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Abstract
The epithelial to mesenchymal transition (EMT) is a developmental process enabling epithelial
cells to gain a migratory mesenchymal phenotype. In cancer, this process contributes to
metastases; however the regulatory signals and mechanistic details are not fully elucidated. Here,
we sought to identify the subset of genes regulated in lung cancer by ZEB1, an E-box
transcriptional repressor known to induce EMT. Using an Affymetrix-based expression database
of 38 non-small cell lung cancer (NSCLC) cell lines, we identified 324 genes that correlated
negatively with ZEB1 and 142 that were positively correlated. A mesenchymal gene pattern (low
E-cadherin, high Vimentin or N-cadherin) was significantly associated with ZEB1 and ZEB2, but
not with Snail, Slug, Twist1 or Twist2. Among 8 genes selected for validation, 7 were confirmed
to correlate with ZEB1 by quantitative real-time RT-PCR in a series of 22 NSCLC cell lines,
either negatively (CDS1, EpCAM, ESRP1, ESRP2, ST14) or positively (FGFR1, Vimentin). In
addition, overexpression or knockdown of ZEB1 led to corresponding changes in gene expression,
demonstrating that these genes are also regulated by ZEB1, either directly or indirectly. Of note,
the combined knockdown of ZEB1 and ZEB2 led to apparent synergistic responses in gene
expression. Furthermore, these responses were not restricted to artificial settings, since most genes
were similarly regulated during a physiologic induction of EMT by TGF-β plus EGF. Finally, the
absence of ST14 (matriptase) was linked to ZEB1 positivity in lung cancer tissue microarrays,
implying that the regulation observed in vitro applies to the human disease. In summary, this study
identifies a new set of ZEB-regulated genes in human lung cancer cells and supports the
hypothesis that ZEB1 and ZEB2 are key regulators of the EMT process in this disease.
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1. INTRODUCTION
According to data from the World Health Organization, lung cancer accounts for 1.3 million
deaths per year, or 18% of the total cancer deaths worldwide. The lung cancer mortality age-
adjusted standardized rates increased rapidly from 1960 but then reached a plateau in 1990.
Subsequently, lung cancer mortality has declined, although not in all countries and there has
been little reduction in women [1]. Approximately half of patients undergoing complete
surgical resection for low-stage lung cancer die from distant metastases. Therefore, targeting
mechanisms that underlie the metastatic process might positively impact the outcome of
patients with this disease.

The epithelial-to-mesenchymal transition (EMT), which converts epithelial cells into an
elongated, motile and invasive phenotype, is thought to be a critical step in the
dissemination of tumor cells [2–6]. Among hundreds of genes affected by EMT, the loss of
E-cadherin and upregulation of Vimentin or N-cadherin have been most frequently
described. Other frequent changes include the loss of cytokeratins, increased MMP activity
and increased fibronectin. In epithelial cancers, EMT has been associated with resistance to
therapy, the acquisition of tumor-initiating cell properties, and increased cell migration and
invasion, all of which are associated with a poor prognosis [3; 5].

By immunostaining, severe E-cadherin loss occurs in approximately 10% of resected
NSCLCs [7]. Using a low E-cadherin / high N-cadherin ratio and other markers including
integrin αvβ6 and MMP-9, Prudkin et al. [8] concluded that a majority of lung
adenocarcinomas and squamous cancers had evidence of EMT. These and other data suggest
that EMT reflects a continuum with its assessment dependent on the markers used. Although
E-cadherin loss is a major feature of EMT, this has often been considered a late event in
tumor progression. E-cadherin loss can also be transient or occur preferentially at the tumor
periphery [5]. Thus, a better understanding of the spectrum of EMT phenotypes and its
regulation is indicated.

In part, EMT is mediated by transcription factors including ZEB [9], Snail [10], Slug, Twist
[11] and E12/E47 that bind E-box elements (i.e., CANNTG) in genomic DNA [2]. In lung
cancer, ZEB1 appears to be a major factor in the EMT process. In NSCLC cell lines, we
previously found that loss of E-cadherin was inversely and specifically correlated with
ZEB1 mRNA expression [12]. Takeyama et al. [13] recently confirmed these findings and
demonstrated that ZEB1 positively influences anchorage-independent growth. In addition,
we reported that the tumor suppressor gene, SEMA3F, was specifically repressed by ZEB1
in NSCLC cell lines [14], providing additional support for the importance of this factor in
lung cancer.

In the present report, we aimed to identify genes that responded to ZEB1 in lung cancer cell
lines. With Affymetrix data from 38 NSCLCs, we ranked genes depending on the
correlation between their expression and that of ZEB1. A subset of genes was examined in
more detail and their correlation and responsiveness to ZEB1 was validated. We also
verified that the same variations in gene expression were obtained after treatment with TGF-
β plus EGF to induce EMT. In addition, the expression of ST14, coding for matriptase, was
compared to that of E-cadherin and ZEB1 in a tissue microarray (TMA) of lung cancers.
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2. MATERIALS AND METHODS
2.1 Cell lines and primary tumor tissues

NSCLC cell lines were obtained from the Colorado Lung Cancer SPORE Cell Line
Repository. They were grown in RPMI-1640 supplemented with 10% fetal calf serum and
antibiotics (InVitrogen, Inc., Carlsbad, CA). Non-immortalized normal human broncho-
epithelial cells (NHBE) were grown in BEBM supplemented with cytokines and growth
factors according to manufacturer’s instructions (Lonza, Basel, Switzerland). The FC6625-2
3KT cell line, kindly provided by Dr. John Minna, was derived from human broncho-
epithelial cells immortalized by telomerase. BEAS2B cells were derived from SV40-
immortalized broncho-epithelia. FC6625-2 3KT and BEAS2B cells were also grown in
BEBM supplemented with cytokines and growth factors. H358 FlpIn cells were engineered
to express 6 Myc-tagged ZEB1 after induction with doxycycline [14]. TMA slides
containing 109 lung tumor samples and 10 normal lung tissues were obtained from US
Biomax (Rockville, MD, ref: BC041115).

2.2 RNA isolation and quantitative real-time RT-PCR analysis
Total RNA was extracted from cell lines using the RNeasy Plus Isolation kit (Qiagen, Inc.,
Valencia, CA). RT-PCR was performed with the Superscript III reverse transcriptase
(InVitrogen, Inc.) using the procedure supplied by the manufacturer. mRNA levels were
measured by quantitative real-time PCR using the GeneAmp 7500 quantitative PCR system
with SYBR-Green chemistry (Applied Biosystems, Foster City, CA). Intron-spanning gene-
specific PCR primers were designed to avoid genomic DNA amplification and the PCR
products were confirmed by DNA sequencing (not shown). The primers are described in
Supplementary Table S1. The results are displayed in terms of the relative expression (×100)
compared to GAPDH or actin expression. RT-PCR was done in duplicate.

2.3 Western blot analysis
Protein lysates and SDS/PAGE were performed using standard techniques, as previously
described [15]. Primary antibodies were incubated overnight at 4°C. These included rabbit
anti-ZEB1 (1:1000; clone H-102; Santa Cruz Biotechnology, Inc., Santa Cruz, CA), mouse
anti E-cadherin (1:1000; Cell Signaling Technology, Inc., Danvers, MA), rabbit anti-ST14
(1:1000; Bethyl Laboratories, Inc., Montgomery, TX), mouse anti-EpCAM (1:1000; clone
VU-1D9, ThermoFisher Scientific, Inc., Fremont, CA), rabbit anti-N-cadherin (1:1000;
Abcam, Inc., Cambridge, MA), rabbit anti-Vimentin (1:1000; Cell Signaling Technology,
Inc.), mouse anti-CDS1 (1:1000, clone 2D10; Novus Biologicals, Inc., Littleton, CO) and
mouse anti-β-actin (1:20,000; Sigma-Aldrich, Inc., St. Louis, MO). Secondary antibodies
were goat anti-mouse HRP or goat anti-rabbit HRP (1:5000; Perkin Elmer, Inc., Waltham,
MA) with ECL (Perkin Elmer, Inc.) detection. For β-actin and E-cadherin, the filters were
incubated at 4°C with Alexa 488-conjugated chicken anti-mouse secondary antibodies
(1:1000; InVitrogen, Inc.) and detected using a Typhoon 9400 Image system (GE Healthcare
Bio-sciences Corp., Piscataway, NJ).

2.4 Transfection of short-interfering RNA
Pre-validated siRNAs (InVitrogen, Inc., cat# HSS110549 and HSS190654) were used to
inhibit endogenous ZEB1 and ZEB2, respectively, as previously reported [15]. Transfections
were performed using HiPerFect according to manufacturer’s recommendations (Qiagen,
Inc.). Cells were plated at 40–60% confluency and transfected 15 h later with final siRNA
concentrations of 5 nM. Media were replaced at 24 h and cells harvested for analysis at 48 h
or 96 h post-transfection.
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2.5 TGF-β and EGF cell line treatment
Cells were treated for 48 h with 10 ng/ml TGF-β plus 50 ng/ml EGF. TGF-β (R&D
Systems, Inc., Minneapolis, MN) was dissolved at 10 μg/ml in 4 mM HCl and 0.1% BSA.
EGF (R&D Systems, Inc.) was dissolved at 500 μg/ml in 0.1% BSA. Control cells were
treated with HCl and BSA at the corresponding final concentrations for 48 h; no difference
was noticed with untreated cells.

2.6 Actin staining
Cells were fixed in 4% formaldehyde for 10 min at room temperature, permeabilized during
3 min using 0.5% Triton X-100 and stained for F-actin with Texas-red phalloidin
(InVitrogen, Inc.). Representative images were captured by confocal microscopy (Leica
DRME, Leica Microsystems GmbH, Wetzlar, Germany).

2.7 Lung tissue microarray analysis
TMA slides were deparaffinized by incubations (1 × 10 min; followed by 3 × 30 dips each)
in Histoclear solution (National Diagnostics, Inc., Charlotte, NC) and rehydrated by
sequential immersions in 100%, 95% and 70% ethanol. After washing 10 min in water,
slides were incubated for 15 min in boiling Antigen Unmasking Solution (Vector
Laboratories, Inc., Burlingame, CA) and left for an additional 15 min while the solution
cooled. After washing in PBS (3 × 5 min each), endogenous peroxidases were inhibited with
0.3% H2O2 during 20 min at room temperature. Following washing in PBS (3 × 5 min
each), tissues were permeabilized with 0.5% Triton in PBS for 20 min at room temperature.
Blocking was performed with 3% BSA, 5% goat serum in PBS × 20 min (InVitrogen, Inc.).
Slides were incubated for 2 h at room temperature with primary antibodies including rabbit
anti-ZEB1 (1:50), mouse anti-E-cadherin (1:100) and rabbit anti-ST14 (1:100) antibodies.
Following washing in PBS (3 × 5 min each), slides were incubated for 1 h with biotinylated
anti-mouse or anti-rabbit antibodies and exposed to Vectastain ABC solution Standard,
according to the manufacturer’s protocol (Vector Laboratories, Inc.). Slides were washed 3
times in PBS and incubated with DAB peroxidase substrate (ThermoFisher Scientific, Inc.).
The development of the stain was followed by microscopy and stopped by placing the slides
into water. Slides were mounted using Dako Fluorescent mounting medium (Dako,
Carpinteria, CA). Slides were scanned with an Aperio system (Aperio Technologies, Inc.,
Vista, CA) and each sample was scored (from 0 to 300) by multiplying the percentage of
positive cells (0 to 100%) by the average level of staining intensity (0 to 3). For ZEB1
nuclear staining, tumors with a score > 5 were considered positive (as only a low number of
cells are positive for ZEB1). For E-cadherin and ST14, tumors with scores > 10 were
considered positive.

2.8 Statistical analysis
Microarray data were preprocessed as previously described [16] yielding expression values
for 44928 genes on 38 lung cancer cell lines. For each gene of interest (ZEB1, ZEB2,
SNAIL, SLUG, TWIST1 and TWIST2), we calculated the Spearman correlation with each
other gene. Due to the large false-discovery rate associated with p-values, a permutation
approach was used to define a correlation threshold. Null distributions of correlations per
gene were derived from permuted values from 5000 randomly chosen genes. As these null
distributions were highly similar, they were combined to yield a threshold of +/− 0.525 to
achieve a false discovery rate of 0.05. Gene lists were created based on the 0.525 threshold
and sorted according to magnitude. In each case, <3% of genes were deemed to be
correlated with the gene of interest.
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TMA expression scores were log-transformed to symmetrize the data and correct for
skewness. Associations between genes were measured using Pearson correlation; p-value
testing identified correlations that were significantly different from 0. An alpha level of 0.05
was chosen as the threshold for statistical significance. Fisher’s Exact Test was used to
measure association between expression categories.

3. RESULTS
3.1 Identification of ZEB1-correlated genes in NSCLC cell lines

To identify a set of ZEB1 correlated genes in lung cancer, we utilized Affymetrix data
obtained from 38 NSCLC cell lines [16], which were examined using the Spearman rank
correlation. Using a cut-off R value of −0.525 corresponding to a 5% false discovery rate,
we identified 324 genes significantly negatively correlated with ZEB1, while 141 genes
were significantly positively correlated. The top 50 genes from each group are shown in
Tables 1 and 2, and the complete gene sets, including unidentified Affymetrix IDs, are
provided in the corresponding Supplementary Tables S2 and S3.

EpCAM was the most significant negatively correlated gene (R = −0.85), followed closely
by CDP-diacylglycerol synthetase (CDS1), tetraspanin 1 (TSPAN1), epithelial splicing
regulatory protein 1 (ESRP1), and suppressor of tumorigenicity 14 (ST14). E-cadherin, a
known ZEB1 target gene, ranked 31st with an R value of −0.75. Among the top positively
correlated genes, Vimentin had the highest correlation (R = 0.76), while ZEB2 (R = 0.71)
and FGFR1 (R = 0.70) ranked 5th and 6th, respectively. Interestingly, the correlation
between ZEB1 and N-cadherin, another EMT marker, was considerably weaker (R = 0.395),
well below the 5% false discovery rate cut-off. Many genes that were negatively or
positively correlated with ZEB1 were also significantly correlated with ZEB2, but with
lower R values. However, there was a notable absence of significant correlations for these
specific genes with SNAIL, Slug, Twist1 and Twist 2, although each of the transcriptional
factors have been reported to repress E-cadherin [4]. These results suggest that both ZEB1
and ZEB2 play a role in specific aspects of the EMT phenotype in lung cancer.

3.2 Validation of Affymetrix expression results by quantitative real-time RT-PCR and
Western blot

Among the most highly correlated genes from the Affymetrix results, we selected a subset to
validate by quantitative real-time RT-PCR using a panel of 22 NSCLC cell lines, randomly
chosen, and 4 controls. The selected genes were chosen because of their potential relevance
to lung cancer or the EMT pathway (see Discussion) as well as the availability of
commercial antibodies in most instances. The results for the negative correlates (EpCAM,
ESRP1, ESRP2, CDS1, ST14), positive correlates (FGFR1 and Vimentin) and controls are
presented in Fig. 1 with the cell lines arranged by increasing ZEB1 mRNA levels.
Expression of the negatively correlated genes clustered with E-cadherin and was opposite to
the expression of ZEB1 and ZEB2. Conversely, FGFR1 and Vimentin levels were
predominant in cell lines expressing ZEB1 and ZEB2. Thus, the Affymetrix results for these
genes, which demonstrated significant correlations with ZEB1, were confirmed by RT-PCR.
As anticipated, Snail mRNA expression did not correlate with these genes, and the N-
cadherin expression pattern showed considerably less clustering with ZEB1 than did
Vimentin and FGFR1. We also tested SIRT1, which was positively correlated with ZEB1
(Table 2), but represented by a single Affymetrix ID. In this case, we could not confirm a
correlation with ZEB1 expression (data not shown) and it was excluded from further
analysis.

The two primary normal human broncho-epithelial (NHBE) cultures and the telomerase-
immortalized cell line, FC6625-2 3KT, expressed E-cadherin and had low levels of ZEB1.
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In contrast, E-cadherin and ZEB1 expression in the SV40-TAg transformed BEAS2B cell
line showed the opposite pattern. Indeed, while BEAS2B cells are often used as a model for
normal lung epithelial cells, they present a mesenchymal pattern of gene expression.

Gene expression at the protein level was confirmed by Western blots for ZEB1, ST14,
EpCAM and Vimentin, along with E-cadherin and N-cadherin for comparison (Fig. 2). The
overall patterns of ST14, EpCAM and E-cadherin expression were similar and opposite to
those of ZEB1 and Vimentin. Therefore, both quantitative real-time PCR and Western blot
analyses confirmed the observed correlations from the Affymetrix data.

3.3 ZEB1-correlated genes are responsive to ZEB1 and ZEB2 overexpression as well as
downregulation

To determine whether ZEB1-correlated genes were responsive to changes in ZEB1 and
ZEB2 expression, we separately overexpressed these genes in H358 cells using a dox-
inducible system. These cells were chosen because of high endogenous E-cadherin
expression, low ZEB1 and barely detectable ZEB2 (Fig. 1). H358 cells containing empty
vector control (ctl), and Myc-tagged ZEB1 or ZEB2 were exposed to doxycycline for 0, 1, 3
and 5 days. Increased ZEB mRNA levels were detected after one day of induction and
corresponding protein accumulated over time (Table 3, Fig. 3). The expression levels are
shown in Table 3 as relative changes compared to baseline in the absence of doxycycline
(day 0). ZEB1 induction led to a 55-fold upregulation of endogenous ZEB2 mRNA by day
5. Although we were unable to look for endogenous ZEB2 protein due to the lack of suitable
antibodies, the ZEB2 RNA levels were still quite low even with this degree of upregulation.
In contrast, ZEB2 induction had little to no effect on ZEB1 mRNA.

ZEB1 induction led to a substantial reduction in the expression of E-cadherin, which is a
known target gene. As predicted by the Spearman correlations, EpCAM, ESRP1, ESRP2,
CDS1 and ST14 mRNA levels were downregulated following ZEB1 induction, while
Vimentin and FGFR1 levels were increased. ZEB2 induction led to similar, although more
modest, changes in expression of the same genes (Table 3). Corresponding changes in
protein expression were confirmed for E-cadherin, ST14 and EpCAM (Fig. 3). To explore
the effects of lower levels of ZEB1 induction, we treated H358 cells with doxycycline (0–5
ng/ml) for 12 and 24 hr (Supplemental Fig. S1A). ZEB1 protein was already observed after
12 h and accumulated over time with increasing doxycycline concentrations. In these
conditions, ESRP1 expression was affected more dramatically than the other tested genes
(Supplemental Fig. S1B). Overall, these results demonstrate a dose and time-dependent
response to ZEB1.

We next inhibited the expression of ZEB1, ZEB2, or both genes in four lung cancer cell
lines using siRNA. As shown in Fig. 1, H157, H460 and H661 cells expressed elevated
levels of ZEB1 and ZEB2 and had absent E-cadherin. A549 cells are intermediate in that
they express ZEB1, have lower levels of ZEB2, and have reduced but detectable levels of E-
cadherin, EpCAM and ST14. The results of transient ZEB silencing are shown in Table 4. In
general, each of the ZEB negatively correlated genes showed some degree of upregulation,
although this varied depending on the cell line. Also in general, the effects on gene
expression were greater with knockdown of ZEB1 versus ZEB2, and the combined
knockdown often resulted in the appearance of synergistic upregulation of these genes.
Although we have not explored the mechanism of synergistic change, the loss of both
factors appears necessary for substantial re-expression. In H157 cells, ZEB1 knockdown
resulted in a 2-fold upregulation of ZEB2, which may compensate for the loss of ZEB1.
However, this was not observed in the other cell lines. For ESRP2, we note that the levels,
while generally paralleling ESRP1, were less responsive to ZEB1 and ZEB2 knockdown.
Changes in Vimentin and FGFR1 mRNA were modest and variable. Protein levels for E-

Gemmill et al. Page 6

Cancer Lett. Author manuscript; available in PMC 2012 April 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



cadherin, CDS1 and EpCAM in H157 cells were increased by knockdown of ZEB (Fig. 4).
As previously observed for E-cadherin [15], EpCAM levels were greatly increased by the
combined knockdown of ZEB1 and ZEB2. Together, these results demonstrate that the ZEB
negatively correlated genes are also responsive to ZEB overexpression and downregulation,
whereas Vimentin and FGFR1 are predominantly responsive to ZEB overexpression.

3.4 ZEB-responsive genes are also affected upon physiologic induction of EMT
To determine whether the ZEB-responsive genes were also affected by a physiologic
stimulator of EMT, we exposed A549 and H358 cells to TGF-β and EGF. Both untreated
cell lines grew in typical epithelial-appearing clusters, but became more elongated and
scattered in the presence of TGF-β plus EGF (Fig. 5A). This effect was more dramatic in
A549 cells. The mRNA levels of ZEB1, Snail and, to a lesser extent ZEB2, were
upregulated in both cell lines (Fig. 5B). In H358 cells, TGF-β plus EGF caused a marked
reduction in the epithelial genes (E-cadherin, EpCAM, ESRP1, ESRP2 and ST14) and
upregulation of mesenchymal genes (FGFR1, Vimentin, N-cadherin). However, CDS1
expression was unaffected (Fig. 5C). In A549 cells, the levels of epithelial genes (ESRP1,
ESRP2 and ST14) were so low without treatment that further changes were negligible.
Vimentin and N-cadherin were both upregulated. These results show that ZEB-responsive
genes are also regulated in the same manner by a more physiologic induction of EMT.

3.5 ZEB1 and ST14 staining in human lung cancers
To determine if a correlation could be found in vivo between ZEB1 and one of the new
ZEB1-responsive genes, we examined ST14 expression by immunohistochemistry on a
TMA containing a series of 109 human lung tumors. ST14, coding for matriptase, was
chosen because it was reported to have a tumor suppressor function in some contexts [17],
and because of the availability of a highly specific commercial antibody. We examined E-
cadherin as a control. As depicted in Supplemental Fig. S2, induced ZEB1 was detected in
the nuclei, but not in the cytoplasm. In the majority of tumor samples from the TMA (Fig.
6A), ZEB1 positive nuclear staining was confined to elongated cells in the stromal
compartment. In contrast, the vast majority of E-cadherin and ST14 positive cells were
located in the tumor compartment but not in the stroma.

Of these 109 tumors, 78 (72%) were E-cadherin positive and 90 (83%) were ST14 positive
(Fig. 6B); the association between the two markers was significant (p = 0.004). However,
among the 19 ST14-negative tumors, 8 (42%) were positive for E-cadherin. On the other
hand, 20 of the 31 E-cadherin negative tumors (65%) retained ST14 staining. These two
groups may represent examples of partial EMT, although additional markers would be
required for confirmation. Other investigators have described partial EMT with retention of
E-cadherin, for example in tumor cells expressing a CD44high/CD24low phenotype and
increased N-cadherin (see Discussion).

An inverse pattern of expression was observed between the immunostaining for ZEB1 and
E-cadherin or ST14 (Fig. 6A) and a statistically significant inverse association was found
between E-cadherin and ZEB1 (p <0.001) and between ST14 and ZEB1 (p = 0.01). Of note,
ZEB1 positive cells were present in 28/31 (90%) tumors that had lost E-cadherin, and
similar results were observed for ST14 (16/19, 84%). These results indicate that when ZEB1
positive cells are found in the stroma, there is less probability to find E-cadherin or ST14 in
the tumor compartment.

4. DISCUSSION
The epithelial to mesenchymal transition plays an important role in tumor progression,
metastasis and treatment resistance [3–6; 18]. The changes associated with EMT are
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complex, progressive and dependent on the specific factors initiating the transition, not all of
which are identified. EMT is reversible and often occurs in only a subset of cells or in
specific locations. EMT can thus be difficult to visualize in tumors and may be
underestimated. A set of EMT-related genes, in addition to the classical markers E-cadherin
and Vimentin, could improve identification of this process in tumors and better define its
features. Among EMT-inducing transcriptional repressors, ZEB1 appears to have an
important role in lung cancer. To discover ZEB1 responsive genes, we used Affymetrix data
sets from 38 NSCLC cell lines and identified 324 genes significantly inversely correlated
with ZEB1 and 141 significantly positively correlated genes (Supplemental Tables S2 and
S3). Among the positive correlates were the mesenchymal markers, Vimentin, ZEB2 and
FGFR1. The negatively correlated genes included epithelial-specific adhesion molecules and
cell surface antigens. This EMT phenotype was specific for ZEB1 (and ZEB2), but not
associated with SNAIL, Slug or Twist. For E-cadherin, this confirms our previous findings
[12] and those of Takeyama et al. [13]. In addition, seven of 45 published biomarkers
reported to be prognostic in early stage adenocarcinoma were negatively correlated with
ZEB1 (Supplemental Table S4), potentially implicating ZEB1 in this group of tumors.

EpCAM, ESRP1, ESRP2, CDS1, ST14, FGFR1 and Vimentin were chosen for validation
and to serve as “proof of principle”, with E-cadherin included as a control. Correlation of
these selected genes with ZEB1 was confirmed in 22 NSCLC cell lines at both the mRNA
and protein levels (Fig. 1–2). Exogenous ZEB1 expression in H358 cells verified
responsiveness of these genes (Table 3, Fig. 3). Although the genes were also responsive to
ZEB2, the effects were generally more modest. However, the combined inhibition of ZEB1
and ZEB2 increased the expression of several ZEB downregulated genes in a synergistic
manner (Table 4, Fig. 4), indicating they have complementary functions. Conversely,
inhibiting ZEB1 or ZEB2, alone or together, had little to no effect on Vimentin, which was
substantially upregulated by ZEB1 over-expression. This was surprising since Vimentin was
the most positively correlated gene with ZEB1 (R = 0.76) and was also highly positively
correlated with ZEB2 (R = 0.62). It is possible that the effects of ZEB1 on Vimentin are
indirect and may require a longer time period to become manifest.

We further verified that corresponding variations in gene expression were obtained after
treatment with TGF-β plus EGF in A549 and H358 cells (Fig. 5). TGF-β and EGF are
known to induce EMT (for review see [19]). TGF-β acts via the Smad proteins, or through
ERK and PI3K signaling pathways, to induce the expression of multiple E-box repressors
including ZEB1, ZEB2, Snail and Slug [19]. The enhancing effect of EGF is thought to be
through its phosphorylation and downregulation of E-cadherin, which can induce EMT over
time [20]. Interestingly, we note that H358 cells were less sensitive than A549 cells to the
morphologic changes induced by TGF-β plus EGF. This might result from the high
endogenous expression of epithelial genes in H358 cells (Fig. 5C).

Several validated genes may be of particular interest for lung cancer or the EMT pathway
including cell adhesion (EpCAM), epithelial-specific RNA splicing (ESRP1, ESRP2) and
proteolytic activity (ST14). EpCAM had the highest negative correlation with ZEB1
expression (Table 1, R = −0.85). EpCAM is a homophilic adhesion molecule that connects
to the actin cytoskeleton through β-actinin and inhibits cadherin-mediated adhesion [21]. In
tumor cells, EpCAM undergoes regulated intramembrane proteolysis and subsequent
nuclear translocation activates c-Myc expression [22]. Thus, EpCAM inhibition can have
anti-proliferative effects. This suggests that some tumors may be driven, at least in part, by
high EpCAM, which is associated with an epithelial phenotype. EpCAM was initially
identified as a tumor antigen [23], and is overexpressed in ~ 25% of lung adenocarcinomas
[24]. Our finding that EpCAM is ZEB-responsive is consistent with previous reports of low
EpCAM and high ZEB1 associated with resistance to EGFR inhibitors [25; 26]. Of note, an
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anti-EpCAM antibody (catumaxomab) has been approved in the European Union for the
treatment of malignant ascites [27].

ESRP1 and 2 are RNA binding proteins that regulate epithelial-specific splicing of several
relevant genes including FGFR2, CD44 and p120-catenin [28]. ESRP1 was the fourth most
negatively correlated gene with ZEB1, and while preliminary, we observed its levels to be
more inhibited than E-cadherin by short-term, low dose ZEB1 induction (Supplemental Fig.
S1). It is believed that the splicing patterns regulated by ESRP1 and 2 contribute to the
epithelial phenotype. In agreement, induction of EMT in mammary epithelial cells by either
Twist or E-cadherin knockdown resulted in ESRP1/2 inhibition [28; 29].

ST14 encodes a membrane-associated serine protease (matriptase) that co-localizes with E-
cadherin [30], can process the hepatocyte growth factor precursor [31] and plays a role in
epithelial differentiation and maintenance of tight junctions [30; 32]. In MDA-MB-231 cells,
ST14 expression inhibited cell growth [17], although in other contexts its over-expression
can facilitate transformation [33]. ST14 has also been reported to inhibit ZEB2-driven EMT
[34]. In 109 lung cancers, we found that ST14 staining was highly significantly correlated
with E-cadherin and negatively associated with ZEB1 (Fig. 6). Of note, 25% of tumors
expressed either ST14 or E-cadherin, but not both, suggesting that ST14 may be a useful
adjunct to E-cadherin for detection of EMT features. Among tumors that had lost either E-
cadherin or ST14, there was a marked increase in ZEB1 positive stromal cells. Localization
of ZEB1 in stromal cells has also been observed in both colon and breast cancers [35]. The
nature of these cells is unknown. In lung cancer, the possibility that these represent tumor
cells that have undergone EMT is supported by the recent work of Mink et al. [36]. In a
xenograft model, these authors found that 24% of fibroblast-like cells in the stroma were
tumor-derived, and when co-cultured, this stroma conferred resistance to gefitinib-sensitive
cells. However, further studies such as FISH will be required to determine if these cells are
tumor-derived. Two hypotheses could explain the loss of E-cadherin and ST14 in the tumor
compartment. ZEB1-dependent paracrine signaling from the stroma compartment could
repress both genes. Alternatively, an additional factor could repress E-cadherin in the tumor
compartment and ZEB1 would act to maintain the repressed state in escaped tumor cells.
Further investigations will be required to distinguish between these possibilities.

Our results suggest that both ZEB1 and ZEB2 may play major roles in lung cancer, in
agreement with previous reports [12; 13; 37]. In addition to its predominance in E-cadherin
suppression, ZEB1 knockdown has been shown to impair soft agar growth of H157, H460
and H1299 cells [13]. ZEB1 has also been implicated in EMT associated with loss of
function of LKB1 [38], now recognized as the most common gene alteration in lung
adenocarcinomas [39; 40]. However, ZEB1 does not act alone; multiple E-box binding
factors are capable of inhibiting E-cadherin and inducing EMT. These include Snail, Slug,
E12/E47 and Twist. EMT induction is complex and dependent on additional transcription
and chromatin-modifying factors [41–44]. Snail as well as the T-box factor, Brachyury, have
been shown to regulate EMT in NSCLC cell lines [45; 46]. Moreover, we observed a
negative correlation of CD24 with ZEB1, while Twist1 was positively correlated with
CD44, suggesting these two factors may cooperate to generate the CD44high/CD24low stem-
like phenotype associated with EMT. In addition, Twist 1 was the only E-box factor
examined that demonstrated a positive correlation with N-cadherin (data not shown).

In lung cancer cell lines, EMT features estimated by the loss of E-cadherin and upregulation
of Vimentin is frequent. However, in resected lung cancers the frequency of EMT is less
clear. Based on E-cadherin loss, the frequency ranges from 10–30% [7; 37; 47]. Using
additional markers, including αVβ6 integrin, Prudkin et al. found evidence of EMT in the
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majority of adeno- and squamous cancers [8], emphasizing the importance of having
additional markers and understanding their relationship to EMT.

In summary, this study has identified a set of over 400 genes whose expression is highly
correlated with ZEB1 mRNA levels in 38 NSCLC cell lines. Based on our validation
studies, we predict that a majority is likely to be both ZEB1 and EMT responsive. These
genes should be useful in assessing the contribution of ZEB1 to the EMT phenotype in lung
cancer, either through basal inhibition or following EMT induction by other factors (e.g.,
TGF-β). We hypothesize that a quantitative analysis of several selected ZEB1-responsive
genes may provide an improved assessment of the EMT status in lung tumors. This gene
collection should provide some excellent candidates in this regard. We also anticipate that
several of these new ZEB-responsive genes may contribute to EMT in lung cancer.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. RNA screening in NSCLC cell lines
RNA expression was measured by quantitative real-time RT-PCR in a series of 22 NSCLC
cell lines, two NHBE cultures and two immortalized human airway primary cell lines
(BEAS2B and FC6625-2 3KT). Cells were ranked from left to right according to ZEB1
mRNA expression. Values are expressed as percent of the geometric mean between GAPDH
and actin. The experiment was done twice in duplicate. Bars = SD. Numbers 1–4 indicate
H358, A549, H460 and H157 cell lines, respectively, discussed later in the text.
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Figure 2. Correlations of protein levels with ZEB1 in NSCLC
For each cell line, 10 μg total protein were loaded on a 4–15% polyacrylamide gel. Cell
lines were ranked on the gel according to ZEB1 mRNA from low to high levels (left to
right). Western blots were performed with indicated antibodies. Molecular weights are
provided in kDa. β-actin was used as a loading control. Among these cell lines, those with
known mutations of EGFR and sensitivity to an EGFR inhibitor include H3255, HCC4006,
H1650 and HCC2279 [48]. In addition, those with IC50s of 1 μM or less in a proliferation
assay include H358 and H322 [48].
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Figure 3. E-cadherin, ST14 and EpCAM proteins are decreased by exogenous ZEB1 or ZEB2 in
H358 cells
Cells stably transfected with inducible myc-tagged ZEB1 or ZEB2, or with vector (ctl) were
grown for 5 days and concurrently induced with doxycycline (100 ng/ml) for 0, 1, 3 or 5
days. Protein lysates were analyzed by Western blot for induction of ZEB1 (A) or ZEB2 (B)
using anti-myc antibodies. E-cadherin, ST14 and EpCAM were detected by corresponding
antibodies. The asterisk indicates a variable background band. β-actin provided a loading
control.
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Figure 4. E-cadherin, CDS1 and EpCAM are increased by ZEB1 or ZEB2 knockdown in H157
cells
siRNAs targeting ZEB1, ZEB2 or a non-targeting control were transfected into H157 cells.
Cells were harvested for analysis 5 days post-transfection. Protein lysates were examined by
Western blot using the indicated antibodies. β-actin provided a loading control.
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Figure 5. ZEB1-responsive genes are similarly regulated by TGF-β plus EGF treatment
(A) A549 and H358 cells were treated during 48 h with 10 ng/ml TGF-β plus 50 ng/ml EGF.
Actin was stained by phalloidin. (B) Expression of ZEB1, ZEB2, Snail and (C) ZEB1
regulated genes was measured by quantitative real-time RT-PCR. Values are expressed as
percent of GAPDH.
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Figure 6. ST14 positively correlates with E-cadherin but negatively with ZEB1 in lung tumors
(A) Examples of two tumors with either high (upper panel) or low (lower panel) ZEB1 level
and corresponding immunostaining for E-cadherin and ST14. Dashed line: separation
between tumor and stroma; T: Tumor compartment; S: Stromal compartment; scale bar =
100 μm. (B) Distribution of tumors for E-cadherin or ST14 staining. For ZEB1 nuclear
staining, tumors with a score > 5 were considered positive (as only a low number of cells are
positive for ZEB1). For E-cadherin and ST14, tumors with scores > 10 were considered
positive. (C) Distribution of tumors stained for ZEB1 and compared with E-cadherin or
ST14. (B, C) Results are presented as number of tumors.
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