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Abstract
The majority of lung cancers (LC) belong to the non-small cell lung carcinoma (NSCLC) type. The two main NSCLC sub-types,
namely adenocarcinoma (AC) and squamous cell carcinoma (SCC), respond differently to therapy. Whereas the link between
cigarette smoke and lung cancer risk is well established, the relevance of non-canonical Wnt pathway up-regulation
detected in SCC remains poorly understood. The present study was undertaken to investigate further the molecular events
in canonical and non-canonical Wnt signalling during SCC development. A total of 20 SCC and AC samples with matched
non-cancerous controls were obtained after surgery. TaqMan array analysis confirmed up-regulation of non-canonical
Wnt5a and Wnt11 and identified down-regulation of canonical Wnt signalling in SCC samples. The molecular changes were
tested in primary small airway epithelial cells (SAEC) and various lung cancer cell lines (e.g. A549, H157, etc). Our studies
identified Wnt11 and Wnt5a as regulators of cadherin expression and potentiated relocation of b-catenin to the nucleus as
an important step in decreased cellular adhesion. The presented data identifies additional details in the regulation of SCC
that can aid identification of therapeutic drug targets in the future.
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Introduction

Wnt Signalling
Wnt signalling regulates a variety of developmental processes
including cell fate specification, proliferation, polarity and
migration (reviewed in [2]). Wnt molecules trigger gene transcription via at least three signalling pathways: the canonical or batenin dependent, and two non-canonical pathways. When Wnts
bind to their trans-membrane receptors, Frizzleds (Fzd) and coreceptors, LRP5/6, signal transduction begins on the canonical
pathway. Once stabilized, non-degraded b-catenin molecules
move to the nucleus where they activate TCF-LEF-dependent
gene transcription. In the absence of Wnt signals, the cytoplasmic
b-catenin is subjected to phosphorylation in the APC-AxinGSK3b-complex [2] then to subsequent proteasomal degradation.
Upon non-canonical Wnt signals, the JNK/AP1 dependent,
planar cell polarity (PCP) and the PKC/CAMKII/NFAT dependent Ca2+ pathways are activated.

Lung cancer (LC) is the leading cause of cancer death worldwide [1]. About 80% of LCs belongs to the NSCLC type which is
erroneously considered as a single entity. The two main NSCLC
sub-types, namely AC that arises mostly in the peripheral airways
or the bronchio-alveolar region of the parenchyma, and SCC that
develops mainly in the proximal airways and affects mostly
cigarette smokers, differs not only in aggressiveness but responsiveness to chemotherapy, also. To make the overall picture
more complicated, there are an emerging number of combined
NSCLCs where malignant tumours are representing themselves as
adeno-squamous or mixed type LC. Not surprisingly, the
molecular background of AC and SCC development has been
a focus of intense investigation. In various studies Wnt signalling
has emerged as one of the potential regulators of the carcinogenic
process.
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Table 1. List of gene specific primers.

Gene

Accession number

Forward primer

Reverse primer

Product

b-actin(1)

NM_001101

59-CTGTGCTATCCCTGTACGCCTCTG-39

59-GTGATCTCCTTCTGCATCCTGTCG-39

541 bp

b-actin(2)

NM_001101

59-GCGCGGCTACAGCTTCA-39

59-CTTAATGTCACGCACGATTTCC-39

55 bp

E-cad

NM_004360

59-GACCGGTGCAATCTTCAAA-39

59-TTGACGCCGAGAGCTACAC-39

93 bp

N-cad

NM_002961

59-AGCTTCTCACGGCATACACC-39

59-GTGCATGAAGGACAGCCTCT-39

133 bp

S100A4

NM_002961

59-TGGAGAAGGCCCTG-39

59-CCCTCTTTGCCCGAGTACTTG-39

58 bp

aSMA

NM_001613.2

59-CCGACCGAATGCAGAAGGA-39

59-ACAGAGTATTTGCGCTCCGAA-39

88 bp

VIM

NM_003380

59-ATTCCACTTTGCGTTCAAGG-39

59-CTTCAGAGAGAGGAAGCCGA-39

97 bp

Wnt5a

NM_003392

59-TGGCTTTGGCCATATTTTTC-39

59-CCGATGTACTGCATGTGGTC-39

199 bp

Wnt11

NM_004626

59-CGTTGGATGTCTTGTTGCAC-39

59-TGACCTCAAGACCCGATACC-39

209 bp

doi:10.1371/journal.pone.0057393.t001

Wnt Signalling in LC

Primary Cells and Tissues

Analysis of gene expression data has revealed that Wnt pathway
activity can be strongly down-regulated in small cell lung cancer
(SCLC) through over-expression of inhibitory genes. Proof of
deregulation of specific Wnt molecules leading to oncogenic
signalling has also emerged. Frequent loss of Wnt7a mRNA was
demonstrated in some studies in LC cell lines and primary
tumours [3], and elevated levels of Wnt1 and Wnt2 [4,5] have also
been reported in NSCLC. NSCLC cells transformed with Wnt7a
showed inhibition of anchorage independent growth [6] supporting the theory that decreased Wnt7a levels are part of the
pathogenic profile of NSCLC. Furthermore, over-expression of
dishevelled (Dvl), a signal transducer from Wnt receptors, Fzd-s,
has been reported in 75% of NSCLC cases [7]. Down-regulation
of Wnt pathway antagonists like Dkk3 [8], WIF [9,10] and sFRP
[11] has also been described. When NSCLC is concerned, the
well-known epithelial-mesenchymal transformation (EMT) is
a characteristic feature [12] and is generally linked to increased
b-catenin dependent signalling [13]. Although b-catenin mutations in LC-s are relatively rare [14–16], up-regulation of
uncomplexed b-catenin without genetic alteration to b-catenin
itself was shown in a high proportion of human NSCLC primary
tumours and tumour cell lines [17]. Recently, comparative
microarray and pathway analysis of both AC and SCC samples
[18,19] have identified activation of the non-canonical Wnt
signalling pathway as a main regulator of SCC development.
In the present study, the role of Wnt signalling was investigated
further using primary tumours and non-cancerous lung tissues,
human AC and SCC lung cancer cell lines as well as commercially
available, non-cancerous, primary small airway epithelium
(SAEC).

Normal small airway epithelial cells (SAEC) were commercially
available (Lonza) and were isolated from lungs of multiple random
donors of different sexes and ages by Lonza.
Tumour types were determined in the Department of Pathology, University of Pecs, Hungary. A total of 20 squamous and
adeno lung carcinoma samples with matched normal lung samples
were obtained after surgery based on the availability of frozen
tissue for molecular analysis. Samples were also formalin fixed and
paraffin-embedded to be sectioned at 5 mm and stained with
hematoxylin and eosin (HE) for light microscopy. Following
analysis, samples were grouped as SCC vs AC according to the
World Health Organisation (WHO) classification [21] by a dedicated lung pathologist.

Cell Cultures
SAEC cultures were maintained at 37uC and 5% CO2 content
in a humidified atmosphere. For initial expansion primary SAEC-s
were seeded onto 6-well plates (100 000 cells/well) and cultured in
Small Airway Growth Medium (SAGM) (Lonza). For treatment
SAEC-s were cultured in 24-well plates in SAGM. All other cell
types (A549, H157, Wnt11-A549) were cultured in DMEM or
RPMI supplemented with 10% FCS and were maintained at 37uC
in 5% CO2 content in a humidified atmosphere.

Recombinant Proteins, siRNA and Chemicals
Purified, recombinant Wnt11 was purchased from R&D
Systems and used at two different concentrations (0.1 and
1.0 mg/ml) for treatment of cell cultures. siWnt11 and control
siRNA were obtained from Invitrogen to knock down Wnt11
expression. 100 nmol negative control and Wnt11-specific Cy3
labelled siRNA oligos were transfected into target cells using
Lipofectamine 2000 transfection reagent following the manufacturer’s instructions (Invitrogen). Uptake of the labelled oligonucleotides was tested using fluorescence microscopy. Cells were
lysed 36 hours after transfection for RNA isolation and cDNA
synthesis. qRT-PCR was used to determine Wnt11 mRNA levels
in transfected samples. b-catenin inhibitor IWR-1 was purchased
from Sigma, dissolved in DMSO and used at the final
concentration of 1.0 mg/ml.

Materials and Methods
Ethics Statement
Lung tissue samples were collected during lung resections at the
Department of Surgery, University of Pecs, Hungary. The project
was approved by the Ethical Committee of the University of Pecs.
Patients had given written consent to provide samples for research
purposes. All collected samples were treated anonymously.

Cell Lines
Immunohistochemistry and Immunofluorescent Staining

Human lung cancer cell lines A549 (AC), and H157 (SCC) were
obtained from the American Type Culture Collection (Rockville,
MD). Transgenic cell line Wnt11-A549 was created in our
laboratory using lentiviral transgenesis [20].
PLOS ONE | www.plosone.org

Sections of primary lung tissues were permeabilized in PBS
buffer containing 0.1% saponine and 5% bovine serum albumin
for 30 minutes then incubated in primary anti-Wnt11 (AbCam),
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Figure 1. Level of Wnt signalling molecules in AC and SCC. Pooled cDNA of 12 AC, 8 SSC samples were targeted to gene expression analysis
using a commercially available Taqman array. Four housekeeping genes were used (18S, GAPDH, HPRT1, GUSB). A: Expression profile of AC. Pooled
cDNA of autologous normal tissue samples of the same AC patients served as reference. Note the increased level of the canonical Wnt-7b, and the
receptor Fzd-3. (For the list of all gene expression changes see Table S1). B: Gene expression levels of SCC. Pooled cDNA of autologous normal tissue
samples of the same SCC patients served as reference. Note the upregulation of the non-canonical Wnt5a and the canonical pathway inhibitor Dkk-1,
along with increased level of Fzd-10 gene expression. (For the list of all gene expression changes see Table S2). C: Gene expression of SCC compared
to AC. Note the increased level of non-canonical Wnts (Wnt5a and Wnt11), several receptors (Fzd-7, -9, -10), a canonical pathway inhibitor (Dkk-1) and
an inhibitory receptor (Krm2). (For the list of all gene expression changes see Table S3). D and E: Immunohistochemical staining of primary control
(Panel D) and AC (Panel E) tissues for Wnt11. Note the higher Wnt11 expression in the tumours emphasizing the relative nature of the initially
identified differences at mRNA level. Images shown are representatives of three independent stainings. F: Wnt11 gene transcription was also
measured in an AC (A549) and an SCC (H157) cancer cell line. Note the higher Wnt11 levels in the observed cancer cell lines compared to the normal,
non-cancerous pulmonary epithelium (SAEC). The AC cell line showed a more pronounced increase in Wnt11 expression than the SCC cell line. (The
results are representative of three independent experiments where the non-cancerous control (SAEC) was derived from three individual donors of
different ages).
doi:10.1371/journal.pone.0057393.g001

then in anti-rabbit-HRP secondary antibodies for 1 hour each.
To ensure the comparability of expression levels, all images
were captured with the same exposition settings. For b-catenin
staining of SAEC, normal A549, Wnt11-A549 and H157 cells:
10000 cells/cm2 were seeded and cultured for 24 h on 4-well
culture slides (BD-Falcon). The monolayer cell cultures were
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fixed with 4% formaldehyde and permeabilized with PBS
containing 0.1% Triton-X and 5% BSA. Murine anti-b-catenin
IgG1 mAb (Santa Cruz) (1:50) and donkey anti-murine IgG
secondary antibody conjugated to NorthernLight 557 (R&D
Systems) (1:200) were used for immunofluorescent labelling;
nuclei were counterstained with DAPI. Images were acquired
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Figure 2. Effects of Wnt11 and Wnt5a in tumour development. A: Effects of Wnt11 overexpression and suppression in A549 AC cell line. Gene
expression of A549-GFP and A549 treated with control siRNA served as reference, respectively. Note the decreased expression of E-cadherin in
Wnt11-A549 (p,0.011), and the increased E-cadherin level following siWnt11 treatment (p,0.006). B: Recombinant Wnt11 treatment of SAEC
cultures. Gene expression of untreated control cells was used as reference. Note the concentration dependent ‘‘cadherin switch’’ upon rWnt11
treatment. (Data are representative of five independent experiments where SAEC was used of five individual donors of different ages and sexes). C:
Expression of E- and N-cadherin in primary adenocarcinoma lung tissue sample compared to its healthy autologous control pair. Data are
representative of the analysis of three independent tissue pairs. D: Recombinant Wnt5a treatment of SAEC cultures. Gene expression of untreated
control cells was used as reference. Note the concentration dependent ‘‘cadherin switch’’ upon rWnt5a treatment. (The presented data are
representative of five independent experiments where SAEC was used as control of five individual donors of different ages and sexes). E: Invasion
assay. The A549 AC cell line that expresses high levels of Wnt11 is more invasive than the H157 SCC cell line with lower expression of Wnt11
(p,0.008). F: Invasion assay. Primary non-cancerous SAEC were treated with 1 mg/ml rWnt11 and rWnt5a for three days prior to the assay. Only the
rWnt5a treated SAEC migrated faster than the non-treated control cells. (The results are representative of three independent experiments where
SAEC was used from three individual donors of different ages).
doi:10.1371/journal.pone.0057393.g002

cancerous controls) using NucleoSpin RNAII kit (MachereyNagel) with on-column DNase digestion. cDNA was prepared
from RNA samples with MMuLV reverse transcriptase kit
(Thermo Scientific). Real-time quantitative RT-PCR examinations were carried out using ABsolute QPCR SYBR Green Low
ROX master mix (ABGene) and an Applied Biosystems 7500
thermal cycler system. The sequences and data of primers are
listed in Table 1.

using an Olympus IX-81 light and fluorescent or a confocal
microscope, then densitometry was performed.

RNA Isolation, Preparation of cDNA, TaqMan Array and
quantitative RT-PCR
Total RNA was prepared from cell cultures and primary lung
resections (SCC and AC samples and their respective non-
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Figure 3. Effects of b-catenin inhibition on cadherin gene expression. Suppression of canonical Wnt signalling in SAEC using 1 mg/ml IWR-1
inhibitor or DMSO as diluent control. Gene expression of non-treated SAEC was used as reference. Note the increased E-cadherin and decreased Ncadherin mRNA expressions. (The results are representative of three independent experiments where SAEC was used from three individual donors of
different ages).
doi:10.1371/journal.pone.0057393.g003

the filters. Five separate microscopic fields were counted on each
membrane.

Quantitative real-time RT-PCR data were analyzed by delta Ct
(dCt) and Relative Quantity (RQ) methods as suggested by
Applied Biosystems using the 7500 System SDS Software. Briefly,
Ct values were determined for each sample using an automatic
threshold level determined by the 7500 System SDS Software.
Delta Ct (dCt) values were determined according to the following
formula: dCt(target gene) = Ct(target gene) – Ct(housekeeping
gene). Changes in gene expression are shown as RQ values
calculated using the formula below: RQ = 22ddCt, where ddCt
values were calculated as ddCt = dCt(sample) – dCt(reference
sample).
TaqManHArray Human WNT Pathway 96-well Plate
(4414100)–the gold standard of specificity and sensitivity in
real-time PCR was purchased from Applied Biosystems. The
array also contained 4 housekeeping genes including 18S, bactin (ACTB), Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) and hypoxanthine phosphoribosyltransferase (HPRT).

Statistical Analysis
Where it is applicable, data are presented as mean +/2
standard deviation (SD), and the effects between various experimental groups were compared with the Student t-test. p,0.05
was considered as significant.

Results
Wnt Signalling Molecules are Differentially Expressed in
AC and SCC
Using a commercially available Wnt Taqman array system,
differences between canonical and non-canonical Wnt pathway
activities were studied in AC and SCC samples, respectively.
Sample pairs included pooled cDNA of primary AC (12) or SCC
(8) samples and their respective tissue autologous, non-cancerous
controls. The read-outs were matched to all four housekeeping
genes of the array to focus on the largest of differences in gene
expression.
Increased transcription of the canonical Wnt-7b ligand and
a Wnt receptor Fzd-3 was detected in pulmonary AC-s along with
drastic down-regulation of canonical pathway inhibitors
(Figure 1A). In contrast, activation of the non-canonical Wnt5a
and canonical pathway inhibitor Dkk-1 along with up-regulation
of Fzd-10 gene transcripts were measured in SCC samples
(Figure 1B).
When gene expression profiles of non-cancerous control tissues
of the two different tumour types were compared, no characteristic
genes or molecular patterns were identified as potential initiators
of AC or SCC development (data not shown).
However, comparative analysis of AC and SCC tumour samples
emphasized additional differences between the two NSCLC
subtypes. Much higher levels of an additional non-canonical
Wnt, Wnt11, several receptors (Fzd-7, -9, Fzd-10) as well as
increased levels of canonical pathway inhibitor Dkk-1 and

Matrigel Invasion Assay
A549, H157, SAEC, rWnt5a (0.1 and 1.0 mg/ml) and rWnt11
(0.1 and 1.0 mg/ml)-treated SAEC were used in the invasion
assays. SAEC were pre-treated with rWnt5a and rWnt11 for 72
hours before tested in the invasion assay. Cells were cultured in
DMEM/RPMI/SAGM, respectively supplemented with 10%
FCS and were maintained at 37uC in 5% CO2 content in
a humidified atmosphere. Invasion assays were carried out in 24well Matrigel invasion chambers (BD BioCoat Matrigel) with 8.0mm filter membranes. After rehydration of the chambers,
membranes were transferred to the wells containing 750 ml of
DMEM/RPMI/SAGM supplemented with 10% FCS as a chemoattractant. Cells (56104) in 500 ml of FCS- or growth-factorfree DMEM/RPMI/SAGM were added into each of the
chambers. After 24 hours incubation the non-invading cells on
the upper side of the chamber membranes were removed. The
invading cells to the opposite side of the chamber membranes were
fixed in 4% paraformaldehyde and were stained using hematoxilin-eosin. The total number of invading cells was determined by
counting the number of cells that migrated to the lower surface of
PLOS ONE | www.plosone.org

5

March 2013 | Volume 8 | Issue 3 | e57393

Wnt Signalling in Squamous Cell Lung Carcinoma

PLOS ONE | www.plosone.org

6

March 2013 | Volume 8 | Issue 3 | e57393

Wnt Signalling in Squamous Cell Lung Carcinoma

Figure 4. Localization of b-catenin. A: Immunofluorescent staining of SAEC. B: Immunofluorescent staining of normal A549. C:
Immunofluorescent staining of Wnt11 overexpressing A549. D: Immunofluorescent staining of H157 monolayer cell cultures. (60x image, red: bcatenin, blue: DAPI). Note the dramatic increase in nuclear localization and the decrease in cellular membrane localization of A549 AC, Wnt11-A549
and H157 SCC cell lines compared to the normal pulmonary epithelium (SAEC). Data presented are representative of three independent experiments.
E: Densitometry of immunofluorescent images of SAEC, A549, Wnt-11-A549 and H157 cells. Note the increased nuclear localization of b-catenin
particularly in the Wnt11-A549 cell line. (M: cellular membrane, CS: cytosol, N: nucleus).
doi:10.1371/journal.pone.0057393.g004

inhibitory receptor Kremen (Krm2) were detected (Figure 1C) in
SCC.
Although up-regulation of the non-canonical Wnt pathway has
been identified in previous studies as a general trend in gene
expression alterations during SCC development, the precise role
for specific molecules in the carcinogenic process has rarely been
defined. One of the enigmatic molecules in the carcinogenic
process of SCC is Wnt11. As Wnt11 up-regulation in SCC was
detected only as relative to AC, we theorized that Wnt11 might
have some general role in tumorigenesis. To investigate whether
Wnt11 protein is present in ACs, AC samples were tested for
Wnt11 protein expression. Primary non-cancerous control
(Figure 1D) and AC (Figure 1E) tissues were stained for Wnt11
using immunohistochemistry. Wnt11 was detected in both normal
and cancerous samples, although at higher levels in the tumours.
The results emphasized that Wnt11 is necessary for the normal
homeostasis of the tissue and its increased expression in the
tumour correlates with the carcinogenic process. The relative
nature of Wnt11 expression was further confirmed, when Wnt11
gene transcription was measured in an AC (A549) and an SCC
(H157) cancer cell line. While Wnt11 levels were higher in both
A549 and H157 than in normal, non-cancerous SAEC, several
fold increase was detectable in Wnt11 mRNA expression in the
AC (Figure 1F) than in the SCC cell line.
To find out more about the role of Wnt11 and potentially
Wnt5a in the carcinogenic process, further studies were performed.

Wnt11 and Wnt5a in NSCLC
To examine the role of non-canonical Wnts in LC development,
first Wnt11 levels were modified in the A549 cell line using
lentiviral transgenesis for overexpression and commercially available siWnt11 for transient suppression of Wnt11 (Figure S1).
As in a limited number of previous studies Wnt11 has been
implicated as a regulator of EMT (Zhang, JBC, 2012), several
EMT molecular markers including S100, aSMA, and VIM were
measured. Only E- and N-cadherin mRNA levels changed
significantly in Wnt11 overexpressing-A549 cells (Figure 2A),
drastically decreasing E- and increasing N-cadherin expression. In
contrast, transient inhibition of Wnt11 translation using siWnt11
could only increase E-cadherin mRNA transcription while Ncadherin levels remained unchanged implicating E-cadherin as
a Wnt11 target (Figure 2A). To test whether Wnt11 has a similar
effect in primary pulmonary epithelium, SAEC-s presenting mixed
epithelial phenotypes (Figure S2) were treated with different
concentrations (0.1 and 1.0 mg/ml) of purified recombinant
Wnt11. The experiments provided further evidence that Wnt11
regulates cadherin levels (Figure 2B) as E-cadherin expression
decreased, while N-cadherin mRNA levels increased in Wnt11
treated SAEC-s in a concentration dependent manner. To
investigate E- and N-cadherin expression in AC-s where Wnt11
protein levels are higher than in their non-cancerous autologous
controls (Figure 1D and E), qRT-PCR analysis was performed. In
the Wnt11 enriched environment of AC-s, both E- and Ncadherin levels were higher than in the non-cancerous control
tissues (Figure 2C) indicating Wnt11 as a regulator of cadherin

Figure 5. Predicted molecular pathway interactions during SCC development.
doi:10.1371/journal.pone.0057393.g005
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increase was detected in nuclear localization of b-catenin in
Wnt11-A549 AC and in the H157 SCC cell lines while no
significant amount of b-catenin was detected in their cellular
membranes indicating severely weakened cellular adhesion.

expression and emphasizing the regulatory role of additional
factors present in the molecular microenvironment of the tissue.
Based on the literature [22] Wnt5a and Wnt11 can support or
even replace one another in vivo while controlling tissue development and functions, therefore the effect of Wnt5a was also
tested on E- and N-cadherin expression. Similarly to rWnt11,
rWnt5a (0.1 and 1.0 mg/ml) was able to down-regulate E- and upregulate N-cadherin expression in primary SAEC (Figure 2D).
To investigate whether added Wnt11 or Wnt5a can modulate
E- and N-cadherin expression in LC cell lines, both A549 and
H157 cell lines were exposed to rWnt5a and Wnt11 at the
concentration of 0.1 and 1.0 mg/ml. Added rWnt5a to AC cell line
was able to further decrease E-cadherin, and had no significant
effect on N-cadherin, while rWnt5a had no significant effect on
either genes in the H157 cell line. Added rWnt11 in the H157
SCC cell line increased N-cadherin expression and had no effect
on the already non-detectable E-cadherin levels (Figure S3).
As current literature concerning the role of Wnt5a and Wnt11
in cadherin regulation [23,24] and therefore in cellular motility is
contradicting, an invasion assay was performed, where nontreated primary SAEC, rWnt5a and rWnt11 treated SAEC as well
as A549 AC and H157 SCC cells were tested (Figure 2E, 2F). In
the invasion assay the A549 cell line that expresses Wnt11 at high
levels moved much faster than the H157 cell line that highly
expresses Wnt5a (Figure 2E). In contrast, rWnt5a treated noncancerous SAEC were more invasive than the rWnt11 treated
SAEC which were not moving faster than the controls (Figure 2F),
indicating that primary, non-cancerous cells might require
additional signals or longer exposure to Wnt11 to achieve
increased motility.

Discussion
Malfunction of genes and pathways controlling developmental
processes have long been studied in association with cancers.
Malfunction of Wnt related events have frequently been singled
out as one of the causes of carcinogenesis. While Wnts seem to be
important in the carcinogenic process of LC-s also, the complex
molecular background of mixed LC types has been notoriously
difficult to decipher.
Recent studies, including our TaqMan analysis, confirmed
a differential molecular background to NSCLC sub-types AC-s
and SCC-s involving up-regulation of canonical signalling in AC-s
[26] and increased non-canonical Wnt signalling in SCC-s. While
these results should be sufficient enough to identify additional
therapeutic targets that could aid development of effective
therapies, the underlying molecular complexity of AC and SCC
works against this goal. In the present study we aimed to provide
further details to the molecular background of pulmonary
carcinogenesis and to connect individually observed molecular
alterations during the process.
Similarly to previous studies, our experiments detected a marked
increase in Wnt5a levels in SCC. As Wnt5a is a regulator of
fibroblast proliferation and resistance to apoptosis [27] increased
tissue mass of tumours with high Wnt5a levels is understandable.
Interestingly, the role of Wnt5a in carcinogenesis is still
ambiguous, as it can exhibit tumour suppressor activities in some
cancers, like thyroid, brain, breast and colorectal, but is aberrantly
up-regulated and associated with tumour progression in cancers of
the lung, stomach and prostate. Increased Wnt5a levels in SCC
samples might also be significant as an inducer of LC, as cigarette
smoke extracts [28] trigger Wnt5a expression in various types of
exposed tissues including macrophages and cells of epithelial
origin. Comparative analysis of gene expression in AC and SCC
tumour tissues has additionally identified Wnt11 and its receptor
Fzd-7 [29] as potential regulators of SCC development. However,
while the increase in Wnt5a levels was specific to SCC, the Wnt11
increase was only relative to AC. Similarly to SCC, AC-s had also
shown up-regulated Wnt11 levels indicating a general role for
Wnt11 in the carcinogenic process. Our studies using primary
pulmonary epithelial tissues as well as cell lines identified Wnt5a
and Wnt11 as regulators of cadherin expression, most likely the
‘‘cadherin switch’’ that is a characteristic marker of tumour
progression. Our studies also confirmed that the effects of both
Wnt5a and Wnt11 are concentration dependent and presumably
modified by additional microenvironmental signals. Perhaps even
a combination of Wnt5a/Wnt11 in SCC and Wnt7b/Wnt11 in
AC. The additional signals could also include for example different
levels of Wnt11 receptor Fzd-7 in NSCLC sub-types that was
detected in the AC and SCC samples (unpublished observations),
as well as activators of e.g. the SP1, AP1 or AP2 transcription
factors that could modify Wnt5a transcription. As Wnt5a can also
activate gene transcription via AP1, SCC tumour development
might be associated with an auto-regulatory loop of Wnt5a.
According to the literature, Wnt5a dependent E-cadherin downregulation, however, is independent of the canonical Wnt pathway
in melanoma type skin cancer and favours the PKC dependent upregulation of a transcriptional repressor, Snail [30]. Addition to
modification of cadherin expression, both Wnt5a and Wnt11
adjusted b-catenin localization, redirecting b-catenin from cellular

Inhibition of Canonical Wnt Signalling and b-catenin
Localization
In the TaqMan array of SCC samples, apart from up-regulation
of non-canonical Wnt-s, suppression of canonical Wnt signalling
was also detected that might have an important role in modulating
the tissue’s microenvironment.
As the Wnt11 promoter contains two conserved Tcf/LEF
binding sites and two conserved GATA sites, canonical Wnt
signals and GATA family members can regulate Wnt11
transcription directly. In contrast, the Wnt5a promoter region
harbours numerous cis-acting elements including several GC boxes
and Sp1, AP1, and AP2 binding motifs [25]. To test how b-catenin
activity affects Wnt11 and Wnt5a expression as well as cadherin
mRNA levels, cells were treated with a b-catenin inhibitor, IWR-1
(1.0 mg/ml) for 24 hours. Inhibition of b-catenin function resulted
in increased expression of E- and reduced N-cadherin expression
(Figure 3), while both Wnt11 and Wnt5a transcription was slightly
reduced (data not shown).
Additionally, b-catenin is not only important in the regulation of
gene transcription but also in cellular adhesion. b-catenin
associates with the cytoplasmic domain of cadherin and directly
links to the actin cytoskeleton through a-catenin in a dynamic
cadherin adhesion complex. Localization of b-catenin protein
therefore was investigated in primary, non-cancerous SAEC
(Figure 4A), A549 AC cell line (Figure 4B), Wnt11-A549
(Figure 4C) and an SCC cell line, H157 (Figure 4D). Cells were
stained for b-catenin using protein specific antibody and the
nucleus with DAPI, then staining intensity was scanned in a crosssection of the cells (Figure 4E). In the normal pulmonary
epithelium, SAEC, b-catenin staining was strong in the cellular
membrane and not in the nucleus indicating that b-catenin acts
primarily in cellular adhesion and much less of the protein is
involved in forming a transcription complex. In contrast, dramatic
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Although further studies are clearly required, by highlighting
the overlapping function of molecular pathways of LC-s, our work
has provided additional facts to aid better understanding of the
molecular background of NSCLC sub-types which might help
development of curative therapies in the future.

adhesion foci to the nucleus. The fact that Wnt11 can loosen
cellular adhesion is not a novel concept. Previous studies have
found that Wnt11 can promote ubiquitination and therefore
degradation of the focal adhesion protein paxillin supporting
turnover of focal adhesions which process is required for cell
migration [31].
As an additional factor, a general down-regulation of canonical
Wnt signalling was also detected in SCC. To investigate the
potential significance of canonical Wnt pathway suppression, bcatenin was chemically inhibited in cell lines and in primary
pulmonary epithelial cells, then Wnt5a and Wnt11, E-and Ncadherin expression was studied. While Wnt11 and Wnt5a levels
were slightly suppressed upon b-catenin inhibition, E-cadherin was
up- and N-cadherin was down-regulated. While the outcomes of
the above experiments are in agreement with previous description
of non-canonical Wnt signalling regulation, it doesn’t provide
explanation for our results of primary tissues where up-regulation
of non-canonical Wnts with parallel down-regulation of the
canonical Wnt pathway was detected. Although further studies
are essential, our observations in primary tumours are not unique
in lung SCC, as a similar molecular pattern was detected in nonmelanoma type, squamous cell skin cancer [32] also.
While the main molecular trends in AC and especially in SCC
development are apparent, gene expression changes that are
currently unexplained might hold the key to effective therapeutic
design. Unfortunately, detailed analysis of all identified molecular
alterations has gone way beyond the scope of the present study one
can still hypothesise about important future directions of the
investigation. In contrast to SCC for example, development of AC
is orchestrated by de-regulation of canonical Wnt pathway
suppressors and up-regulation of Wnt7b, a lung epithelium-linked
Wnt [33,34]. It has also been determined that Wnt7b promoter
activity is regulated by a homeo-domain transcription factor,
TTF1 (Thyroid Transcription Factor 1) [33], responsible for
alveolar epithelial development, indicating that mutation or
malfunction of TTF1 might be responsible for AC-type carcinogenesis. Emphasizing the complex regulation of LC development,
increased mRNA expression of Fzd-3, a natural receptor for
Wnt5a [35] was also detected in AC-s, rather than in SCC
although the significance of this finding is unclear. Meanwhile,
Fzd-10, a receptor for Wnt7a [36–38] as well as Wnt7b [38]
showed an increase in SCC. Whether Fzd-10 up-regulation is
a sign of compensatory attempt for inhibited canonical Wnt
signalling is awaiting further experimentation. Additionally, high
levels of Wnt6 were also detected in SCC samples. Based on
studies in human gastric cancer (GC) cells, WNT6 was able to
increase resistance to apoptotic cell death induced by chemotherapeutic agents and enhance resistance of GC cells to anthracycline
drugs [39]. Whether Wnt6 is involved in regulation of drug
resistance in LC remains to be seen. Based on the summary of
present findings one potential target in lung SCC therapy could
involve AP1 induced gene transcription using the dominant
negative c-jun as transcriptional repressor as in the transgenic
TAM67 (dominant-negative c-Jun) mouse model both skin [40]
and lung cancer tumour progression was successfully inhibited as
a result of interference with Wnt5a signalling [41].
In summary (Figure 5) we theorize that cigarette smoke triggers
up-regulation of Wnt5a that initiates proliferation and aids
suppression of canonical Wnt signalling that leads to decreased
participation of b-catenin in cellular adhesion. Increased Wnt11
ratio decreases cellular adhesion even further by suppressing Ecadherin expression, by reducing b-catenin molecules in anchorage function and by inducing degradation of the focal adhesion
protein paxillin.
PLOS ONE | www.plosone.org

Supporting Information
Figure S1 Wnt11 overexpression and suppression in
A549 cells. A549 pulmonary adenocarcinoma cells were
transfected with a lentiviral bicistonic construct encoding fulllenght Wnt11-IRES-GFP. Control A549 cells were transfected
with GFP only. A: Quantitative RT-PCR measurement of Wnt11
mRNA levels in A549 and Wnt11-A549 cells. B: Detection of
Wnt11 protein by Western blotting. A549 cells were lysed in SDS
sample buffer containing 10% 2-ME and heated for 5 minutes at
95C. Then SDS-PAGE was performed and proteins were blotted
onto nitrocellulose membrane. Membrane was blocked in TBS
containing 2% BSA and 0.1% Tween 20. Rabbit anti-Wnt11 pAb
(Abcam) and mouse anti-b-actin mAb (Sigma) primary antibodies
were used. HRP labelled antibodies specific for rabbit and mouse
IgG, respectively, were used as secondary reagents. Blots were
visualized using the chemiluminescent Supersignal Kit (Pierce). C:
transfection efficiency of cy3 labelled siRNA-s was monitored
using fluorescence microscopy. D: Quantitative RT-PCR measurement of Wnt11 mRNA levels in control and siWnt11-A549
cells.
(TIF)
Figure S2 Expression profile of various epithelial
markers in SAECs. mRNA levels of SAEC were measured
with qRT-PCR for the following types of epithelial markers of
commercially obtained SAEC: AQP3: Aquaporin 3 (NM_004925,
AGCCCCTTCAGGATTTCCA-GACCCAAATTCCGGTTCCA, 86 bp); AQP4: Aquaporin 4
(NM_004028,
GCGAGGACAGCTCCTATGATACTGGTGCCAGCATGAATC, 110 bp); AQP5: Aquaporin 5
(NM_001651.2, CCCTGCGGTGGTCATGA-ATGGGCCCTACCCAGAAAAC, 60 bp); MUC-1: Mucin 1, cell surface
associated
(NM_001204286.1,
CTCATTGCCTTGGCTGTCTGT-GATGTCCAGCTGCCCGTAGT, 57 bp); FOXJ1: Forkhead box protein
J1
(NM_001454,
CGAGGCACTTTGATGAAGCCAACTTCTGCTACTTCCGCC, 110 bp); CC10: Clara cell
10
(NM_003357.4,
CGAGGCACTTTGATGAAGCCAACTTCTGCTACTTCCGCC, 135 bp). Relative b-actin
was used as the normalizer gene (SD from duplicate readings).
The results indicated a mixed phenotype of SAECs. The present
figure is a representative of three separate tests.
(TIF)
Figure S3 rWnt treatment of A549 and H157 cell lines.
A: rWnt5a treatment of the A549 AC cell line. Note the decreased
expression of E-cadherin and the slight increase in N-cadherin
expression. B: rWnt11 treatment of the H157 SCC cell line. Note
the lack of E-cadherin and increased N-cadherin expression. C:
rWnt5a treatment of the H157 SCC cell line. Note the lack of Ecadherin and increased N-cadherin expression.
(TIF)
Table S1 Comparative analysis of primary lung adenocarcino-

ma (AC) samples to their tissue autologous controls.
(DOCX)
Table S2 Comparative analysis of primary lung squamous cell

carcinoma (SCC) samples to their tissue autologous controls.
(DOCX)
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Table S3 Comparative analysis of primary lung squamous cell
carcinoma to adenocarcinoma samples.
(DOCX)
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