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Abstract
E-cadherin downregulation in cancer cells is associated with epithelial-to-mesenchymal transition (EMT)

and metastatic prowess, but the underlying mechanisms are incompletely characterized. In this study, we
probed E-cadherin expression at the plasma membrane as a functional assay to identify genes involved in E-
cadherin downregulation. The assay was based on the E-cadherin–dependent invasion properties of the
intracellular pathogen Listeria monocytogenes. On the basis of a functional readout, automated microscopy
and computer-assisted image analysis were used to screen siRNAs targeting 7,000 human genes. The validity
of the screen was supported by its definition of several known regulators of E-cadherin expression, including
ZEB1, HDAC1, and MMP14. We identified three new regulators (FLASH, CASP7, and PCGF1), the silencing of
which was sufficient to restore high levels of E-cadherin transcription. In addition, we identified two new
regulators (FBXL5 and CAV2), the silencing of which was sufficient to increase E-cadherin expression at a
posttranscriptional level. FLASH silencing regulated the expression of E-cadherin and other ZEB1-dependent
genes, through posttranscriptional regulation of ZEB1, but it also regulated the expression of numerous
ZEB1-independent genes with functions predicted to contribute to a restoration of the epithelial phenotype.
Finally, we also report the identification of siRNA duplexes that potently restored the epithelial phenotype by
mimicking the activity of known and putative microRNAs. Our findings suggest new ways to enforce epithelial
phenotypes as a general strategy to treat cancer by blocking invasive and metastatic phenotypes associated
with EMT. Cancer Res; 74(14); 3659–72. �2014 AACR.

Introduction
E-cadherin (CDH1) is a major component of cell–cell

junctions in epithelial cells (1). The extracellular domain
of E-cadherin connect neighboring cells through Ca2þ-
dependent homotypic interactions, whereas the cytoplasmic
domain interacts with components of the adherens junc-
tions, including p120, g-catenin/plakoglobin, and the pro-
tooncogene b-catenin (2, 3). As an adherens junction com-
ponent, E-cadherin act as a tumor suppressor not only by
contributing to epithelium integrity, thereby preventing
metastasis, but also by sequestering b-catenin at the plasma
membrane, thereby controlling the mitogenic activity of
b-catenin/TCF signaling pathway. E-cadherin expression is
tightly regulated at the transcriptional level by repressors
(4–6) and at the posttranscriptional level by phosphoryla-

tion, ubiquitination, and proteolysis (7, 8). Various
E-cadherin repressors such as the E-box binding factors
Snail, Slug, ZEB1 and ZEB2, and the basic helix-loop-helix
(bHLH) factor Twist were implicated in E-cadherin regula-
tion and epithelial-to-mesenchymal transition during
normal development and cancer progression (6). Recently,
microRNAs of the miR200 family were uncovered as mod-
ulators of E-cadherin expression, through regulation of ZEB1
and ZEB2 expression (9, 10).

The loss of E-cadherin expression has been extensively
documented in cancer metastasis (11, 12). Frequently, met-
astatic tumor cells display decreased E-cadherin expression
(13, 14) and re-expression of E-cadherin in invasive tumor
cell lines reduces their invasive behavior (15, 16). Systematic
investigations on the regulation of E-cadherin expression
have been difficult in the past because of the absence of
functional assays amenable to powerful genetic approaches.
Here we developed an innovative assay using the E-cad-
herin–mediated invasive properties of Listeria monocyto-
genes (17), as readout of E-cadherin expression at the plasma
membrane. We used the approach in combination with
the RNAi methodology and report the identification of novel
regulators of E-cadherin expression that may represent new
therapeutic targets. In addition, we also identified potent
siRNA duplexes, potentially acting through the miRNA path-
way, which enforced an epithelial phenotype in mesenchy-
mal cells and may therefore serve as therapeutic molecules.
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Materials and Methods
Bacterial and eukaryotic cell growth conditions

L. monocytogenes strain 10403S (18) was grown overnight
in BHI (Difco) at 30�C without agitation before infection.
HeLa229 cells and MDA-MB 231 (ATCC #CCL-2.1 and
#HTB-26) were obtained from the ATCC. Cells were authen-
ticated by the ATCC by analysis of Short Tandem Repeat loci
using the Promega PowerPlex Systems and were passaged in
our laboratory for less than 6 months after resuscitation. Cells
were grown in DMEM (Invitrogen) supplemented with 10%
FBS (Gibco) at 37�C in a 5% CO2 incubator. HT 29 cells (ATCC
#HTB-38) were grown in McCoy (Invitrogen) supplemented
with 10% FBS (Gibco) at 37�C in a 5% CO2 incubator.

RNAi screen
TheDharmacon library (ThermoFisher) covering the human

Druggable genome (Thermo Scientific) was aliquoted in black
clear-bottom 384-well plates (Corning, 3712) by dispensing 10
mL of the corresponding siRNA pools (200 nmol/L). Reverse
RNAi transfection and L. monocytogenes infection was per-
formed as previously described (19). For a detailed description,
please see Supplementary Materials and Methods.

High-throughput imaging and computer-assisted image
analysis

384-well plates were imaged using a TE 2000 microscope
(Nikon) equipped with an Orca ER Digital CCD Camera
(Hamamatsu), motorized stage (Prior), motorized filter wheels
(Sutter Instrument, Inc.) and a�10 objective (Nikon)mounted
on a piezo focus drive system (Physik Instrumente). Image
acquisition and analysis were conducted using theMetaMorph
7.1 software (Molecular Devices, Inc.).

Validation procedure
Cells were transfected by reverse transfection with Dhar-

mafect1 and individual siRNA (D1, D2, D3, and D4, 50 nmol/L
final) or a pool of the four silencing reagents (12.5 nmol/L each,
50 nmol/L total) and incubated for 72 hours in a 96-well plate
format. For real-time PCR analysis, total RNA and first-strand
cDNA synthesis was performed using the TaqMan Gene
Expression Cells-to-Ct Kit (Applied Biosystems), as recom-
mended by the manufacturer.

DNA constructs
HeLa229 cells were transiently transfected with either wild-

type pME18S-FLASH-GFP or the siRNA-resistant form of
FLASH. The resistant siRNA form of FLASH was constructed
by silent mutagenesis at the siRNA D4-binding sequence site.

Immunofluorescence
For immunofluorescence, cells grown on coverslips were

fixed and permeabilized in methanol (at�20�C) for 5 minutes
and stained (at the dilutions shown) for anti-E-cadherin
(1:1,000). The secondary antibody used was anti-mouse Alexa
Fluor 594 (1:1,000; Molecular Probes).

Colony formation assay
Mock-transfected or siRNA-transfected HeLa229 cells

(1 � 103) were suspended in 1 mL 0.5% agarose in DMEM

supplemented with 10% FBS. The cell suspension was layered
over 1 mL of medium containing 0.8% agarose in 6-well plates.
Plates were incubated for 21 days and stained with crystal
violet. Colonies were counted using the Metamorph Imaging
software from images of the plates captured with a digital
camera (see Supplementary Fig. S4).

Chromatin immunoprecipitation assay
Chromatin immunoprecipitation (ChIP) assay was per-

formed with the protocol described by Upstate (Millipore)
with optimizations for DNA shearing. Briefly, 5 � 106 cells
per assay were cross-linked with 1% formaldehyde at room
temperature for 10 minutes. Cells were resuspended in the
SDS lysis buffer for 15 minutes on ice. The lysate was
sonicated 10 times, 10 seconds on ice. After centrifuging at
13,000 rpm at 4�C for 10 minutes, the supernatant was
precleared for 1 hour with salmon sperm DNA and pro-
tein-A sepharose before ZEB-1 antibody (Santa Cruz Bio-
technology) or control rabbit IgG was added overnight at
4�C. Immune complexes were collected with protein-A
sepharose (Amersham, GE Healthcare). Quantitative real-
time PCR was performed using SYBR-Green with primers
previously described for E-cadherin and b-globin (20, 21).
The enrichment of E-cadherin promoter is relative to the
b-globin gene as control.

Gene expression profile analysis
RNA samples were prepared from HeLa229 cells 3 days

after mock and siRNA transfection. Sample preparation and
hybridization to GeneChip Human Genome U133 Plus 2.0
arrays (Affymetrix) were performed at the Yale University W.
M. Keck facility, using an Affymetrix GeneChip Instrument
System according to the manufacturer's recommendations.
The images were processed with Affymetrix Microarray Suite
version 5.0, scaled to a target intensity of 500. For generating
log2 expression values, the raw data were processed and
normalized using "affy" package in Bioconductor 2.9 (22). For
more information, please see Supplementary Materials and
Methods.

The microarray data are available on the GEO website
(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc¼GSE57660) under the accessions numbers GSM1386221,
GSM1386222, and GSM1386223.

Results
A functional approach for assessing the level of E-
cadherin expression

In a survey for E-cadherin expression in epithelial cells, we
found that HT-29 and HeLa229 cells expressed high and low
levels of E-cadherin, respectively (Fig. 1A). Although standard
assays such as immunofluorescence procedures allowed for
the detection of high level of E-cadherin expression in HT-29
cells, similar procedures failed to detect low level of E-cadherin
expression in HeLa229 cells (Fig. 1B). To develop a functional
assay that reports on differential levels of E-cadherin expres-
sion in low-expressing cells, we used the invasive property of
the Gram-positive bacterium L. monocytogenes. L. monocyto-
genes invasion in epithelial cells relies on the interaction of the
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bacterial factor InlA with its host cell receptor, E-cadherin (23).
Consequently, the proportion of cells successfully infected by
L. monocytogenes depends on the levels of E-cadherin expres-
sion in these cells. Accordingly, RNAi-mediated silencing of
E-cadherin (CDH1) in HeLa229 cell decreased the level of E-
cadherin expression (Fig. 1C, bottom, CDH1 KD), which
resulted in a decrease in the proportion of cells infected

with GFP-expressing L. monocytogenes (Fig. 1D, Mock, 14%�
0.9 vs. CDH1 KD, 2% � 0.5). Conversely, silencing ZEB1, a
negative regulator of E-cadherin expression, increased the
level of E-cadherin expression in HeLa229 cells (Fig. 1C,
bottom, ZEB1 KD), which increased the proportion of
infected cells (Fig. 1D, ZEB1 KD 64% � 2.7 vs. Mock 14%
� 0.9). We validated these results by using the antibiotic
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Figure 1. Functional assay for E-cadherin expression. A, E-cadherin expression in epithelial cell lines. E-cadherin expression in HeLa229 and HT-29 cells was
detected byWestern blot analysis. Actin was used as loading control. B, immunofluorescence was performed for E-cadherin expression in HeLa229 and HT-
29 cells grown to confluency for 3 days. C, effect of ZEB1 depletion on E-cadherin expression. HeLa229 cells were transfected with a pool of siRNA duplexes
targeting E-cadherin (CDH1) or its transcriptional repressor ZEB1 or both (CDH1/ZEB1). ZEB1 and E-cadherin protein levels were determined byWestern blot
analysis. D, quantification of L. monocytogenes infection by computer-assisted image analysis. Cells (nuclei-DAPI) infected with GFP-expressing L.
monocytogenes (Listeria-FITC) were determined by computer-assisted image analysis. The nuclei of infected and noninfected cells are represented in green
and red, respectively (segmentation).
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protection assay, a standard approach for measuring the
efficiency of L. monocytogenes invasion in mammalian cells
(Supplementary Fig. S1). Thus, the combination of the
invasive properties of L. monocytogenes, quantitative imag-
ing procedures and the RNAi methodology offers an unprec-
edented functional approach to investigate the regulatory
network that controls E-cadherin expression.

Identification of novel regulators of E-cadherin
expression

To identify novel regulators of E-cadherin expression, we
used the functional approach presented in Fig. 1 and screened
the Dharmacon siRNA library covering the Druggable Human
Genome (ThermoFisher). This library harbors pools of four
independent siRNA duplexes for a given gene, targeting a total
of 7,000 genes. We identified 52 pools whose transfection led to
increased infection levels that reproducibly deviated from the
mean by at least two standard deviation (SD) units in three
independent experiments. The main challenge in RNAi studies
is associated with the unintended silencing of genes displaying
limited sequence homology with the targeted gene, a phenom-
enon referred to as the "off-target effect" (24). We have previ-
ously shown that validation of RNAi screens requires the use of
independent silencing reagents inorder to establisha functional
relationship between the silencing of the targeted gene and the
observed phenotype (25). To validate the identified candidate
genes, we retested individually the four siRNA duplexes that
constituted the pools used in the primary screen. We identified
78 duplexes that conferred an increase in L. monocytogenes
invasion. These duplexes corresponded to four pools displaying
the phenotype for three or four of the four siRNA duplexes, 19
pools displaying the phenotype for two of the duplexes tested
and 26 pools displaying the phenotype for only one of the four
duplexes (Supplementary Table S1). In only three cases did the
pools, but not the individual duplexes, displayed a phenotype.
All the results obtained by microscopy procedures were also
validated using the antibiotic protection assay, a standard
procedure for measuring the efficiency of L. monocytogenes
infection in mammalian cells (see Materials and Methods and
Supplementary Table S1, Plating). We next determined the
silencing efficiency conferred by all siRNAduplexes investigated
(Supplementary Table S1, RT-PCR gene). Among the 52 pools
analyzed, the four pools displaying the phenotype for at least
three of the four duplexes tested and four pools displaying the
phenotype for two of the duplexes tested, showed a very good
correlation between silencing efficiency and L. monocytogenes
invasion. These results therefore validated CASP8AP2 (FLASH;
Fig. 2A), FBXL5 (Fig. 2B), HDAC1 (Fig. 2C), PCGF1 (Fig. 2D),
caspase-7 (Fig. 2E), caveolin 2 (Fig. 2F), MMP14 (Fig. 2G), and
ZEB1 (Fig. 2H) as bona fide regulators of E-cadherin expression
in HeLa229 cells. Thus, our screen led to the identification of
known regulators of E-cadherin such as ZEB1 (5, 6, 9, 12),
HDAC1 (26, 27), and MMP14 (7), as well as factors playing a
previously unappreciated role in E-cadherin regulation, includ-
ing FLASH, FBXL5, CASP7, PCGF1, and CAV2. We also repli-
cated our L. monocytogenes invasion assay in the MDA-MB 231
cell line and obtained similar results for the bona fide regulators
identified in HeLa229 cells (Supplementary Table S2).

Transcriptional and posttranscriptional regulators of E-
cadherin expression

We further tested whether the identified regulators con-
trolled E-cadherin expression at the transcriptional or post-
transcriptional level. To this end, we tested whether increased
E-cadherin protein levels correlated with increased mRNA
levels. Depletion of FLASH resulted in a significant increase
in E-cadherin mRNA (Supplementary Fig. S2A, D1–D4) and
total protein levels (Supplementary Fig. S2B,WCL, D1–D4).We
obtained similar results for ZEB1, HDAC1, caspase-7 (CASP7),
and polycombgroup (PcG) protein PCGF1 (Supplementary Fig.
S3). We also performed surface biotinylation experiments in
order to quantify the level of E-cadherin at the plasma mem-
brane. Biotinylated proteins were collected by streptavidin
beads pull-down, and subsequent E-cadherin blotting showed
an increase in surface E-cadherin in FLASH-depleted cells
(Supplementary Fig. S2B, IP: streptavidin). Altogether these
results not only confirmed the previously reported role of ZEB1
and HDAC1 in E-cadherin regulation (5, 6, 9, 26, 27), but
also uncovered previously unappreciated roles for FLASH,
PCGF1, and CASP7 as transcriptional regulators of E-cadherin
expression.

As opposed to the situation observed for the depletion of the
transcriptional regulators, depletion of FBXL5 did not alter
significantly the levels of E-cadherin mRNA (Supplementary
Fig. S2C). However, we observed a significant increase in
E-cadherin protein level (Supplementary Fig. S2D, WCL, D1–
D3). Furthermore, plasmamembrane E-cadherin biotinylation
and streptavidin recovery showed that FBLX5 depletion
resulted in increased E-cadherin expression at the plasma
membrane (Supplementary Fig. S2D, IP: streptavidin). These
results suggested that FBXL5 affected E-cadherin expression at
the posttranscriptional level. We obtained similar results for
MMP14 and caveolin 2 (CAV2; Supplementary Fig. S3). These
experiments not only confirmed the established role for
MMP14 in E-cadherin posttranslational modification (7), but
also suggested a previously unappreciated role for FBXL5 and
CAV2 in the posttranscriptional regulation of E-cadherin
expression.

Depletion of the newly identified E-cadherin regulators
affects the anchorage-independent growth of HeLa229
cells

Wenext studied the impact of silencing the expression of the
identified candidate genes on the ability of HeLa229 cells to
proliferate independently of both external and internal regu-
latory cues in a soft agar assay. We silenced the expression of
the identified candidate with two independent siRNA duplexes
(Fig. 3A). We found that the increase in of E-cadherin expres-
sion in cells depleted for CASP8AP2 (FLASH), FBXL5, HDAC1,
PCGF1, caspase-7, caveolin 2, MMP14, and ZEB1 resulted in a
significant suppression of anchorage-independent cell growth
in soft agar (Fig. 3B). These results suggest that the increase in
E-cadherin expression resulting from the silencing of the
identified candidate genes reduces the proliferating capacity
of Hela229 cells and support the notion that these newly
identified E-cadherin regulators constitute potential targets
for therapeutic intervention.
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Full validation of FLASH as a regulator of E-cadherin
expression
We next conducted a full validation of the specific involve-

ment of FLASH in E-cadherin expression. To this end, we first
confirmed that siRNA treatment with the 4 duplexes targeting
FLASH expression led to FLASH depletion at themRNA as well
as the protein level (Fig. 4A). We also ruled out a potential off-
target activity for siRNA duplex D4 by taking advantage of the
C911 mismatch approach in which bases 9 to 11 of the siRNA
duplexes were replaced by their complement (28). We found
that transfection of HeLa229 and MDA-MB 231 with the C911
version of siRNA duplex D4 did not result in the striking
increase in E-cadherin expression observed in cells transfected

with siRNA duplex D4 (Fig. 4B, HeLa229 and MDA-MB 231),
suggesting that the increased in E-cadherin expression
observed in cells transfected with siRNA duplex D4 was
specifically caused by FLASH depletion. Finally, to unambig-
uously establish the specificity of the observed phenotype, we
conducted a "genetic rescue" experiment by designing a FLASH
cDNA construct resistant to treatment with siRNA duplex D4
[referred to as FLASH(m) cDNA construct].We showed that, in
contrast to FLASH-GFP, FLASH(m)-GFP was not depleted in
cells transfected with siRNA duplex D4 (Supplementary Fig.
S5A and S5B). We analyzed the levels of E-cadherin expression
in Mock-transfected (Fig. 4C, top) and FLASH-depleted
HeLa229 cells (Fig. 4C, bottom) transiently transfected with
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Figure 2. Correlation between
silencing efficiency and L.
monocytogenes infection.
HeLa229 cells were transfected
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corresponding genes. A–H
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the FLASH(m)-GFP construct. E-cadherin expression was very
low in Mock-transfected cells that did, or did not, express
FLASH(m)-GFP (Fig. 4C, Mock). As expected, transfection with

siRNA duplex D4 resulted in a striking increase in E-cadherin
expression in cells that did not express FLASH(m)-GFP (Fig.
4C, compare Mock vs. FLASH D4, E-cadherin, arrowheads).
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siRNA duplexes targeting ZEB1,
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agar assay. B, colony counts were
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Statistical significance of these visual differences was deter-
mined on a cell-by-cell basis by computer-assisted image
analysis (Fig. 4D, Mock vs. FLASH D4). By contrast, the
observed increase in E-cadherin expression was severely atten-
uated in cells expressing FLASH(m)-GFP [Fig. 4C, compare
Mock vs. FLASH D4, FLASH(m) and E-cadherin, arrows;
and Fig. 4D, FLASH D4 vs. FLASH D4 (FLASH positive)]. These
results suggested that the expression of FLASH(m)-GFP effec-
tively rescued the increase in E-cadherin expression mediated
by depletion of endogenous FLASH. Altogether these results
unambiguously demonstrate that FLASH plays a specific role
in E-cadherin expression.

FLASH regulates ZEB1 expression
As previously shown (5, 6, 9) and as illustrated in this study

(Fig. 2H and Supplementary Fig. S2), the transcriptional repres-
sor ZEB1 acts as negative regulator of E-cadherin expression.
We tested whether the depletion of FLASH, PCGF1, and CASP7
may lead to an increase in E-cadherin transcription by mod-
ulating ZEB1 expression. We found that FLASH depletion, but

notCASP7 or PCGFdepletion, led to a decrease inZEB1protein
expression (Fig. 5A, FLASH KD). We next determined whether
FLASH depletion affected ZEB1 expression at the transcrip-
tional or post-transcriptional level. We used four different
siRNA duplexes to silence FLASH in HeLa229 cells and quan-
titative real-timePCR revealed thatZEB1mRNA levelswere not
affected in the FLASH-depleted cells (Fig. 5B), but the ZEB1
protein levels were decreased by all FLASH-targeting siRNA
duplexes in HeLa229 cell line (Fig. 5C) and similarly in the
MDA-MB 231 cell line (Fig. 5D). Thus, FLASH regulates ZEB1
expression at the posttranscriptional level.

We next carried out coimmunoprecipitation experiments
with cytosolic and nuclear extracts of HeLa229 cells to deter-
mine whether FLASH and ZEB1 may form a complex. As
expected, ZEB1 and FLASH were largely identified in the
nuclear fraction of HeLa229 cells (Fig. 5E, lysate). Using an
anti-FLASH antibody, we showed coimmunoprecipitation of
FLASH and ZEB1 with extracts from mock-treated cells, but
not with extracts from FLASH-depleted cells (Fig. 5E, IP, Mock
vs. FLASHKD). As expected, the converse experiments using an
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duplex (D4) and FLASH D4-C911 control duplex [D4(C911)]. C, immunofluorescence revealed restoration of E-cadherin expression in FLASH-depleted
(FLASHD4) HeLa229 cells. Cells expressing an siRNA-resistant version of FLASH [FLASH(m)] display low levels of E-cadherin (bottom, arrow). D, E-cadherin
expression in individual cells was quantified by computer-assisted analysis of images as shown in C. The significance of the differences was confirmed by
Student t test (��, P < 0.0025). IB, immunoblot.
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anti-ZEB1 antibody also showed coimmunoprecipitation of
ZEB1 and FLASH (Fig. 5F). Thus, endogenous FLASH and
ZEB1 form a complex in the nucleus. We next analyzed
whether FLASH depletion modified the occupancy of the
E-cadherin promoter by ZEB1. To this end, we carried out
chromatin immunoprecipitation assay with an anti-ZEB1
antibody, as previously described (20, 29). Quantitative PCR
of the E-cadherin promoter region revealed that FLASH
depletion led to a 2.5 decrease in the occupancy of the
E-cadherin promoter by ZEB1 (Fig. 5G). Altogether, these
results are in agreement with the notion that FLASH mod-
ulates E-cadherin expression by regulating ZEB1 protein
levels, potentially through formation of a complex, which
impacts the occupancy of the E-cadherin promoter and
therefore the level of E-cadherin expression.

Gene expression profiles in ZEB1- and FLASH-depleted
cells
ZEB1 acts as a regulator of the mesenchymal phenotype

through its role as a transcriptional repressor of E-cadherin
expression (5, 6). To determine whether ZEB1 may modulate
the expression of additional genes, we compared the gene
expression profiles of mock-treated and ZEB1-depleted cells.
In addition to E-cadherin (CDH1), we found that ZEB1
negatively regulated the expression of EPCAM, JAM-A
(F11R), DIRAS3, and MARVELD3 (Fig. 6A and Supplementary
Table S3). We also compared the gene expression profiles of
mock-treated and FLASH-depleted cells. As expected, we
found that FLASH depletion increased the expression of the
ZEB1-regulated genes, including CDH1 and EPCAM (Fig. 6A
and Supplementary Table S3). In addition, we found that
FLASH depletion led to a >4-fold increase in the transcrip-
tion of more than 100 genes (Fig. 6B and Supplementary
Table S4). We observed enrichment in histone transcripts, as
previously described in SW480 cells (30). In addition, gene
ontology analysis (Fig. 6C) revealed enrichment in regulators
of apoptosis, cell adhesion molecules, and tumor suppres-
sors, including DHRS2, DKK1, and TFPI-2 (Fig. 6B). We
confirmed these microarray data by real-time PCR (Fig.
6D). These results not only establish the role of FLASH in
the regulation of ZEB1-dependent genes, but also uncover a
role for FLASH in the negative regulation of ZEB1-indepen-
dent genes previously associated with tumor suppression in
mesenchymal cells.

siRNA duplexes that mimic microRNAs
In addition to the pools that passed our validation proce-

dures for gene specificity, we identified 26 pools for which only
1 of 4 tested siRNAduplexes conferred the observed phenotype.
For instance, when targeting ZNF281 gene expression, siRNA
duplexes D2 and D3 displayed silencing efficiency similar to
siRNA duplex D1 (Fig. 7A, mRNA level, D2 and D3), but did not
result in an increase in L. monocytogenes infection (Fig. 7A,
infection, D2 andD3) or E-cadherinmRNA (Fig. 7B, D2 andD3).
This is the signature of the so-called "off-target effect" whereby,
in addition to their silencing activity through the siRNA
pathway, siRNA duplexes may also affect gene expression
through the microRNA pathway (24). Interestingly, sequence

analysis revealed that 7 of the 26 duplexes displaying an off-
target effect harbored a seed region identical to the seed region
of the miR200 family members (Supplementary Fig. S6, top).
miR200 regulates E-cadherin expression by down-modulating
the expression of the E-cadherin transcriptional repressors,
ZEB1 and ZEB2 (9, 10). Therefore, the identified siRNA
duplexes plausibly regulated E-cadherin expression by mim-
icking the activity of miR200 family members. Although the
seed region of ZNF281_D1 did notmatch the seed region of any
known humanmicroRNA, it displayed a perfectmatchwith the
seed region of Caenorhabditis elegans miR70 (Supplementary
Fig. S6, bottom), suggesting that ZNF281_D1 may regulate E-
cadherin expression by mimicking the activity of a yet uncov-
ered human homolog of C. elegans miR70. We refer to those
siRNA duplexes that potentially mimic the activity of endog-
enous microRNAs as miR mimics.

Effects of miR mimics on the epithelial phenotype
We explored the mechanisms supporting the activity of

miR mimics PON3_D2 and ZNF281_D1. Transfection with
miR mimics led to a strong increase in L. monocytogenes
infection (Fig. 7A, infection, D1) paralleled by high levels of
E-cadherin mRNA (Fig. 7B, D1), total E-cadherin protein
(Fig. 7C, WCL, D1) and an increased availability of E-cadherin
protein at the plasmamembrane (Fig. 7C, IP: streptavidin, D1).
Strong E-cadherin expression was still detected 21 days after a
single transfection with 50 nmol/L siRNA (Supplementary
Fig. S6B) and the lowest effective dose tested that induced
E-cadherin expression was 5 nmol/L (Supplementary Fig. S6C).
Increased E-cadherin expression (Supplementary Fig. S7A)was
paralleled by the decreased expression of its transcriptional
repressors, including ZEB1, ZEB2, and SNAIL (Supplementary
Fig. S7B–S7D). To examine the ability of ZNF281_D1 to enforce
an epithelial phenotype, we also examined occludin expres-
sion, a critical component of tight junctions involved in the
establishment and maintenance of cell polarity (31). In mock-
treated Hela229 cells, occludin expression was not detectable
(Fig. 7D, Mock). However, occludin expression was restored
in miR mimic–transfected cells (Fig. 7D, PON3_D2 and
ZNF281_D1). In addition to the transcriptional upregulation
of epithelial markers, such as E-cadherin (Supplementary Fig.
S7A) and occludin (Supplementary Fig. S7E), we also observed
repression of mesenchymal markers, such as vimentin (Sup-
plementary Fig. S7F). Finally, we showed that the enforcement
of the epithelial phenotype observed inmiRmimic–transfected
cells resulted in suppression of anchorage-independent cell
growth in soft agar (Fig. 7E, PON3_D2 vs. Mock and
ZNF281_D1 vs. Mock). Altogether, these results indicated that
miR mimics enforced an epithelial phenotype in mesenchymal
cells.

Discussion
Our genetic investigations led to the identification of

novel regulators of E-cadherin expression as well as potent
siRNA duplexes that enforce an epithelial phenotype in
mesenchymal cells. Not only were E-cadherin levels restored
in HeLa229 cells depleted for these regulators but the
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anchorage-independent growth, a hallmark of cell transfor-
mation, was significantly reduced. Below we discuss the
implications of our findings in the context of our under-
standing of the mechanisms supporting E-cadherin expres-
sion and the design of novel strategies for enforcing an
epithelial phenotype in mesenchymal cells.

Posttranscriptional regulation of E-cadherin expression
We identified FBXL5 and CAV2 as posttranscriptional reg-

ulators of E-cadherin expression. The F-box protein FBXL5 is
a component of the ubiquitin protein ligase complex SCF
(SKP1-cullin-F-box), which function in phosphorylation-
dependent ubiquitination and subsequent proteolysis (32).
FBXL5 was previously involved in polyubiquitination and

degradation of p150Glued, which plays an important role in
dynein–dynactin complex (33). In agreement with our results
showing that E-cadherin accumulated at the plasma mem-
brane in FBXL5-depleted cells, we speculate that FBXL5 reg-
ulates E-cadherin degradation and accumulation at the plasma
membrane. In addition to FBXL5, we also identified CAV2 as a
posttranscriptional regulator of E-cadherin expression. This
result is in agreementwith previous reports showing that CAV1
and CAV2 expression is associated with highly aggressive
breast tumors (34). In addition, an inverse correlation between
CAV2 and E-cadherin expression was found in invasive breast
cancer (34). Our results indicate that CAV2 depletion leads to
an accumulation of E-cadherin at the plasma membrane,
suggesting that CAV2 regulates E-cadherin endocytosis.
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Figure 6. Gene expression profile in ZEB1- and FLASH-depleted cells. A, heatmap representation of gene expression levels showing at least a 2-fold increase
in ZEB1-depleted cells and the corresponding expression in FLASH-depleted cells. Representative genes with a role in tumor suppression are indicated.
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Transcriptional regulation of E-cadherin expression
We identified CASP7 and PCGF1 as regulators whose deple-

tion led to an increase in E-cadherin transcription. Given its
cytoplasmic localization, it is likely that CASP7 plays an

indirect role in E-cadherin transcription. Interestingly, a recent
report revealed that CASP3-induced cleavage of d-catenin
generates a fragment that localizes to the nucleus and binds
to a zinc finger transcriptional factor (ZIFCAT), potentially
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modulating its function (35). We speculate that CASP7 might
exhibit a similar role and process unknown factor(s) that
modulate E-cadherin transcription in the nucleus. In addition
to CASP7, we identified the polycomb repressive complex
(PRC) component PCGF1 as a regulator of E-cadherin tran-
scription. PRC components are divided into 2 subcomplexes
(PRC1 and PRC2), which play an important role in embryonic
development and carcinogenesis through gene silencing (36,
37). A role for PRC2 in E-cadherin repression has been formerly
described (38). BMI1, a component of the PRC1 group, has been
recently shown to repress E-cadherin expression (39). Because
it is a member of the PRC1 group (40), we suggest that PCGF1,
potentially in interaction with BMI1, is a component of a
complex that represses E-cadherin transcription.

A role for FLASH in ZEB1-regulated E-cadherin
transcription

In addition to CASP7 and PCGF1, we identified FLASH as a
transcriptional regulator of E-cadherin expression. The role of
FLASH in transcriptional regulation has been formerly
described and recent studies support its emerging role as a
cofactor in specific transcription processes (41, 42). For
instance, FLASH was found to act as a cofactor of c-Myb and
enhance the expression of c-Myb–dependent genes (43). As our
results suggest that FLASH interacts with ZEB1 in the nucleus
and FLASH depletion decreases the E-cadherin promoter
occupancy by ZEB1, we speculate that FLASH may be a
component of the ZEB1-containing repressor complex. Alter-
natively and because FLASH depletion affected the protein
level of ZEB1, we cannot exclude the possibility that FLASH
regulates the stability or the nuclear localization of ZEB1
through unknown mechanisms.

A role for FLASH in the regulation of the mesenchymal
phenotype

To further understand the role of ZEB1 and FLASH in
the regulation of gene expression in mesenchymal cells, we
conducted gene expression profile analyses. In addition to
E-cadherin, our results revealed novel genes involved in tumor-
igenesis whose expression is subject to ZEB1-dependent
repression, including EPCAM, JAM-A, DIRAS3, andMARVELD3.
Previous studies detailed the controversial biological role of
EPCAM in carcinogenesis. As an adhesion molecule, EPCAM
mediates homophilic adhesion interactions, which in turn
might prevent metastasis (44, 45). However, EPCAM abrogates
E-cadherin–mediated cell–cell adhesion thereby promoting
metastasis (46). Our findings are consistent with data showing
a negative correlation between EPCAM and ZEB1 in several
cancer cell lines (47, 48). The roles of JAM-A, DIRAS3, and
MARVELD3 as potential tumor suppressors and promoters of
epithelial phenotype have been previously described (49–51).
To the best of our knowledge, this is the first report on the
negative correlation between ZEB1 and JAM-A, DIRAS3, and
MARVELD3. These results reveal that in addition to E-cad-
herin, ZEB1 regulates the expression of genes whose products
may contribute to the epithelial phenotype.

In agreement with our findings showing that FLASH
regulates ZEB1 expression, our gene expression profile

analyses showed that FLASH regulates the expression of
ZEB1-dependent genes. In addition, we uncovered that
FLASH regulates the expression of numerous ZEB1-inde-
pendent genes. These genes not only include histone genes,
as previously reported (30, 42), but also numerous genes
whose products may contribute to the epithelial phenotype,
including DHRS2, DKK1, and TFPI-2. Previous studies
showed that mitochondrial Hep27 (DHRS2) is a c-Myb target
gene that inhibits Mdm2 and stabilizes p53 (52). Also, a role
for DKK1 as a tumor suppressor by Wnt-signaling inhibition
was documented (53). Tissue factor pathway inhibitor-2
(TFPI-2) is a matrix-associated serine protease inhibitor,
which has been previously described as a tumor suppressor
gene in several types of cancer (54, 55). Our results therefore
support the notion that FLASH represses the expression of
numerous genes that support the epithelial phenotype and
therefore is a critical determinant of the mesenchymal
phenotype.

Novel strategies for enforcing an epithelial phenotype
Our genetic investigation led to the identification of

several novel regulators of E-cadherin expression that may
constitute potential targets in the context of therapeutic
intervention aiming at preventing the epithelial-to-mesen-
chymal transition. In particular, our results revealed that
FLASH is a major enforcer of the mesenchymal phenotype
whose inhibition effectively restores the expression of
numerous genes that support the epithelial phenotype.
Similarly, our results revealed that siRNA duplexes such as
miR mimics, not only restored very high levels of E-cadherin
expression, but also enforced a mesenchymal-to-epithelial
transition in mesenchymal cells. In addition to miR-mimic-
70 (ZNF281_D1) and miR-mimic-200 (PON3_D2), our genet-
ic screen uncovered other siRNA duplexes displaying very
potent properties with respect to E-cadherin expression
(Supplementary Table S1). Although, the seed region of these
siRNA did not match the seed region of any known human
miRNAs, these siRNA duplexes may mimic the activity of yet
undiscovered, endogenous microRNAs. We note, however,
that we cannot exclude the possibility that these siRNA
molecules may exert their effects on E-cadherin expression
independently of the siRNA and miRNA pathways, through
uncovered mechanism(s). Also, we acknowledge that the
targets we identified may be cell-specific and various cancer
cell lines with low expression of E-cadherin may require
depletion of other regulators in order to restore high levels of
E-cadherin. Nonetheless, these molecules should be consid-
ered as a novel class of compounds that display remarkably
potent activities on E-cadherin expression and the enforce-
ment of the epithelial phenotype.

Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.

Authors' Contributions
Conception and design: A.-M. Dragoi, H. Agaisse
Development of methodology: A.-M. Dragoi, H. Agaisse
Acquisition of data (provided animals, acquired and managed patients,
provided facilities, etc.): A.-M. Dragoi, R. Swiss, H. Agaisse

Dragoi et al.

Cancer Res; 74(14) July 15, 2014 Cancer Research3670

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/74/14/3659/2704994/3659.pdf by guest on 19 M

ay 2023



Analysis and interpretation of data (e.g., statistical analysis, biostatistics,
computational analysis): A.-M. Dragoi, R. Swiss, B. Gao, H. Agaisse
Writing, review, and/or revision of themanuscript:A.-M. Dragoi, H. Agaisse
Administrative, technical, or material support (i.e., reporting or orga-
nizing data, constructing databases): H. Agaisse
Study supervision: H. Agaisse

Acknowledgments
The authors thankDrs. S. Ivanov, I. Derre, D. Alvarez, and R. Squires for critical

discussions and suggestions.

Grant Support
This work was supported by the Anna Fuller Fellowship for Cancer Research

fromYale University (A.-M. Dragoi) and theNIH grant R01-AI073904 (H. Agaisse).
The costs of publication of this article were defrayed in part by the

payment of page charges. This article must therefore be hereby marked
advertisement in accordance with 18 U.S.C. Section 1734 solely to indicate this
fact.

Received November 8, 2013; revised May 1, 2014; accepted May 9, 2014;
published OnlineFirst May 20, 2014.

References
1. Baum B, Georgiou M. Dynamics of adherens junctions in epithelial

establishment, maintenance, and remodeling. J Cell Biol 2011;
192:907–17.

2. Delva E, Kowalczyk AP. Regulation of cadherin trafficking. Traffic
2009;10:259–67.

3. Harris TJ, Tepass U. Adherens junctions: from molecules to morpho-
genesis. Nat Rev Mol Cell Biol 2010;11:502–14.

4. Comijn J, Berx G, Vermassen P, Verschueren K, van Grunsven L,
Bruyneel E, et al. The two-handed E box binding zinc finger protein
SIP1 downregulates E-cadherin and induces invasion. Mol Cell
2001;7:1267–78.

5. Eger A, Aigner K, Sonderegger S, Dampier B, Oehler S, Schreiber M,
et al. DEF1 is a transcriptional repressor of E-cadherin and regulates
epithelial plasticity in breast cancer cells. Oncogene 2005;24:2375–85.

6. Peinado H, Olmeda D, Cano A. Snail, Zeb and bHLH factors in tumour
progression: an alliance against the epithelial phenotype? Nat Rev
Cancer 2007;7:415–28.

7. CovingtonMD, Burghardt RC, Parrish AR. Ischemia-induced cleavage
of cadherins in NRK cells requires MT1-MMP (MMP-14). Am J Physiol
Renal Physiol 2006;290:F43–51.

8. Fujita Y, KrauseG, ScheffnerM, Zechner D, LeddyHE, Behrens J, et al.
Hakai, a c-Cbl-like protein, ubiquitinates and induces endocytosis of
the E-cadherin complex. Nat Cell Biol 2002;4:222–31.

9. Gregory PA, Bert AG, Paterson EL, Barry SC, Tsykin A, FarshidG, et al.
The miR-200 family and miR-205 regulate epithelial to mesenchymal
transition by targeting ZEB1 and SIP1. Nat Cell Biol 2008;10:593–601.

10. Park SM, Gaur AB, Lengyel E, Peter ME. The miR-200 family deter-
mines the epithelial phenotype of cancer cells by targeting the
E-cadherin repressors ZEB1 and ZEB2. Genes Dev 2008;22:894–907.

11. Guarino M, Rubino B, Ballabio G. The role of epithelial-mesenchymal
transition in cancer pathology. Pathology 2007;39:305–18.

12. Schmalhofer O, Brabletz S, Brabletz T. E-cadherin, b-catenin, and
ZEB1 in malignant progression of cancer. Cancer Metastasis Rev
2009;28:151–66.

13. Perl AK, Wilgenbus P, Dahl U, Semb H, Christofori G. A causal role for
E-cadherin in the transition from adenoma to carcinoma. Nature
1998;392:190–3.

14. Thiery JP. Epithelial-mesenchymal transitions in tumour progression.
Nat Rev Cancer 2002;2:442–54.

15. Frixen UH, Behrens J, Sachs M, Eberle G, Voss B, Warda A, et al. E-
cadherin-mediated cell-cell adhesion prevents invasiveness of human
carcinoma cells. J Cell Biol 1991;113:173–85.

16. Vleminckx K, Vakaet L Jr, Mareel M, Fiers W, van Roy F. Genetic
manipulation of E-cadherin expression by epithelial tumor cells reveals
an invasion suppressor role. Cell 1991;66:107–19.

17. Hamon M, Bierne H, Cossart P. Listeria monocytogenes: a multifac-
eted model. Nat Rev Microbiol 2006;4:423–34.

18. Bishop DK, Hinrichs DJ. Adoptive transfer of immunity to Listeria
monocytogenes. The influence of in vitro stimulation on lymphocyte
subset requirements. J Immunol 1987;139:2005–9.

19. Chong R, Squires R, Swiss R, Agaisse H. RNAi screen reveals host cell
kinases specifically involved in Listeria monocytogenes spread from
cell to cell. PLoS ONE 2011;6:e23399.

20. Vandewalle C, Comijn J, De Craene B, Vermassen P, Bruyneel E,
Andersen H, et al. SIP1/ZEB2 induces EMT by repressing genes of
different epithelial cell-cell junctions. Nucleic Acids Res 2005;33:
6566–78.

21. Xu M, Luo W, Elzi DJ, Grandori C, Galloway DA. NFX1 interacts with
mSin3A/histone deacetylase to repress hTERT transcription in kera-
tinocytes. Mol Cell Biol 2008;28:4819–28.

22. Gentleman RC, Carey VJ, Bates DM, Bolstad B, Dettling M, Dudoit S,
et al. Bioconductor: open software development for computational
biology and bioinformatics. Genome Biol 2004;5:R80.

23. Ireton K. Entry of the bacterial pathogen Listeria monocytogenes into
mammalian cells. Cell Microbiol 2007;9:1365–75.

24. Birmingham A, Anderson EM, Reynolds A, Ilsley-Tyree D, Leake D,
Fedorov Y, et al. 30 UTR seed matches, but not overall identity,
are associated with RNAi off-targets. Nat Methods 2006;3:199–204.

25. Chong R, Swiss R, Briones G, Stone KL, Gulcicek EE, Agaisse H.
Regulatory mimicry in Listeria monocytogenes actin-based motility.
Cell Host Microbe 2009;6:268–78.

26. Kim NH, Kim SN, Kim YK. Involvement of HDAC1 in E-cadherin
expression in prostate cancer cells; its implication for cell motility and
invasion. Biochem Biophys Res Commun 2011;404:915–21.

27. Peinado H, Ballestar E, Esteller M, Cano A. Snail mediates E-cadherin
repression by the recruitment of the Sin3A/histone deacetylase 1
(HDAC1)/HDAC2 complex. Mol Cell Biol 2004;24:306–19.

28. Buehler E, Chen YC, Martin S. C911: a bench-level control for
sequence specific siRNAoff-target effects. PLoSONE2013;7:e51942.

29. Sanchez-Tillo E, Lazaro A, Torrent R, Cuatrecasas M, Vaquero EC,
Castells A, et al. ZEB1 represses E-cadherin and induces an EMT by
recruiting the SWI/SNF chromatin-remodeling protein BRG1. Onco-
gene 2010;29:3490–500.

30. Hummon AB, Pitt JJ, Camps J, Emons G, Skube SB, Huppi K, et al.
Systems-wide RNAi analysis of CASP8AP2/FLASH shows transcrip-
tional deregulation of the replication-dependent histone genes and
extensive effects on the transcriptome of colorectal cancer cells. Mol
Cancer 2012;11:1.

31. Schneeberger EE, Lynch RD. The tight junction: a multifunctional
complex. Am J Physiol Cell Physiol 2004;286:C1213–28.

32. Craig KL, Tyers M. The F-box: a new motif for ubiquitin dependent
proteolysis in cell cycle regulation and signal transduction. Prog
Biophys Mol Biol 1999;72:299–328.

33. Zhang N, Liu J, Ding X, Aikhionbare F, Jin C, Yao X. FBXL5 interacts
with p150Glued and regulates its ubiquitination. BiochemBiophysRes
Commun 2007;359:34–9.

34. Elsheikh SE, Green AR, Rakha EA, Samaka RM, Ammar AA, Powe D,
et al. Caveolin 1 and Caveolin 2 are associated with breast cancer
basal-like and triple-negative immunophenotype. Br J Cancer 2008;
99:327–34.

35. Gu D, Tonthat NK, Lee M, Ji H, Bhat KP, Hollingsworth F, et al.
Caspase-3 cleavage links {delta}-catenin to the novel nuclear protein
ZIFCAT. J Biol Chem 2011;286:23178–88.

36. Lin YW, Chen HM, Fang JY. Gene silencing by the Polycomb group
proteins and associationswith cancer. Cancer Invest 2011;29:187–95.

37. Simon JA, Kingston RE. Occupying chromatin: polycomb mechan-
isms for getting to genomic targets, stopping transcriptional traffic,
and staying put. Mol Cell 2013;49:808–24.

38. Herranz N, Pasini D, Diaz VM, Franci C, Gutierrez A, Dave N, et al.
Polycomb complex 2 is required for E-cadherin repression by the
Snail1 transcription factor. Mol Cell Biol 2008;28:4772–81.

39. YangMH, Hsu DS,WangHW,WangHJ, LanHY, YangWH, et al. Bmi1
is essential in Twist1-induced epithelial-mesenchymal transition. Nat
Cell Biol 2010;12:982–92.

Functional Screen for Regulators of E-cadherin

www.aacrjournals.org Cancer Res; 74(14) July 15, 2014 3671

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/74/14/3659/2704994/3659.pdf by guest on 19 M

ay 2023



40. Junco SE, Wang R, Gaipa JC, Taylor AB, Schirf V, Gearhart MD, et al.
Structure of the polycomb group protein PCGF1 in complex with
BCOR reveals basis for binding selectivity of PCGF homologs. Struc-
ture 2013;21:665–71.

41. Alm-Kristiansen AH, Lorenzo PI, Molvaersmyr AK, Matre V, Ledsaak
M, Saether T, et al. PIAS1 interacts with FLASH and enhances its co-
activation of c-Myb. Mol Cancer 2011;10:21.

42. Barcaroli D, Bongiorno-Borbone L, Terrinoni A, Hofmann TG, Rossi M,
Knight RA, et al. FLASH is required for histone transcription and S-
phase progression. Proc Natl Acad Sci U S A 2006;103:14808–12.

43. Alm-KristiansenAH, Saether T,Matre V, Gilfillan S, Dahle O,Gabrielsen
OS. FLASH acts as a co-activator of the transcription factor c-Myb and
localizes toactiveRNApolymerase II foci.Oncogene2008;27:4644–56.

44. Gosens MJ, van Kempen LC, van de Velde CJ, van Krieken JH,
Nagtegaal ID. Loss of membranous Ep-CAM in budding colorectal
carcinoma cells. Mod Pathol 2007;20:221–32.

45. Litvinov SV, Velders MP, Bakker HA, Fleuren GJ, Warnaar SO. Ep-
CAM: a human epithelial antigen is a homophilic cell-cell adhesion
molecule. J Cell Biol 1994;125:437–46.

46. Winter MJ, Nagelkerken B, Mertens AE, Rees-Bakker HA, Briaire-de
Bruijn IH, Litvinov SV. Expression of Ep-CAM shifts the state of
cadherin-mediated adhesions from strong to weak. Exp Cell Res
2003;285:50–8.

47. Aigner K, Dampier B, Descovich L, Mikula M, Sultan A, Schreiber M,
et al. The transcription factor ZEB1 (deltaEF1) promotes tumour cell
dedifferentiation by repressing master regulators of epithelial polarity.
Oncogene 2007;26:6979–88.

48. Vannier C, Mock K, Brabletz T, Driever W. Zeb1 regulates E-cadherin
and Epcam (epithelial cell adhesion molecule) expression to control
cell behavior in early zebrafish development. J Biol Chem
2013;288:18643–59.

49. Fong D, Spizzo G, Mitterer M, Seeber A, Steurer M, Gastl G, et al. Low
expression of junctional adhesion molecule A is associated with
metastasis and poor survival in pancreatic cancer. Ann Surg Oncol
2012;19:4330–6.

50. Kojima T, Takasawa A, Kyuno D, Ito T, Yamaguchi H, Hirata K, et al.
Downregulation of tight junction-associated MARVEL protein mar-
velD3 during epithelial-mesenchymal transition in human pancreatic
cancer cells. Exp Cell Res 2011;317:2288–98.

51. Lu Z, Bast RC Jr. The tumor suppressor gene ARHI (DIRAS3) inhibits
ovarian cancer cell migration through multiple mechanisms. Cell Adh
Migr 2013;7:232–6.

52. Deisenroth C, Thorner AR, Enomoto T, Perou CM, Zhang Y. Mito-
chondrial Hep27 is a c-Myb target gene that inhibits Mdm2 and
stabilizes p53. Mol Cell Biol 2010;30:3981–93.

53. Niehrs C. Function and biological roles of the Dickkopf family of Wnt
modulators. Oncogene 2006;25:7469–81.

54. JiaY, YangY,BrockMV,CaoB, ZhanQ, Li Y, et al.Methylationof TFPI-
2 is an early event of esophageal carcinogenesis. Epigenomics
2012;4:135–46.

55. Xu Y, Qin X, Zhou J, Tu Z, Bi X, Li W, et al. Tissue factor pathway
inhibitor-2 inhibits the growth and invasion of hepatocellular carcino-
ma cells and is inactivated in human hepatocellular carcinoma. Oncol
Lett 2011;2:779–83.

Cancer Res; 74(14) July 15, 2014 Cancer Research3672

Dragoi et al.

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/74/14/3659/2704994/3659.pdf by guest on 19 M

ay 2023



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice


