the presence of TGF-�1 (5 ng/ml).
Time-lapse movies were acquired over a period of 24 h using
the Axio Observer microscope equipped with an AxioCam

FIGURE 1. Zyxin is a direct target of TGF-�/Smad3-dependent signaling. A, schematic presentation of the zyxin promoter area. Positions of potential Smad3
binding are indicated relative to the transcription start site. Arrow indicates the transcription start site. ChIP analysis revealed Smad3 binding to the zyxin
promoter region after 30 min of TGF-�1 stimulation, as analyzed by the qRT-PCR method (zyx-1 and zyx-2 represent two different primer sets in zyxin promoter
region). The ChIP-qRT-PCR primers amplifying a fragment of Smad7 promoter were used as a positive control. Gray bars indicate Smad3 base-line binding to
the zyxin promoter in the untreated (UT) condition, whereas red bars indicate Smad3 binding after TGF-�1 stimulation. Data are presented as mean � S.D. **,
p � 0.01. B, A549 cells were either untreated or treated with TGF-�1, fixed, and immunostained with anti-zyxin antibody (green). Actin cytoskeleton was
visualized by Alexa Fluor 568 phalloidin staining (red), and nuclei were visualized with DAPI (blue). White arrows indicate zyxin localization. Scale bar: 10 �m.
C, immunoblot analysis of zyxin and VASP in untreated or TGF-�1-treated A549 cells. Densitometric analysis was used to determine the zyxin/actin and
VASP/actin ratios (ImageJ software). Data are shown as mean � S.E. D, A549 cells were cultured in either the presence or the absence of SIS3 inhibitor and
TGF-�1 for 24 h. Protein lysates were prepared and Western blotted using anti-phospho-Smad3, Smad3, or zyxin antibodies. �-Actin was used as a loading
control. E, A549 cells were transfected with control (ctr) or Smad3 siRNA, serum-starved, and then incubated with or without TGF-�1 for 24 h. The mRNA levels
of Smad3 and zyxin were quantified by qRT-PCR. Data are presented as mean � S.D. of three independent experiments; **, p � 0.01, ***, p � 0.001.
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camera (Carl Zeiss). Images were captured at 10-min intervals
and analyzed by AxioVision 4.0 software (Carl Zeiss). Cells
were tracked, andmigration velocity (�m/min) and persistence
(displacement/track length) were determined by ImageJ analy-
sis software (rsbweb.nih.gov/ij/).
Aggregation Assay—siRNA-transfected cells were tryp-

sinized, washed in PBS, and resuspended in normal growth
medium. 5 � 103 cells were suspended in each hanging drop
from the lid of a 24-well plate and incubated for 24 h at 37 °C
under an atmosphere of 5% CO2. Cells were subjected to the
shear force (passaged five times through a 200-�l pipette tip)
and imaged using a 10� phase contrast objective. For quantifi-
cation, individual fields of cells were counted after the shear
stress, and aggregation index was measured according to the
formula (Nt/N0), whereN0 is the total number of particles at the

start of incubation and Nt is the total particle number after the
incubation.
Calcium Switch Assay—Cells were transfected with specific

siRNA and allowed to form junctions. Transfected cells were
serum-starved and then treated with 4 mM EGTA for 30 min
followed by replacement of the fresh medium containing Ca2�

(1.8mM) to initiate junction reassembly. At the indicated times,
cells were fixed in 3.7% paraformaldehyde and processed for
immunofluorescent staining.
Wound Healing Assay—For wound healing migration assay,

cells were seeded on 24-well plates. Serum-starved confluent
monolayers were scratched with a fine pipette tip, and cell
migration in the presence or absence of TGF-�1 or inhibitory
antibody was visualized by phase contrast microscopy. Photo-
graphed wounds were analyzed by ImageJ software, and wound

FIGURE 2. Silencing of zyxin affects cell-cell junction integrity. A, A549 cells were transfected with the indicated siRNAs, starved, and then incubated in either
the absence or the presence of TGF-�1 for 24 h. Fixed and permeabilized cells were processed for fluorescence with antibodies recognizing p120 or E-cadherin
(both green). Nuclei were visualized with DAPI (blue). Scale bar: 20 �m. ctr siRNA, control siRNA; zyx siRNA, zyxin-specific siRNA. B, confluent siRNA-transfected
A549 cells were treated with EGTA-containing medium and then incubated with calcium supplemented medium for 1 h. Cell layers were fixed and stained for
p120. White arrows indicate formation of adherens junctions. Scale bar: 20 �m. C, cell aggregates were subjected to the phase contrast microscopy. The extent
of cell aggregation is presented by the ratio of the total particle number at time of incubation (Nt) to the initial particle number (N0). Lower levels represent
higher degrees of aggregation; Nt/N0 � 1 no cell-cell adhesion; Nt/N0 � 1 specific cell-cell adhesion. Results are presented as mean � S.D. of three independent
experiments; **, p � 0.01.
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closure was represented as a percentage of the initial wound
area.
Statistical Analysis—Data were presented as mean � S.D. or

mean � S.E., and analysis was performed using the Student’s t
test. A value of p � 0.05 was considered significant. All values
represent at least three independent experiments.

RESULTS

TGF-�1-induced Zyxin Expression Is Smad3-dependent—
The EMT process in A549 cells upon TGF-�1 stimulation was
characterized by changes in cell morphology, loss of the epithe-
lial marker E-cadherin, and expression of the mesenchymal
marker fibronectin (supplemental Fig. S1). Recently, with the
aim of identifying novel target genes of TGF-�1/Smad3 signal-
ing in lung epithelial cancer cells, we have performed a ChIP-
on-chip screen (23). Using this approach, the zyxin gene was
revealed as a novel target of Smad3-mediated TGF-�1 signal-
ing. To validate the binding of Smad3 to the zyxin promoter
region, the ChIP-qRT-PCR analysis was performed by using
primers specific to the zyxin promoter region (Table 1). The

strong Smad3 binding to the zyxin (zyx-1, zyx-2) promoter
regions was observed 30 min after TGF-�1 stimulation when
compared with untreated controls (Fig. 1A). Amplified pro-
moter region contained two Smad-binding elements, CAGAC
sequences. Primers for the Smad7 promoter region were used
as a positive control. Amplification of zyx-N promoter region
(negative control at about 1000 bp downstream of the Smad3
binding site) was the same in TGF-�1-treated and untreated
cells, indicating the specificity of Smad3 binding. We next
determined the effect of TGF-�1 stimulation on endogenous
zyxin expression levels in A549 cells. Increased levels of zyxin
and its binding partner VASP were detected at 24 and 48 h,
respectively (Fig. 1C). At 72 h after TGF-�1 stimulation, the
level of zyxin was barely detectable. Immunofluorescent stain-
ing of A549 cells also revealed TGF-�1-dependent increase in
zyxin expression and showed sustained actin stress fiber forma-
tion and its reorganization (Fig. 1B). The most apparent obser-
vation was that zyxin expression levels correlated with an
increase in Smad3 phosphorylation and its translocation to the
nucleus (supplemental Fig. S1). Therefore, to further demon-

FIGURE 3. Effect of zyxin depletion on cancer cell adhesion. A, A549 cells transfected with the indicated siRNAs were stimulated for 24 h with TGF-�1. Fixed
cells were stained with anti-VASP (red) or anti-paxillin (green) antibodies. Images were acquired by confocal microscopy. Scale bar: 20 �m. ctr siRNA, control
siRNA; zyx siRNA, zyxin-specific siRNA. B, cells were transfected with either control or zyxin-specific siRNA, serum-starved, and incubated in the medium with or
without TGF-�1 for 24 h. Cleared cell lysates were immunoblotted with anti-phospho-paxillin (Tyr118) (p-paxillin (Tyr118)), anti-paxillin, and anti-VASP anti-
bodies. Equal protein loading was confirmed by reprobing the stripped blots with an anti-�-actin antibody. Representative blots are shown. C, cells transfected
with either control or zyxin siRNA were grown in the absence or presence of TGF-�1 for 24 h. Transfected cells were plated onto fibronectin-coated wells. After
30 min, attached cells were stained with 0.1% crystal violet, and optical density was measured at 570 nm. Data represent mean � S.D. of three independent
experiments; ***, p � 0.001.
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strate the Smad3-dependent zyxin expression, we investi-
gated zyxin expression levels in the presence or absence of a
specific inhibitor of Smad3 (SIS3) or Smad3 siRNA. As
shown in Fig. 1D, the treatment of cells with 10 �M SIS3
inhibitor markedly reduced the TGF-�1-induced phosphor-
ylation of Smad3 and affected the endogenous expression of
zyxin protein. Likewise, siRNA-mediated silencing of Smad3
resulted in decreased zyxin mRNA levels even in the pres-
ence of TGF-�1 (Fig. 1E).
Zyxin Depletion Alters the Stability and Dynamics of Adher-

ens Junctions—To determine the precise role of zyxin in lung
cancer cells, we have used RNA interference to knock down
endogenous levels of zyxin. Because TGF-�1 induced changes
in cell morphology but did not promote a complete cell scatter-
ing, the expression and distribution of junctional markers were
studied by immunofluorescence microscopy. Cancer A549
cells treated with TGF-�1 for 24 h showed decreased protein
levels of E-cadherin and its internalization from cell-cell junc-
tions in both control and zyxin-silenced cells. In contrast,
junctional protein p120 persisted at cell-cell contacts upon
TGF-�1 stimulation in control siRNA-transfected cells.
Interestingly, the p120-positive junctions observed in zyxin-
depleted cells were “zipper-like” when compared with
scrambled siRNA-transfected cells that exhibited typical
“sealed” cell-cell contact phenotype (Fig. 2A). Moreover,
zyxin-depleted cells showed spindle shape-like morphology
(data not shown) and increased scattering upon TGF-�1
stimulation.
To determine whether zyxin is localized at adherens cell-cell

junctions, we have performed immunofluorescent staining. As
shown in supplemental Fig. S2, after TGF-�1 stimulation, zyxin
wasmostly found at places of focal adhesion but also at cell-cell
contacts co-localizing with junctional protein p120. Adherens
junctions are dynamic structures that undergo constant
remodeling. To test the involvement of zyxin in the formation
of adherens junctions, we next performed a Ca�2 switch assay.
A549 cell monolayers were placed in low calcium low medium
to disrupt cell-cell junctions and were switched to high calcium
medium to trigger junction reassembly. Most of the cells trans-
fected with scrambled control siRNA formed sealed cell-cell
contacts after 1 h in high calcium medium. In contrast, zyxin-
depleted cells were able to form just a few discrete adherens
junctions during the same period of time, suggesting zyxin
involvement in junction dynamics (Fig. 2B). The influence of
zyxin on adherens junctions was further confirmed by a cell
aggregation assay. Zyxin-depletedA549 cells exhibited reduced
aggregation capacity by 45% when compared with control
siRNA-transfected cells (Fig. 2C).
Formation of Focal Adhesions in Lung Cancer Cells Is

Zyxin-independent—Zyxin is present at places of mature focal
adhesion, crucial signaling components involved in cytoskele-
ton organization and cell migration. To explore the contribu-
tion of zyxin to lung cancer cell adhesion and motility, we
examined both the formation of focal adhesions and the local-
ization of zyxin-interacting partner VASP. Silencing of zyxin in
A549 cells followed by TGF-�1 stimulation resulted in marked
cell shape changes, increased cell scattering, and pronounced
diminution in VASP expression (Fig. 3, A and B). Of notice,

zyxin depletion and VASP down-regulation did not influ-
ence the formation and morphology of focal adhesions as
assessed by immunofluorescent staining and Western blot
analysis of focal adhesion protein paxillin. Likewise, TGF-�1
was shown to up-regulate paxillin levels in control cells,
whereas zyxin knockdown alone induced a significant
increase in paxillin expression.
The addition of TGF-� further elevated this effect (Fig. 3B).

Next, we examined the adhesion capacity of cells to fibronectin in
TGF-�1-free or supplemented cell culture medium. As shown in
Fig. 3C, a remarkable increase of cell adhesion to the fibronectin
(	35%)wasobserved in zyxin-depleted cellswhencomparedwith
control cells. Both zyxin and control siRNA-transfected cells
showednosignificantdifferences inadhesioncapacity to fibronec-
tin when grown without TGF-�1.

FIGURE 4. Zyxin mediates integrin �5�1 expression. A–C, A549, H2030,
and H1299 cancer cells were transfected with control (ctr) (gray bars) or zyxin
(zyx) (black bars) siRNA, serum-starved, and incubated in the absence or pres-
ence of TGF-�1 for 24 h. The mRNA levels of integrin �5 were quantified by
real-time qRT-PCR. Data are presented as mean � S.D. of three independent
experiments performed in duplicate; **, p � 0.01. Control and zyxin-depleted
A549, H2030, and H1299 cancer cells were grown in the absence or presence
of TGF-�1. Cells were lysed, and cleared lysates were immunoblotted with
anti-phospho-Src (Tyr416) (pSrc (Tyr416)), anti-Src, anti-integrin �5, or anti-
integrin �1 antibodies. Equal protein loading was confirmed by reprobing
the stripped blots with an anti-�-actin antibody. Representative blots are
shown.
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Zyxin Expression Modulates Integrin �5�1 Levels in Lung
Cancer Cells—To explore the functional specificity of TGF-�1-
induced zyxin expression, we examined protein levels of zyxin
and pSmad3 in the panels of NSCLC (A549, H2030, H441, and
H1299) and SCLC (DMS273 and H82) cell lines. All examined
cell lines responded well to TGF-�1 treatment and exhibited
prominent Smad3 phosphorylation. The expression profile of
zyxin correlated positively with the Smad3 phosphorylation in
most of the NSCLC and SCLC lines. Interestingly, TGF-�1
treatment did not markedly affect zyxin expression levels in
p53-null H1299 cells (supplemental Fig. S3). After identifying
TGF-�1-dependent zyxin expression in different lung cancer
cell subtypes and significantly higher adhesion of zyxin-de-
pleted cells to fibronectin, we sought to determine their integ-
rin expression profile. We observed striking differences in
integrin �5 and �1 expression levels when comparing zyxin-
depleted and control cancer cells, particularly upon TGF-�1
treatment (Fig. 4, A–C). Elevated integrin �5 cell surface
expression pattern in zyxin-depleted A549 cells was further
confirmed by flow cytometry (supplemental Fig. S4A). On the
other hand, zyxin overexpression did not remarkably influence
integrin �5 and integrin �1 mRNA levels in both TGF-�1-
treated and untreated conditions (supplemental Fig. S4B).
An important molecular hallmark of the integrin activation

state is the autophosphorylation of focal adhesion kinase

(FAK), which in turn phosphorylates Src protein. Because Src
catalytic activity is required for integrin-regulated events, we
next addressed the phosphorylation state of Src in zyxin-de-
pleted cancer cells. The phospho-Tyr-416 signal of Src protein
was higher in all zyxin-silenced cancer cells when compared
with control cells (Fig. 4, A–C). Control siRNA-transfected
cells were able to display only a slight increase in Src phospho-
rylation at position Tyr-416 after TGF-�1 stimulation.
Increased Cell Motility of Zyxin-depleted Cells Is Integrin

�5�1-dependent—To establish a role of zyxin in lung cancer
cell motility, zyxin-silenced and control A549 cells were moni-
tored by time-lapse microscopy over 24 h and tracked to deter-
mine their migration distance and velocity. The single cell
tracks of 80 cells assayed in three independent experiments
demonstrated a significant increase in migratory distance trav-
eled by zyxin-depleted A549 cells when compared with control
siRNA-transfected cells (Fig. 5), both under base-line condition
and after TGF-�1 addition. Analysis of cell velocity rates
revealed clear differences in the motility of zyxin-depleted cells
when compared with control cells. TGF-�1 treatment of zyxin-
silenced A549 cells increased their velocity by 	40% when
comparedwith control siRNA-transfected cells. Scratchwound
healing assay of confluent cell monolayers confirmed elevated
migratory ability of zyxin-depleted cells, notably after TGF-�1
addition (data not shown). Because cell proliferation over this

FIGURE 5. Zyxin regulates cancer cell motility. A549 cells transfected with the indicated siRNAs were incubated in the presence or absence of TGF-�1. Cells
were monitored by live cell microscopy acquiring an image every 10 min over a period of 24 h. Migration tracks of 80 cells from three independent experiments
are shown. Cell migration velocity was determined using ImageJ software. Data are presented as mean � S.D. of three independent experiments; **, p � 0.01.
ctr siRNA, control siRNA; zyx siRNA, zyxin-specific siRNA.
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period was negligible (data not shown), wound closure under
these conditions primarily reflected cell spreading and migra-
tion ability. To assess the functional importance of fibronectin-
specific receptor integrin �5�1 in the regulation of A549 cell
migration, we performed a scratch wound healing assay in the
presence of blocking antibody to integrin �5 or isotype control
IgG. An inhibitory antibody directed against �5 subunit was
used to block the function of �5�1-integrin complexes because
�5 subunit has only been found in�5�1-integrin complexes. As
shown in Fig. 6A, the capacity of wound closing of zyxin-de-
pleted cells after TGF-�1 treatment was markedly inhibited by
the blocking antibody to �5 integrin when compared with iso-
type IgG antibody-treated cells that exhibited almost 50% of
wound closure after 24 h. In contrast, no significant difference
in wound closing was observed between �5- and IgG-treated
zyxin-depleted cells under nonstimulated conditions. Given
that integrin engagement and activation induces Src tyrosine
kinase activity by enhancing phosphorylation at Tyr-416, we
examined the effect of �5 inhibitory antibody on the Src
phosphorylation levels in both zyxin-depleted and control
scrambled siRNA-transfected cells under TGF-�1-stimu-
lated condition. Depletion of zyxin led to an increase in Src

phosphorylation levels in isotype IgG (�IgG)-treated A549
cells. In addition, zyxin-depleted cells did not exhibit an
increase in Src phosphorylation when compared with control
cells when treated with the �5 inhibitory antibody (�ITG�5)
(Fig. 6B). Taken together, these observations suggest that
zyxin-mediated cell motility is highly dependent on integrin
�5�1 expression levels and their engagement.
Zyxin Expression Strongly Associates with pSmad3 Levels in

Mouse Model of NSCLC—To explore the expression levels of
zyxin and pSmad3 in the pathogenesis of NSCLC, we utilized
the 5-month-old K-rasLA2 mouse lung cancer model, which
harbors a targeted, latent K-ras G12D allele. These mice
develop multifocal lung tumors (Fig. 7A) in 100% of mice. We
found that all K-rasLA2 mice had significantly decreased zyxin
mRNA levels when compared with control wild type (WT)
mice. Reduced TGFbRII expression has been previously
reported in NSCLC samples and is associated with more
aggressive tumor behavior (48). Therefore, we sought to exam-
ine the TGFbRIImRNA levels in control and K-rasLA2mice. As
expected, TGFbRIImRNA levels were greatly decreased in lung
homogenates from the K-rasLA2mice (Fig. 7A). In addition, we
have found the lowest zyxin expression exclusively in the tumor

FIGURE 6. Zyxin-mediated cell motility is integrin �5�1-dependent. A, a scratch wound assay was carried out in confluent cultures of zyxin
siRNA-transfected A549 cells. An isotype control anti-IgG or anti-integrin �5 antibody (1:100) was added to the culture medium, and wound closure was
measured in the presence and absence of TGF-�1. The percentage of wound closure was determined 24 h after injury. Representative phase contrast images
of wounded areas are shown. Data are mean � S.D. from three independent experiments; ***, p � 0.001. B, A549 cells transfected with either control siRNA (ctr
siRNA) or zyxin siRNA (zyx siRNA) were grown for 24 h in TGF-�1-containing medium in the presence or absence of anti-integrin �5 inhibitory antibody. Anti-IgG
was used as an isotype control. Cells were lysed, and Western blotting was performed with whole cell lysates by using anti-integrin �5, anti-phospho-Src
(Tyr416) (pSrc (Tyr416)), or anti-Src antibody. Equal protein loading was confirmed by reprobing the stripped blots with an anti-�-actin antibody. Represent-
ative blots are shown. Densitometric analysis was used to determine the phospho-Src/Src ratio (ImageJ software). Data are shown as mean � S.E.; **, p � 0.01.
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areas when compared with a strong expression in healthy lung
tissue (Fig. 7, F–I). We also examined the levels of phosphory-
lated Smad3 proteins in the lungs of WT and K-rasLA2 mice. A
striking difference was observed not only in levels, but also in
localization of pSmad3, whereby high levels of nuclear pSmad3
were detected in healthyWTmouse lungswhen comparedwith
remarkable lower levels in K-rasLA2-derived tumors (Fig. 7,
B–E). Interestingly, only a few cells within the tumor dis-
played increased pSmad3 that mostly appeared as cytoplas-
mic staining.

DISCUSSION

In this study, we have demonstrated that the zyxin promoter
is a direct target of Smad3 after TGF-�1 treatment in NSCLC
cell line A549. The essential role of TGF-�1-mediated Smad3
activation has been well demonstrated in the EMT process
associated with tumor progression (4, 24, 25). However,
depending on the cell type and the local activity of TGF-�1,
TGF-�1 canhave both disease-preventing anddisease-promot-
ing effects (26–28). Although the TGF-�-mediated Smad sig-
naling has receivedmuch attention in the past years, non-Smad
signaling pathways take an important place in a context-spe-

cific fashion and can result in activation of different targets such
as PI3K, ERK1/ERK2, p38 MAPK, JNK, or small GTPases (7,
29). In the Smad-mediated pathway, phosphorylation of Smad2
and Smad3 after TGF-�1 stimulation induces their transloca-
tion to the nucleus, where they interactwith other transcription
factors that regulate transcription of TGF-�-responsive genes
(30, 31). Here, we showed that activation of Smad3 upon
TGF-�1 treatment in K-ras mutated NSCLC cells (A549,
H2030, and H441), resulted in prominent zyxin expression.
Importantly, TGF-�1-dependent zyxin regulation has also
been observed in two small cell lung cancer cell lines, indicating
that similar underlying mechanisms might regulate zyxin
expression in two primary types of lung cancer. In addition,
blockade of Smad3 phosphorylation or its expression abrogated
zyxin mRNA and protein levels, confirming TGF-�1/Smad3-
dependent zyxin regulation.
It is known that zyxin does not interact directly with actin

filaments, but can dock the proteins involved in cytoskeletal
organization and therefore regulate actin polymerization and
dynamics (13, 32, 33). Furthermore, TGF-�1 has been shown to
induce stress fiber formation in epithelial cells by Smad/p38
MAPK-dependent signaling, and thus controls cell motility

FIGURE 7. Decreased levels of zyxin and pSmad3 in K-rasLA2 model of lung cancer. A, qRT-PCR analysis for zyxin and TGFbRII mRNA levels in the lungs from
WT (n � 7) and K-rasLA2 (n � 5) mice; ***, p � 0.001. Photographs of WT and K-rasLA2 mouse lungs are shown. Arrows indicate tumor nodules in the K-rasLA2

mouse lungs. B–I, formalin-fixed sections of lung tissues from K-rasLA2 and WT mice were used for immunohistochemical analysis. Representative examples of
pSmad3 (brown) and zyxin (red) immunostaining are presented. Sections were counterstained using hematoxylin (blue). D, E, H and I, magnified images for the
boxed areas. The arrows indicate cells that show nuclear pSmad3 immunoreactivity (D). Scale bar: 20 �m.
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(10). We have shown here that the depletion of zyxin plays an
important role in regulating the integrity of cell-cell contacts,
which in turn affects TGF-�1-mediated cell motility. Impor-
tantly, several studies have described zyxin co-localization with
the VASP protein at cell-cell junctions and their importance in
actin filament formation and binding (33). Zyxin connection
with the VASP protein and actin filaments generates places of
relatively strong intercellular adhesions and prevents their dis-
sociation (17, 34). In contrast, zyxin localization at cell-cell con-
tacts was not observed in NMuMG cells (35), which suggests
the context- and cell-specific role of zyxin at cell junctions.
We further revealed that although TGF-�1 stimulation

induced down-regulation of E-cadherin and its internalization,
it had no significant effect on A549 cell junction morphology
and single cell scattering. This cell phenotype corresponds to a
partial EMT process, which is mostly characterized by the
maintenance of cell-cell adhesions and implicates an impor-
tant, but not crucial, role of E-cadherin in the regulation of
cellular contacts and induction of themesenchymal phenotype.
Furthermore, we showed that silencing of zyxin accompanied
by simultaneous TGF-�1 treatment led to p120 dissociation
and disassembly of adherens junctions. This effect correlated
with increased E-cadherin internalization; however, E-cad-
herin internalization itself was not sufficient to induce single
cell scattering.We also demonstrated that TGF-�1 stimulation
elevated zyxin expression, but also enhanced its localization to
focal adhesions and cell junctions. Interestingly, zyxin deple-
tion in A549 cells did not lead to changes in the formation of
focal adhesions or their morphology, although VASP accumu-
lation was reduced. This finding further indicates that the pres-
ence of VASP is not critical for the formation of focal adhesions
in lung cancer A549 cells. Consistent with this notion, several

studies have reported that zyxin depletion causes the mislocal-
ization of VASP, but does not interfere with the capacity of
Ena/VASP localization at the lamellipodial protrusions and
leading edge of migrating cell (36, 37). In fact, recruitment of
Ena/VASP proteins to the focal adhesions requires interactions
between their N-terminal EVH1 domain and proteins contain-
ing the FPPPP motifs such as zyxin and vinculin (38). Despite
these findings, more work will be required to identify the pre-
cise molecular mechanisms by which these molecules regulate
formation of focal adhesions.
Moreover, our study is the first to demonstrate that cytoskel-

etal protein zyxin can regulate integrin �5�1 levels. Knock-
down of endogenous zyxin induced significant expression and
activation of integrin �5�1, which resulted not only in
increased adhesion to the fibronectin, but also elevated cell
motility. The observed effect was even more prominent when
cells were treated with TGF-�1, suggesting a negative feedback
mechanism that involves a functional pathway linking zyxin to
the ability of TGF-�1 to control the integrin �5�1 expression
(Fig. 8).
Several hypothetical mechanisms have been proposed by

which zyxin could affect gene expression in different cell types
because it is also found in the cell nucleus (20, 39, 40). Thus, it is
tempting to speculate that zyxinmight act as an important reg-
ulator of TGF-�-induced integrin�5�1 expression in lung can-
cer cells. Most of the studies supported a role of TGF-�1 in
inducing the expression of several integrins, such as �5�1,
�V�6, �V�3, and �V�5, thereby enhancing themigratory phe-
notype of cells.
Intriguingly, it has been described that TGF-�1 alone in

many cases is not sufficient to drive single cell motility and that
other factors might be involved (41). TGF-�, in addition, can

FIGURE 8. Proposed model of zyxin-mediated lung cancer cell EMT. TGF-�1 increases zyxin expression, which balances integrin �5�1 (ITG�5�1) expression
and stabilizes cell-cell adherens junctions. In cancer epithelial cells during the EMT process, both zyxin expression levels and TGF-� signaling might be
deregulated. These processes contribute to the formation of loose cell-cell junctions, increased ITG�5�1 expression, and elevated cell motility.
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influence the A549 cell phenotype by stimulating fibronectin
production. In fact, remodeling of the extracellular matrix is a
cell-mediated process that involves integrins, such as �5�1,
which can promote formation of multimeric fibrils from
dimeric fibronectin (42). In line with other studies, we showed
that TGF-�1 not only regulated expression of EMTmarkers in
A549 cells, but also stimulated the expression of focal adhesion-
associated protein paxillin (43). Nonetheless, depletion of zyxin
in those cells caused elevated paxillin levels independently of
TGF-� stimuli. Strikingly, increased activation of Src protein
(upstream paxillin effector) in zyxin-silenced cells is likely due
to increased integrin �5�1 expression and its clustering on the
cell surface. These observations could at least partly explain the
undisturbed formation of focal adhesions and enhanced cell
adhesion to the fibronectin. Application of integrin �5 inhibi-
tory antibody prevented Src phosphorylation in zyxin-silenced
cells and decreased their migratory capacity.
Some previous studies have linked low zyxin expression lev-

els to bladder cancer progression and identified zyxin protein as
potential tumor suppressor in Ewing tumor cells and prostate
carcinomas (44–46). Our data show that lung tumors derived
form the K-rasLA2 mouse models exhibit dramatically reduced
levels of zyxin and nuclear pSmad3. Consistent with this find-
ing, it has been reported that Smad3 level decreases during
carcinogenesis in some tissues and that Smad3 protein levels
can be a crucial determinant of TGF-� responsiveness during
tumor progression (47). Analysis of K-rasLA2 mouse lungs also
revealed decreased levels of TGFbRII mRNA. Thus, it is inter-
esting to note that in the large number of human NSCLC sam-
ples, reduced TGFbRII expression is associated with more
aggressive tumor behavior (48).
In summary, our findings implicate zyxin in two widely

diverse activities, the regulation of cell-cell adhesion and
expression of integrin �5�1. These results provide novel, inter-
esting insights into the process underlying TGF-�-mediated
lung cancer cell adhesion andmotility. In that view, it would be
of interest to knowwhether zyxin plays a part in development of
lung cancer metastasis. We believe that further examination of
zyxin levels and its function in metastatic lung cancers will
answer these key questions.
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