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Anna Baron§, Lynne Bemis*, Paul Erickson*, Elizabeth Wilder¶, Anil Rustgi�, Jan Kitajewski**, Edward Gabrielson††,
Roy Bremnes‡‡, Wilbur Franklin‡‡, and Harry A. Drabkin*§§

*Division of Medical Oncology, Departments of §Biometrics�Preventive Medicine and ‡‡Pathology, University of Colorado Health Sciences and Cancer
Centers, 4200 East 9th Avenue, Denver, CO 80262; †Institut de Biologie Moléculaire et d’Ingénierie Génétique, EA 2224, Université de Poitiers,
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E-cadherin loss in cancer is associated with de-differentiation,
invasion, and metastasis. Drosophila DE-cadherin is regulated by
Wnt��-catenin signaling, although this has not been demonstrated
in mammalian cells. We previously reported that expression of
WNT7a, encoded on 3p25, was frequently down-regulated in lung
cancer, and that loss of E-cadherin or �-catenin was a poor
prognostic feature. Here we show that WNT7a both activates
E-cadherin expression via a �-catenin specific mechanism in lung
cancer cells and is involved in a positive feedback loop. Li�, a
GSK3� inhibitor, led to E-cadherin induction in an inositol-inde-
pendent manner. Similarly, exposure to mWNT7a specifically in-
duced free �-catenin and E-cadherin. Among known transcrip-
tional suppressors of E-cadherin, ZEB1 was uniquely correlated
with E-cadherin loss in lung cancer cell lines, and its inhibition by
RNA interference resulted in E-cadherin induction. Pharmacologic
reversal of E-cadherin and WNT7a losses was achieved with Li�,
histone deacetylase inhibition, or in some cases only with com-
bined inhibitors. Our findings provide support that E-cadherin
induction by WNT��-catenin signaling is an evolutionarily con-
served pathway operative in lung cancer cells, and that loss of
WNT7a expression may be important in lung cancer development
or progression by its effects on E-cadherin.

Loss of chromosome 3p is one of the earliest and most frequent
genetic events in lung cancer (1). Although one predominant

3p tumor suppressor gene has not been identified by mutation
analysis, at least five distinct homozygous deletion regions have
been described that include several genes with demonstrable
relevance to lung cancer development and progression (2–6).
Epigenetic silencing appears to be the major mechanism by
which the expression of these genes is lost (3, 7).

We previously reported that the expression of WNT7a, en-
coded at 3p25, was absent or markedly reduced in most lung
cancer cell lines and direct tumors (8). We also identified a
homozygous deletion of �-catenin, encoded at 3p21, in the
mesothelioma cell line, NCI-H28 (8). This deletion was inde-
pendently confirmed and shown to be confined to the �-catenin
gene (9). Signaling through the canonical WNT pathway inhibits
phosphorylation of �-catenin by GSK3� thereby preventing its
proteasome-mediated destruction (10). In turn, �-catenin binds
and activates TCF�LEF transcription factors (11). More re-
cently, �-catenin has been shown to activate transcription factors
other than TCF�LEF, including the retinoic acid and vitamin D
receptors, which promote differentiation (12, 13), and the an-
drogen receptor (14, 15). Each appears capable of competing
with TCF�LEF for �-catenin binding. Thus, WNT��-catenin
signaling may have very different consequences depending on
the cellular context.

�-catenin has a second role linking E-cadherin to the actin
cytoskeleton (10). Loss of E-cadherin induces an epithelial-
mesenchymal transition with increased tumorigenicity (16). We
used a lung tumor microarray to report that loss of E-cadherin

or �-catenin had a severe effect on patient survival (17). In a
multivariate analysis, E-cadherin loss remained significant.
Other than methylation, mechanisms regulating E-cadherin
expression in lung cancer have not been thoroughly investigated.
Although in Drosophila the E-cadherin homologue is known to
be a Wnt target gene (18), this has not been observed in colon
cancer cells where many of the known WNT targets have been
identified. E-cadherin can be down-regulated in epithelial cells
by transcription factors that bind E-box elements in its promoter.
Four such factors have been identified: Snail, Slug, ZEB, and
E12�E47 (19–23). At least for Snail and ZEB, repression
involves CtBP binding, which in turn recruits histone deacety-
lases (HDACs) leading to chromatin inaccessibility (24). Which
factors predominate in lung cancer is unknown.

We were intrigued by the loss in lung tumors of two 3p-
encoded WNT pathway genes and wondered whether WNT
signaling could affect E-cadherin expression. Although Wnt7a
up-regulates �-catenin in some contexts (25–27), during limb
development Wnt7a signals through a non-�-catenin pathway
(28). Our results demonstrate that apparent physiologic levels of
WNT7a positively regulate E-cadherin expression in lung cancer
cells via �-catenin. Moreover, down-regulation of E-cadherin
was uniquely correlated with ZEB1 expression and could be
reversed by RNA interference against ZEB1. Pharmacologic
reversal of E-cadherin and WNT7a losses could be achieved with
the use of inhibitors of GSK3�, HDACs, or in some cases only
with combined treatment. These findings have potential impli-
cations for lung cancer treatment and provide support for the
hypothesis that E-cadherin regulation by WNT��-catenin sig-
naling is evolutionarily conserved.

Methods
Immunohistochemistry of Lung Tumor Specimens. A 193 non-small-
cell lung cancer (NSCLC) cohort has been described (17). A
second independent cohort of 96 tumors included 33 squamous,
32 adeno, 11 large-cell, and 9 small-cell carcinomas, plus 11
others. Specimens were processed, stained, and scored by using
standard methods (17).

Cell Culture. Ten NSCLC and three mesothelioma cell lines were
used: squamous (NCI-H157 and H226), large-cell (H1334, H661,
and H460), adeno (A549, H2122, H1648, and H1264), bron-
chioalveolar (H322), and mesothelioma (H513, H290, and H28).
All lines were cultured in RPMI medium 1640 under standard
conditions. Treatment with inhibitors [trichostatin A (TSA) and
lithium chloride (LiCl)] was performed 24 h after cells were

Abbreviations: NSCLC, non-small-cell lung cancer; TSA, trichostatin A; Ct values, cycle
threshold values; IMPase, inositol monophosphatase; HDAC, histone deacetylase; siRNA,
small interfering RNA.
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plated, with cultures 60–80% confluent. For Wnt1- and Wnt7a-
conditioned media, stably transfected HEK293 cells were cul-
tured for 3 days in RPMI medium 1640 containing 10% FBS.
When nearly confluent, conditioned media were removed, cen-
trifuged, and used immediately or stored at �80°C.

Cell Lysis and Western Blots. Cells were disrupted in lysis buffer (20
mM Tris�HCl, pH 8.0�100 mM NaCl�0.5% IGEPAL�0.5 mM
PMSF�10 �g/ml leupeptin�5 �g/ml pepstatin A�2.1 �g/ml apro-
tinin) on ice. After sonication, the Bradford assay was used for
protein quantification. Protein lysates (10 or 20 �g) were re-
solved by SDS�PAGE and analyzed by Western blot using PVDF
membranes (Millipore) according to the manufacturer’s instruc-
tions. Anti-�-catenin (C19220) and E-cadherin (C20820) anti-
bodies (BD Biosciences Pharmingen�Transduction Laborato-
ries), and anti-tubulin (Ab-4, NeoMarkers�LabVision) were
used at 1:2,000, 1:2,500, and 1:2,000 dilutions, respectively, in
PBS and 1% Tween (PBST) containing 1.0% nonfat dry milk.
Detection used horseradish peroxidase-conjugated secondary
antibodies and chemiluminescence (Western Lightning, Perkin–
Elmer). Signals were quantified by densitometry using a Chemi-
Imager from Alpha Inotech (San Leandro, CA). Extraction of
free cytoplasmic �-catenin was performed as described by
Sharma et al. (29). Cells treated with mWnt1- or mWnt7a-
conditioned media were rinsed with PBS and scraped into
digitonin lysis buffer (1% digitonin�150 mM Tris�HCl, pH
7.5�10 mM MgCl2). Lysates were centrifuged in an Eppendorf
5415C microfuge at 13,000 rpm for 10 min, and supernatants
containing soluble cytoplasmic proteins were frozen at �80°C.
Pellets containing cytoskeletal and nuclear components were
solubilized in RIPA buffer and stored at �80°C.

RNA, Primers, and Quantitative Real-Time RT-PCR. Quantitative RT-
PCR assays were performed as described (8). Unique PCR
products, verified by gel analysis and dissociation curves, were
confirmed initially by DNA sequencing. The absence of DNA
contamination was verified by ‘‘no template’’ and ‘‘no reverse-
transcriptase’’ controls. Amplification data were analyzed by
using GENEAMP 5700 SDS software and converted into cycle
numbers at a set cycle threshold (Ct values). To normalize for the
amount of input cDNA, Ct values for the housekeeping gene
GAPDH or 18S RNA were subtracted from the Ct values for
each specific gene generating a �Ct value. All statistical corre-
lations were performed by using �Ct values and the Spearman
correlation function. Primer sequences (5� to 3�) were: �-catenin
(forward) GAG CCT GCC ATC TGT GCT CT, (reverse) ACG
CAA AGG TGC ATG ATT TG; E-cadherin (forward) CGG
GAA TGC AGT TGA GGA TC, (reverse) AGG ATG GTG
TAA GCG ATG GC; Snail (forward) CGC GCT CTT TCC
TCG TCA G, (reverse) TCC CAG ATG AGC ATT GGC AG;
Slug (forward) AAT ATG TGA GCC TGG GCG C, (reverse)
CTC TGT TGC AGT GAG GGC AAG; ZEB1 (forward) AGC
AGT GAA AGA GAA GGG AAT GC, (reverse) GGT CCT
CTT CAG GTG CCT CAG; mWnt1 set 1 (forward) CCT CCA
CGA ACC TGT TGA CG, (reverse) GTT CTG TCG GAT
CAG TCG CC; mWnt1 set 2 (forward) TCC CTC CCC TCA
CGA CCT C, (reverse) TGT TGC AAG CTC GTC CAG C;
hWNT5a (forward) CGG TGT ACA ACC TGG CTG ATG,
(reverse) CAC CTT GCG GAA GTC TGC C; mWnt7a set 1
(forward) CCG TTG GAA CTG CTC AGC G, (reverse) CCG
CAG CGA TAA TCG CAT AG; mWnt7a set 2 (forward) GCT
GGA CCA CAC TGC CAC AG, (reverse) CTT GTT TCG ACT
GGC ACG C; 18S RNA (forward) TTT TCG GAA CTG AGG
CCA TG, (reverse) CTT GGC AAA TGC TTT CGC TC.
Primers for hWNT7A and GAPDH were as described (8).

Methylation-Specific PCR. E-cadherin promoter methylation was
determined by the method of Herman et al. (30) using primers

specific for methylated and unmethylated E-cadherin sequences
of the CpG island as described (31). Specificity of products was
verified by DNA sequencing. DNA from normal lymphocytes,
treated or not treated with SssI methyltransferase (New England
Biolabs), was used as positive controls for the methylated and
unmethylated forms, respectively.

RNA Inhibition and Adenoviral Infection. RNA interference inhibi-
tion was performed as described (32). Ten microliters of 500 nM
double stranded oligonucleotides prepared by using the Silencer
kit from Ambion (Austin, TX) were transfected by using Oli-
gofectamine (Invitrogen) into 1 � 105 H661 cells, which were
plated 24 h before. Cells were harvested at 48 h. Effective
sequences were (5� to 3�) ZEB188 (antisense), AAT GAT CAG
CCT CAA TCT GCA CCT GTC TC; ZEB188 (sense), AAT
GCA GAT TGA GGC TGA TCA CCT GTC TC. Adenoviral
infections with a S37A �-catenin-encoding adenovirus were
performed on NCI-H661 cells by using a multiplicity of infection
between 1 and 10 under standard conditions.

Results
Coordinate Expression and Loss of E-Cadherin��-Catenin Proteins in
Lung Cancers. To determine the relationship between E-cadherin
and �-catenin protein levels in lung cancer, we analyzed two sets
of resected tumors. In 96 tumors from Grenoble, France,
E-cadherin and �-catenin protein levels were positively corre-
lated (Pearson product moment correlation � 0.581, P � 0.001,
data not shown). Similar correlations (Pearson product moment
correlation � 0.658, P � 0.001) were observed in 193 microar-
rayed NSCLC samples. To identify lung cancer cell lines with
reduced E-cadherin, we screened 10 NSCLC and 3 mesotheli-
oma cell lines by Western blot. Five NSCLC lines (NCI-H226,
H157, H661, H460, and H1264) and one mesothelioma (H28)
had markedly reduced or absent E-cadherin protein. The re-
sected patient samples showed lower frequencies (11–18%) of
severe E-cadherin loss, although �30% had intermediate loss.
The higher frequency of E-cadherin loss in the NSCLC cell lines
may reflect their derivation from metastatic sites and advanced
tumors (33), which is consistent with studies suggesting that
severe E-cadherin loss is associated with aggressive, metastatic
disease (17, 34, 35).

Induction of E-Cadherin by GSK3� or HDAC Inhibition and WNT7a��-
Catenin Signaling. Because canonical WNT signaling leads to
inhibition of GSK3�, we began our studies by using Li�, a known
inhibitor of GSK3� (36). Also, because some transcriptional
repressors of E-cadherin use HDACs (24), we wished to com-
pare the Li� effects against an HDAC inhibitor, TSA. In the
large-cell carcinoma, H661, LiCl (20 mM), or a single dose of
TSA (0.33 �M) led to a similar induction of E-cadherin protein
(Fig. 1A) but with different kinetics, consistent with Li� and TSA
acting through distinct mechanisms. Thus, we reasoned that
lower doses of each agent might result in an additive or syner-
gistic effect when combined. The combination of 10 mM Li� and
41 nM TSA resulted in substantially higher levels of E-cadherin
protein at each time point (Fig. 1B).

Li� is known to affect inositol signaling through inhibition of
inositol monophosphatase (IMPase), an effect that can be
rescued by the addition of myo-inositol (37). We treated H661
cells with LiCl in the presence or absence of 2 mM myo-inositol;
the addition of myo-inositol had no effect on E-cadherin induc-
tion (Fig. 1C). This was confirmed by real-time RT-PCR where
2 mM inositol for 24 h produced a 2-fold or less increase in
E-cadherin mRNA compared with a 12.9-fold increase by 20 mM
Li� (not shown). Moreover, 50–250 �M of the specific IMPase
inhibitor, L690,330 (38), failed to induce E-cadherin mRNA or
protein. These results are consistent with Li� inducing E-
cadherin by effects on GSK3�.
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Although responses to Li� and TSA were robust in H661 cells,
it was important to determine the generality of these observa-
tions in other lung tumor cells. Li� (20 mM) as a single agent
induced E-cadherin in H290 cells, whereas only TSA (0.33 �M)
showed activity in H460 (Fig. 1D). The absence of demonstrable
E-cadherin in H290 treated with TSA was caused by apoptosis,
as evidenced by activation of caspase-3 (not shown). In H157,
only the combination of Li� plus TSA led to detectable E-
cadherin. In contrast, no effects were observed in H226, and only
minimal induction by TSA occurred in H1264 (data not shown).
H28, which lacks �-catenin because of a homozygous deletion,
was unresponsive to Li�, as would be expected if the effect was
caused by GSK3� inhibition. Thus, Li� alone induced E-
cadherin in two of six lung tumors having low�absent initial
levels, and Li� had an additive or synergistic effect with TSA in
an additional line.

Induction of E-cadherin was observed only in cell lines with
intrinsically low E-cadherin expression. Interestingly, WNT7a
mRNA was concurrently up-regulated in responding cells as
assessed by real-time RT-PCR (not shown). These findings
suggest that WNT7a is involved in a positive autoregulatory loop,
as has been noted for wingless in Drosophila (39), and that
WNT7a might affect E-cadherin induction. In contrast, other
genes reported to be WNT targets in colorectal tumors (e.g.,
c-MYC, cyclin D1, fibronectin, and PPAR�; refs. 40–43) were
unaffected by Li�. Lastly, we examined the DNA methylation
status of the E-cadherin promoter. Each line with absent�low
E-cadherin was predominantly methylated with the exception of
H661 (Fig. 2). This may explain the robust inducibility of
E-cadherin in this line.

To directly test whether WNT7a could induce E-cadherin and
up-regulate free �-catenin, we used cultured media from human
HEK293 cells stably transfected with mouse Wnt1 (mWnt1),
mWnt5a, or mWnt7a (44). Wnt1 is a classic inducer of canonical
Wnt��-catenin signaling (45), whereas Wnt5a usually signals by
a non-�-catenin pathway (46). H661 cells exposed to either
mWnt1 or mWnt7a up-regulated E-cadherin protein by �5-fold
(Fig. 3A, see 10 s exposure). E-cadherin mRNA was similarly
induced (7.7-fold, not shown). In contrast, mWnt5a had little
effect. Because the mouse Wnts were not epitope-tagged (44), it
was necessary to confirm their expression. This was done by
using two independent primer sets for mWnt1 and mWnt7a (not
shown), although we were unable to confirm the presence of
mWnt5a. However, by real-time RT-PCR, human WNT5a was
strongly expressed in HEK293 cells and thus could not be
responsible for the observed differential effects. Also, by RT-
PCR neither human WNT1 nor WNT7a was expressed endog-
enously in 293 cells (not shown).

Because both mWnt1 and mWnt7a supernatants induced
E-cadherin, it seemed likely that mWnt7a signaling would lead
to increased levels of free �-catenin. To test this, we examined
levels of cytoplasmic �-catenin. As shown in Fig. 3B, both
mWnt1- and mWnt7a-cultured media induced a 2-fold increase
in cytoplasmic �-catenin. Similarly, endogenous WNT7a mRNA

Fig. 1. Induction of E-cadherin by Li� and TSA in lung tumor cell lines. (A)
Cells were exposed to Li� (20 mM) or TSA (0.33 �M) and equal amounts (10 �g)
of protein lysates analyzed by Western blot with anti-E-cadherin antibodies.
Equal loading was confirmed by parallel gels stained with Coomassie blue (not
shown). (B) Additive effects of combined Li� (10 mM) and TSA (41 nM) in H661
cells. (C) Myo-inositol does not block E-cadherin induction by Li�. H661 cells
were treated with 20 mM Li� for 24 h with or without 2 mM myo-inositol and
analyzed by Western blot. Subsequent tubulin detection confirmed equal
loading. (D) Effect of 24 h treatment with Li� (20 mM), TSA (0.33 �M), or the
combination on E-cadherin protein induction in additional lung cancer cell
lines as described in the text.

Fig. 2. E-cadherin promoter methylation analysis. E-cadherin-expressing
and -negative cell lines were examined for promoter methylation. Only se-
lected examples are shown. Lymphocyte DNA was used as a source of unmeth-
ylated DNA, and in vitro methylated DNA was used as a positive control. Cells
were untreated, or treated for 24 h with Li� (20 mM), TSA (0.33 �M), or both.
After DNA extraction and sodium bisulfite treatment, PCR was performed for
35 cycles with primers specific for methylated (M) or unmethylated (U) tem-
plates, and the products were analyzed on agarose gels.

Fig. 3. Wnt7a induces E-cadherin by canonical WNT��-catenin signaling. (A)
H661 cells were exposed to cultured supernatants of control 293 cells, or 293
cells stably transfected with mWnt1, mWnt5a, or mWnt7a. After 44 h, cells
were harvested and 10 �g of protein extracts per lane were analyzed by
Western blot for E-cadherin. Equal loading was confirmed by Coomassie blue
staining. Densitometry values are relative to the 293 control supernatant set
at 1.0. (B) Increased cytoplasmic �-catenin in H661 cells is induced by cultured
supernatants from transfected 293 cells expressing mWnt1 and mWnt7a. H661
cells were exposed to cultured supernatants for 6 h. Twenty micrograms of the
cytoplasmic fraction was analyzed for �-catenin. A parallel gel was stained
with Coomassie blue for loading.
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was induced 5.6-fold by mWnt7a (not shown), consistent with a
positive feedback loop involving �-catenin. The quantitative
RT-PCR analysis demonstrated that mWnt7a expression in
transfected 293 cells was only �2-fold higher than endogenous
human WNT7a previously determined in short-term bronchial
epithelial cultures (8). Thus, in human bronchial epithelia,
WNT7a may function, at least in part, to induce or maintain
E-cadherin expression.

Further support for the role of �-catenin was obtained from
infection of H661 cells with an adenovirus expressing activated
�-catenin. This was complicated, however, because even a low
multiplicity of infection (1–2) led to widespread apoptosis by
24 h. Overexpressed �-catenin causes apoptosis in other con-
texts, even in cell lines harboring �-catenin mutations (47). At
6 h, which precedes the frank apoptotic response, activated
�-catenin produced an 8.7-fold increase in WNT7a mRNA and
a 2.7-fold increase in E-cadherin mRNA (Table 1). By 12 h and
18 h, WNT7a mRNA had diminished considerably, presumably
reflecting �-catenin toxicity. This was reproducible in separate
experiments. In contrast, WNT3a expression was largely unaf-
fected (1.4-fold), whereas a control adenovirus expressing GFP
had no significant effects (not shown). We also combined
�-catenin overexpression with low-dose TSA (41 nM). Again,
reproducible increases over TSA alone were detected for
WNT7a and E-cadherin, whereas WNT3a showed little change.
Thus, we conclude that canonical WNT��-catenin signaling
leads to elevations in WNT7a and E-cadherin in lung cancer cell
lines.

Transcriptional Suppression of E-Cadherin in Lung Cancer Cell Lines Is
Caused by ZEB1. Snail, Slug, ZEB, and E12�E47 have been shown
to bind E-box sites in the E-cadherin promoter and repress

transcription (19–23). To determine whether any of these was
associated with E-cadherin suppression in lung cancer, we
quantified their expression in cell lines with real-time RT-PCR
along with E-cadherin, �-catenin, and WNT7a. Reductions in
E-cadherin protein were significantly correlated with levels of
E-cadherin mRNA (Table 2), indicating that transcriptional
repression is an important mechanism of E-cadherin dysfunction
in lung cancer. ZEB1 levels were significantly negatively corre-
lated with E-cadherin protein and mRNA. In addition, both
ZEB1 and Snail levels were significantly negatively correlated
with WNT7a, whereas neither Slug nor E12�E47 expression
demonstrated any significant correlations (not shown).

To directly test the relationship between ZEB1 and E-
cadherin, we used small interfering RNA (siRNA) to inhibit
ZEB1 expression in H661 (Table 3). Compared with mock-
transfected cells, ZEB-188 siRNA lowered ZEB1 mRNA by 2.7
PCR cycles (�6.5-fold), whereas E-cadherin expression in-
creased by �2-fold. Several additional siRNAs designed to
target ZEB1 were ineffective and caused no change in E-
cadherin levels. When combined with Li� and TSA, ZEB1
inhibition led to further increases in E-cadherin mRNA. In
contrast, WNT7a levels were unaffected by anti-ZEB1 siRNA
alone (not shown), suggesting that Snail may contribute to
WNT7a suppression.

No significant correlation was observed between �-catenin
protein and mRNA levels (Table 2), consistent with its predom-
inantly posttranscriptional mode of regulation (11). �-catenin
protein, however, was significantly correlated with E-cadherin
mRNA, E-cadherin protein, WNT7a and, to a lesser extent, with
ZEB1. These findings support the experimental data that WNT�
�-catenin signaling affects E-cadherin transcription in lung

Table 1. Activated �-catenin induces E-cadherin and WNT7a

NCI-H661 treatments

�-Catenin TSA Both

6 h 12 h 18 h 6 h 12 h 18 h 6 h 12 h 18 h

WNT7a 8.7 6.7 3.8 121.1 32.4 5.4 167.3 31.5 5.1
E-CAD 2.7 2.0 1.1 10.0 8.2 6.5 12.2 8.9 5.0
WNT3a 1.4 1.4 1.0 1.0 2.2 2.5 1.2 2.2 1.7

Real-time RT-PCR analysis of E-cadherin, WNT7a, and WNT3a mRNAs in H661 cells at 6, 12, and 18 h after
activated (S37A) �-catenin adenovirus, low-dose (41 nM) TSA, or treatment with both. The Ct values were
normalized to GAPDH and 18S RNA with identical results. Fold induction over untreated control cells was
calculated by using the estimate that every PCR cycle difference, during exponential amplification, represents a
2-fold change in mRNA levels.

Table 2. Statistical analysis of quantitative mRNA and protein expression levels

Data set (n � 18)
E-Cadherin

mRNA WNT7A mRNA ZEB-1 mRNA Snail mRNA
�-Catenin

mRNA
�-Catenin
protein

E-cadherin protein 0.83 0.8 �0.82 �0.3 0.33 0.74
<0.0001 <0.0001 <0.0001 0.23 0.18 0.0004

E-cadherin mRNA 0.76 �0.52 �0.29 0.15 0.72
0.0003 0.028 0.24 0.56 0.0007

WNT7A mRNA �0.71 �0.57 0.40 0.76
0.0011 0.013 0.097 0.0003

ZEB mRNA 0.21 �0.55 0.54
0.41 0.017 0.022

Snail mRNA 0.01 �0.42
0.97 0.086

�-Catenin mRNA 0.42
0.083

Normalized real-time quantitative RT-PCR data were generated from 10 NSCLC and 3 mesothelioma lines for the indicated genes (see Methods). Relative
E-cadherin protein expression levels were determined by Western blot and densitometric scanning. Correlations were evaluated by using the Spearman statistic
(upper number) and significance (P, lower number). Significant correlations are shown in bold.
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cancers and also suggest that multiple regulatory interactions
might occur among these genes. Thus, at least in lung cancer cell
lines, ZEB1 appears to be the predominant suppressor of
E-cadherin, whereas WNT7a, at least on the basis of correlative
expression data, may be negatively regulated by both ZEB1 and
Snail.

Discussion
This investigation stemmed from a 3p21 homozygous deletion
confined to the �-catenin gene in H28, which also lacked
E-cadherin expression (8, 9). Although that deletion was rare,
loss of 3p encoded WNT7a expression occurred in most lung
cancer cell lines and many direct tumors (8). In resected lung
tumors, �-catenin and E-cadherin protein levels were signifi-
cantly related, which may explain why reduction of either protein
is a poor prognostic feature (17, 34, 48). In our series, the 2-year
survival rate for individuals with squamous cancer was 78% with
high E-cadherin expression but only 14% with low expres-
sion (17).

Our results indicate that WNT7a leads to increased free
�-catenin and up-regulation of E-cadherin in lung cancer cells.
Based on quantitative analyses, E-cadherin was significantly
correlated with WNT7a mRNA and �-catenin protein. Li�, a
GSK3 inhibitor (36), led to substantial increases in E-cadherin
and WNT7a. Because Li� also inhibits IMPase (37), it was
necessary to exclude that these results were caused by inositol
metabolism. Inclusion of myo-inositol did not block the effects
of Li� and L690,330, a specific IMPase inhibitor (38), also had
no significant effects. More importantly, mWnt1 and mWnt7a
induced E-cadherin mRNA and protein, and both ligands in-
creased levels of free �-catenin. The mechanism of Wnt7a
signaling varies in different contexts. In C57MG mammary cells,
where Wnt transformation is strongly correlated with free
�-catenin induction, Wnt7a effects vary from weak to highly
transforming (25, 26). In cerebellar neurons, WNT7a inhibits
GSK3� (27), whereas in limb bud development, Wnt7a functions
in a non-�-catenin pathway (28). Our finding that mWnt7a
induces free �-catenin suggests that endogenous WNT7a in
bronchial epithelial cells functions in canonical WNT��-catenin
signaling. In Drosophila, E-cadherin is under the control of
Wnt��-catenin (18). In the mouse, a LEF-1 binding site was
identified in the E-cadherin promoter, although no functional
studies were described (49). In Xenopus, cadherin-11 is up-
regulated by Wnt��-catenin (50). Thus, there is precedent for
Wnt��-catenin signaling to up-regulate cadherin expression.

Our results appear to vary from reports in colon cancer. For
example, activating �-catenin mutations in lung tumors are rare

except in the unusual fetal-type adenocarcinoma (51–53). In
colon cancer, down-regulation of nuclear �-catenin induced by
dominant-negative integrin-linked kinase leads to up-regulation
of E-cadherin (54). However, Snail promoter activity was also
inhibited (54), suggesting that E-cadherin changes might be the
result of reduced Snail. In lung cancer cells, our results indicate
that ZEB1 is the predominant E-cadherin suppressor. Another
important difference between lung and colon cancer may involve
the transcription factors with which �-catenin interacts. Al-
though TCF�LEFs have been strongly implicated in colon
cancer, this relationship has not been established in lung cancer,
and we were unable to demonstrate up-regulation of reported
TCF�LEF targets (i.e., MYC, Cyclin-D, PPAR�, and fibronec-
tin) in cells treated with Li�. In breast cancer, �-catenin was
shown to interact with the retinoic acid receptor (12). Of note,
abnormalities in retinoic acid receptor responses have been
frequently reported in lung cancer (55–57). Similarly, �-catenin
can bind ligand-activated vitamin D receptor and induce E-
cadherin (13). Thus, it is possible that the effects of WNT7a and
�-catenin in lung cancer might involve transcription factors other
than TCF�LEF.

DNA methylation is a well recognized component of gene
silencing and affects E-cadherin (58). Methylation at CpG sites is
part of a larger regulatory mechanism linked to histone deacety-
lation. The methyl–CpG binding protein MBD2 is part of a complex
(MeCP1) containing HDACs (59). Similarly, the Mi-2 complex,
suggested to be the most abundant form of HDAC in mammalian
cells, contains the methylcytosine binding protein MBD3 (60).
Specific gene silencing, however, requires directed transcriptional
repressors. A minimal E-cadherin promoter, capable of epithelial
specific expression was shown to be dependent on E-box elements
(CANNTG) (61). Subsequent studies identified three zinc-finger
proteins and E12�E47 that bind these sites and suppress E-cadherin
transcription (19–21, 23, 62). We found that E-cadherin protein
levels were significantly correlated with its mRNA (Table 1) in lung
cancer cell lines, indicating that a major point of regulation is
transcriptional. Among these repressors, only ZEB1 was signifi-
cantly correlated with E-cadherin down-regulation, and inhibition
of ZEB1 by siRNA resulted in elevated levels of E-cadherin. Both
ZEB1 and Snail were correlated with WNT7a repression (P �
0.0011 and 0.0132, respectively), whereas Slug and E12�E47
showed no significant associations. Because WNT7a was not in-
duced by ZEB1 inhibition, Snail may contribute to WNT7a repres-
sion. We note that there is an E-box (CACCTG) within 500-bp
upstream of the translation start as well as other sites upstream and
within the first intron.

In summary, our results indicate that transcriptional repres-
sion of E-cadherin in lung cancer cells may be twofold: by direct
action of the repressor(s) on the E-cadherin promoter as re-
ported (62), and by indirect effects on WNT7a, which is a positive
regulator of E-cadherin. Thus, loss of WNT7a may contribute to
the pathogenesis of lung cancer through effects on E-cadherin.
Although GSK3� and HDACs affect many pathways (63–66),
our results suggest that inhibitors of these molecules may have
a role in the treatment or chemoprevention of lung cancer.
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