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The claudins constitute a 24-member family of pro-
teins that are critical for the function and formation
of tight junctions. Here, we examine the expression
of claudin-7 in squamous cell carcinoma (SCC) of the
esophagus and its possible role in tumor progression.
In the normal esophagus, expression of claudin-7
was confined to the cell membrane of differentiated
keratinocytes. However, in the tumor samples, clau-
din-7 expression is often lost or localized to the cyto-
plasm. Assaying esophageal SCC lines revealed vari-
able expression of claudin-7, with some lacking
expression completely. Knockdown of claudin-7 in
SCC cell lines using a small interfering RNA approach
led to decreased E-cadherin expression, increased
cell growth, and enhanced invasion into a three-di-
mensional matrix. The opposite was observed when
claudin-7 was overexpressed in esophageal SCC cells
lacking both claudin-7 and E-cadherin. In this con-
text, the claudin-7-overexpressing cells became more
adhesive and less invasive associated with increased
E-cadherin expression. In summary, we demonstrate
that claudin-7 is mislocalized during the malignant
transformation of esophageal keratinocytes. We also
demonstrate a critical role for claudin-7 expression
in the regulation of E-cadherin in these cells , sug-
gesting this may be one mechanism for the loss of
epithelial architecture and invasion observed in
esophageal SCC. (Am J Pathol 2007, 170:709–721; DOI:
10.2353/ajpath.2007.060343)

The development of cancer is often viewed as a disrup-
tion of normal homeostatic balance. Under physiological

conditions, epithelial cells exist as tightly regulated, or-
ganized cellular sheets. Under these circumstances,
growth and motility are regulated closely by a network of
soluble growth factors as well as intercellular communi-
cation via cell-cell adhesion, cell-matrix adhesion, and
gap junctional communication.1 Epithelial sheet architec-
ture is maintained through the coordinated actions of
tight junctions, adherens junction, and desmosomes. Of
these, adherens junction proteins, such as E-cadherin,
and desmosomes are primarily responsible for the adhe-
sion between adjacent cells, whereas tight junctions reg-
ulate permeability and the paracellular passage of water,
ions, and macromolecules through the epithelial sheet.2,3

The tight junction family comprises three main classes of
protein: claudins, occludins, and junctional adhesion
molecules. The claudins and occludins constitute the
functional unit responsible for the tight sealing of the cells
in the epithelial sheet, whereas the tight-junction proteins,
such as zonula occludens (ZO) protein-1, are responsi-
ble for linking the claudins and occludins to the actin
cytoskeleton.4–6

The claudins constitute a family of 24 distinct trans-
membrane proteins that are composed of four transmem-
brane domains and two extracellular loops, which are
involved in the homophilic and heterophilic interactions
with other adjacent claudins.7–9 Claudins exhibit distinct
patterns of expression that are tissue-specific.10 Most
cells express multiple claudin isoforms that interact in a
homotypic and heterotypic manner to regulate junctional
permeability and confer the selectivity and strength of the
tight junctions.

During oncogenic transformation, tumor cells typically
lose tight junction function, leading to derangement of
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tissue architecture and loss of cell polarity. The loss of
tight junction permeability leads to impairment of epithe-
lial integrity, allowing the free flow of nutrients and growth
factors to the nascent tumor. Claudin expression has
been shown to be either deregulated or lost in cancer.3

Expression of claudin-7 is lost in both head and neck
cancer11 and invasive breast cancer.12 Likewise, clau-
din-1 expression is down-regulated in colon cancer,
leading to increased tumor growth and metastasis.13 The
importance of claudin loss in cancer is demonstrated by
the fact that claudin-4 re-expression reduces the invasion
of pancreatic cancer cells14 and that claudin-1 re-ex-
pression leads to apoptosis of breast cancer cells in a
three-dimensional spheroid model.15 Conversely, certain
tumor types are characterized by increased claudin ex-
pression, with overexpression of claudin-3 and -4 expres-
sion being reported in ovarian, breast, prostate, and pan-
creatic cancer.16–19 Again, like down-regulation of
claudin expression, the increased expression of claudins
in cancer cells is also linked to increased invasiveness,
through the recruitment of matrix metalloproteinases.20

To date, little is known about the expression or biolog-
ical roles of the claudins in the normal human esophagus
or esophageal squamous cell carcinoma (SCC). Herein,
we demonstrate for the first time the expression of clau-
din-4 and -7 in the cell membranes of differentiated ker-
atinocytes in the normal human esophagus. However, in
esophageal SCC, claudin expression is mislocalized to
the cytoplasm, with expression being lost in more ad-
vanced tumors. Genetic approaches were used to inves-
tigate the role of claudin-7 in SCC. We demonstrate that
knockdown of claudin-7 leads to reduced E-cadherin
expression, impairment of homotypic adhesion, and in-
creased cell invasion. Conversely, re-expression of clau-
din-7 in claudin-7-deficient SCC lines results in increased
E-cadherin expression and suppression of invasion. This
study is the first demonstration that claudin-7 expression
regulates E-cadherin expression and invasion in esoph-
ageal SCC and suggests that this may be an early event
in the development of these tumors.

Materials and Methods

Cell Lines

Primary human esophageal keratinocytes EPC2 and the
immortalized EPC2 derivatives EPC2-hTERT have been
described previously.21,22 Cells were grown at 37°C un-
der 5% CO2 in serum-free medium (keratinocyte-SFM)
supplemented with 50 �g/ml bovine pituitary extract and
1 ng/ml epidermal growth factor (Invitrogen, Carlsbad,
CA). TE cell lines (TE1, -2, -3, -8, -11, -12) are available
commercially and through the National Institutes of
Health/National Institute of Diabetes Digestive and Kid-
ney Diseases Center for Molecular Studies in the Diges-
tive and Liver Diseases’ Cell Culture Core Facility. Cells
were cultured in Dulbecco’s modified Eagle’s medium
(Mediatech, Herndon, VA) containing 10% fetal bovine
serum at 37°C in a humidified atmosphere containing 5%
CO2. Most of the tumor samples were obtained from

resected primary lesions of esophageal cancer. Cells
were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% fetal bovine serum at 37°C in a
humidified atmosphere containing 5% CO2.

Antibodies and Reagents

Rabbit polyclonal claudin-7 and ZO-1 and mouse mono-
clonal claudin-4 primary antibodies were from Zymed
(San Francisco, CA). Matrix metalloproteinase (MMP)-2
and -9 antibodies were from Cell Signaling Technology
(Beverly, MA). Mouse anti-E-cadherin was from BD
Pharmingen, Franklin Lakes, NJ. Mouse anti-�-actin an-
tibody was from Sigma-Aldrich (St. Louis, MO). Alexa488
anti-rabbit secondary antibody was from Molecular
Probes (Eugene, OR). Texas Red-conjugated anti-mouse
secondary antibody was from Vector Laboratories (Bur-
lingame, CA).

Microarray

Total human RNA from EPC2, EPC1a, TE1, TE8, TE11,
and TE12 was isolated from each sample using the
RNeasy kit (Qiagen, Valencia, CA) with on-column DNase
digestion. Ten �g of total RNA was processed according
to the standard protocol recommend by Affymetrix for
use on their U133A arrays. Arrays were scanned and
data generated using Affymetrix ArraySuite 5.0. The data
were further analyzed using GeneSpring and GenMapp.

Tissue Microarray

The protein expression of claudin-1, -4, and -7 in esoph-
ageal tissues was assessed by immunohistochemical
staining using a tissue microarray created at the Morphol-
ogy Core from the Center for Molecular Studies in Diges-
tive and Liver Diseases at the University of Pennsylvania.
In addition AccuMax array A128(I) (Accurate Chemical
and Scientific Corp., Westbury, NY) containing 40 sam-
ples (two replicates each) of formalin-fixed esophagus
squamous cancer tissues and four normal esophageal
epithelium were stained and scored for claudin-7 and
E-cadherin expression. Scoring of claudin-7 and E-cad-
herin immunostaining was based on semiquantitative
evaluation of stain intensity from 0 to 2. Marginal or no
staining of less than 5% of the cells was graded as 0
(negative), mild to moderate stain of 5 to 50% of cells was
graded as 1, and moderate to intense staining of more
than 50% of the cells was classified as grade 2. Slides
were scored for staining intensity by the Pathology De-
partment of the Fox Chase Cancer Center (Philadelphia,
PA), by two independent observers in a blinded manner.

Viral Vectors

The adenoviral vector E-cad/Ad5 carrying the gene for
E-cadherin protein has been described.23 The control
adenoviral vector GFP has already been described24

was obtained from Dr. James Wilson (University of Penn-
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sylvania Vector Core). Three clones of TE8 cells were
stably transduced using ViraPower lentiviral expression
system containing the gene for claudin-7 (CLDN7a-c).
Control GFP lentivirus was raised in our laboratory. TE8
cells were transduced in the presence of 6 �g/ml poly-
brene. Forty-eight hours after transduction cells were
selected in the presence of 10 �g/ml blasticidin for 14
days. Western blotting for claudin-7 and GFP were per-
formed as described above.

Transient Transfection

Claudin-7 expression was knocked down using Dharma-
con SMARTpool RNAi claudin-7. TE1 cells were plated in
six-well dishes at 50 to 60% confluence and transfected
with 200 pmol of duplex RNA plus 4 �l of Lipofectamine
2000 (Life Technologies, Inc., Carlsbad, CA) following
the manufacturer’s protocol and as described.25

Organotypic (Reconstruct) Cell Culture

Using a six-transwell tray (Organogenesis, Canton, MA),
4.5 � 105 human skin fibroblast cells were mixed and
seeded with a collagen matrix containing 1.68 mmol/L
L-glutamine (Cellgro, Herndon, VA), 1� minimal essential
medium with Earle’s salts (EMEM), 10% fetal bovine se-
rum, 0.15% sodium bicarbonate, 76.7% bovine collagen
(PA-treated; Organogenesis). The collagen matrix was
incubated with DMEM (JRH Biosciences, Lenexa, KS)
containing 10% fetal bovine serum. After a 5-day incuba-
tion, wells and collagen matrix were washed with DMEM
and Ham’s F12 in a 3:1 ratio. Immortalized human esoph-
ageal epithelial cells (EPC2-hTERT) (5 � 105) were
seeded onto the collagen matrix. Cells were fed for 2
days with epidermalization I medium, which contains
DMEM/Ham’s F-12 (3:1) supplemented with 4 mmol/L
L-glutamine, 0.5 �g/ml hydrocortisone, 0.1 mmol/L O-
phosphorylethanolamine, 20 pmol/L tri-iodothyronine,
0.18 mmol/L adenine, 1.88 mmol/L CaCl2, 4 pmol/L pro-
gesterone (Sigma); 10 �g/ml insulin, 10 �g/ml transferrin,
10 mmol/L ethanolamine, 10 ng/ml selenium (ITES); and
0.1% chelated newborn calf serum. For the following 2
days, cells were fed with epidermalization II medium,
which is epidermalization I medium containing 0.1% un-
chelated newborn calf serum. Then cells were exposed
to the air-liquid interface, cultured in epidermalization III
medium for 8 days containing the same growth supple-
ments as epidermalization II except with 2% newborn calf
serum and no progesterone. Cells were fixed with 10%
formaldehyde and embedded in paraffin.

Analysis of Matrix Metalloproteinase Expression
by Gelatin Zymography

Activity of MMP-2 and MMP-9 in the culture medium of
cells were assessed using gelatin zymography. TE8,
ControlGFP, and CLDN7a-c cells were plated at equal
density in 10-cm dishes and allowed to grow to 80%
confluence. Cells were serum-starved for 24 hours, after

which the cell-conditioned medium was collected. Equal
amounts of proteins were then separated under nonre-
ducing conditions on a 10% zymogram gel containing
0.1% gelatin (Invitrogen). After electrophoresis, the gel
was incubated in zymogram renaturing buffer (Invitro-
gen) for 30 minutes at room temperature followed by a
second incubation for 30 minutes at room temperature
with zymogram developing buffer (Invitrogen). This was
continued by overnight incubation at 37°C in the zymo-
gram-developing buffer. Gels were then stained for 1
hour in GelCode blue stain reagent and destained for 1
hour in distilled water.

Immunofluorescence Microscopy

EPC2-hTERT and TE1, TE2, and TE12 cells were seeded
onto glass coverslips in six-well plates and incubated
overnight. Cells were then fixed in 4% formaldehyde so-
lution (Electron Microscopy Systems, Hatfield, PA) and
permeabilized with Triton X-100 [0.2% (v/v)]. Samples
were blocked in phosphate-buffered saline (PBS) con-
taining 1% bovine serum albumin. Primary antibody in-
cubations (claudin-4 and -7; Zymed) at 1:50 dilution were
performed at 37°C in a humidified atmosphere for 1 hour.
Coverslips were then washed three times in PBS before
being incubated with secondary antibodies for 1 hour
under similar conditions to the primary antibody (dilution
factor of 1:250). Coverslips were then further washed in
PBS and sterile water before being mounted with
VectaShield with 4,6-diamidino-2-phenylindole (DAPI)
(Vector Laboratories) and analyzed using immunofluo-
rescence microscopy.

For immunofluorescence detection of claudin-7 on the
esophageal reconstructs, fixed paraffin-embedded tis-
sue slides were deparaffinized with xylene two times for
10 minutes each, rehydrated with 100, 95, 75, and 50%
ethanol for 2 minutes, and washed with PBS two times for
5 minutes. Antigen was retrieved by steaming the slides
with 10 mmol/L citrate buffer for 20 minutes. Slides were
thoroughly washed with distilled water and blocked for 30
minutes with 10% goat serum. Primary antibody was
incubated overnight at 4°C. Slides were washed with PBS
four times during 20 minutes, and secondary antibody
was incubated at room temperature for 1 hour. After
incubation, slides were washed with PBS four times dur-
ing 20 minutes, treated with VectaShield, and then pho-
tographed under a Nikon E600 fluorescent microscope.

Western Blotting

Subconfluent cells were lysed in lysis buffer (10 mmol/L
Tris-HCl, pH 7.4, 150 mmol/L NaCl, 1% Nonidet P-40,
0.1% sodium deoxycholate, 0.1% sodium dodecyl sul-
fate, 1 mmol/L ethylenediaminetetraacetic acid, and 2
mmol/L sodium orthovanadate) and a protease inhibitor
mixture tablet (Roche Molecular Biochemicals, Indianap-
olis, IN). Protein concentration was determined by the
BCA protein assay (Pierce, Rockford, IL). The solution
was subsequently solubilized in NuPAGE lithium dodecyl
sulfate sample buffer (Invitrogen) containing 50 mmol/L
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dithiothreitol. Total protein samples (20 �g) were sepa-
rated on a 4 to 12% sodium dodecyl sulfate-polyacrylam-
ide gel electrophoresis and transferred to a polyvinyli-
dene difluoride membrane (Immobilon-P; Millipore Corp.,
Bedford, MA). The membrane was blocked in 5% nonfat
milk in TBST (10 mmol/L Tris, 150 mmol/L NaCl, pH 8.0,
and 0.1% Tween 20) for 1 hour at room temperature.
Membranes were probed with primary antibody diluted
1:1000 in 5% TBST milk overnight at 4°C, washed three
times in TBST, incubated with anti-mouse or anti-rabbit
horseradish peroxidase-conjugated antibody diluted
1:3000 in TBST for 1 hour at room temperature and then
washed three times in TBST. The signal was visualized by
an enhanced chemiluminescence solution (ECL Plus)
and was exposed to film (Kodak, Rochester, NY).

Three-Dimensional Spheroid Growth

Esophageal cancer spheroids were prepared using the
liquid overlay method.26 Two hundred �l of TE cells
(25,000 cells per ml) were added to a 96-well plate
coated in 1.5% agar (Difco, Sparks, MD). Plates were left
to incubate for 48 hours, by which time cells had orga-
nized into three-dimensional spheroids. Spheroids were
then washed with PBS for 15 minutes. After removing the
PBS, spheroids were treated with calcein-AM, ethidium
bromide (Molecular Probes) for 1 hour at 37°C, according
to the manufacturer’s instructions. Pictures of the sphe-
roids were taken using the Nikon-300 inverted fluores-
cence microscope.

Cell Invasion Assays

Cells (5 � 104)/chamber were used for each invasion
assay. The upper parts of the Transwell (Corning Costar,
Cambridge, MA) were coated with 70 �l of a bovine
collagen matrix. Cells were plated onto the collagen-
coated transwell in the presence of serum-free DMEM. In
the lower chamber, 500 �l of 10% serum DMEM was
added. The inserts were incubated for 4 days at 37°C.
Cells that had invaded the lower surface of the mem-
brane were fixed with 4% paraformaldehyde and stained
with DAPI. Ten random fields were counted per sample
by light microscopy under a high-power field (�20). Data
show the mean number of invading cells per field.

Statistics

Data show the mean of at least three independent exper-
iments � the SEM, unless stated otherwise. Statistically
significant results were considered as P � 0.05.

Results

Claudin-1, -4, and -7 Are Expressed in
Esophageal SCC Cells but Not in Normal
Esophageal Keratinocytes

Little is known about the expression patterns and function
of the claudins either in the normal esophagus or in SCC

of the esophagus. Preliminary microarray studies showed
the up-regulation of claudin-1, -4, and -7 compared with
control esophageal keratinocytes (Supplemental Figure 1
at http://ajp.amjpathol.org). To confirm these data, West-
ern blotting was performed on protein extracts from
seven esophageal SCC lines of various stages and pri-
mary esophageal keratinocytes. High expression of clau-
din-7 was observed in five of six SCC lines but not in the
normal esophageal keratinocytes (Figure 1, A and B). A
similar pattern of E-cadherin expression was seen com-
pared with that of claudin-7 in the SCC lines (Figure 1B).
By contrast, claudin-1 was expressed in the TE2, TE11,
and TE12 cell lines only, and claudin-4 was only ex-
pressed in TE11 and TE12 (Figure 1, A and B). The
normal esophageal keratinocyte line (EPC2) revealed no
expression of any of the tested claudins. Similar results
were observed with immunocytochemistry (Figure 1C).
The distribution of claudin-7 in the TE1, TE2, and TE12
cell lines was primarily cytoplasmic and perinuclear.

Normal Esophageal Keratinocytes Express
Claudins in Esophageal Tissues and in Three-
Dimensional Culture

To expand on our initial observations, immunohistochem-
ical staining for claudin-7 was performed on a tissue
microarray containing samples from normal esophagus
and SCC samples (Figure 2A; data summarized in Table
1 and Supplementary Tables 1 and 2 at http://ajp.
amjpathol.org). The expression and distribution of the
individual claudins in the normal squamous epithelia
showed different patterns. Claudin-1 was expressed
mainly in the basal layer of the epithelium and exclusively
in the cytoplasm (Figure 2A) and disappeared toward the
upper layers of the epithelium. Claudin-4 expression was
detected throughout the epithelium (Figure 2A), particu-
larly in the cytoplasm of cells in the basal layer. In con-
trast, the intermediate zone and the superficial layers
showed strong staining in the membrane only. Claudin-7
was expressed in a very similar manner to claudin-4, with
high levels of cytoplasmic staining in the suprabasal layer
(Figure 2A) and strong membrane staining in combina-
tion with faint cytoplasmic staining throughout the rest of
the epithelium. In the tumors, the expression of all three
claudins was either cytoplasmic or absent (Figure 2A;
and Supplementary Tables 1 and 2 at http://ajp.
amjpathol.org). Indeed, most of the tumor samples ana-
lyzed (70%) did not express any claudin-7 (Table 1).

Because the expression of claudins in keratinocytes of
the normal esophagus was determined by differentiation
state, we next investigated whether the cellular microen-
vironment was a critical determinant of claudin expres-
sion. Under standard cell culture conditions, esophageal
keratinocytes expressed neither claudin-4 nor -7 (Figure
2B). However, when the same EPC2 human esophageal
keratinocytes were grown in three-dimensional organo-
typic culture, which accurately recreates the tissue mi-
croenvironment, we observed claudin-4 and -7 staining
at the cell membrane (Figure 2C). The localization of both
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claudin-4 and -7 was identical to that seen in the normal
human esophagus (Figure 2A).

Knockdown of Claudin-7 Using Transient RNAi
Leads to Loss of E-Cadherin Expression and
Increased Invasion

The role of claudin-7 in SCC was investigated by knock-
ing down the protein using an RNAi approach. Treatment
of the TE1 cells with an RNAi to claudin-7 led to near
complete (�95%) knockdown of claudin-7 expression
after 48 hours (Figure 3A, left). In contrast, a control RNAi
construct had no effect on claudin-7 expression (Figure
3A, right). Interestingly, knockdown of claudin-7 expres-
sion was accompanied by a marked decrease in E-cad-
herin expression (Figure 3A). Again, like claudin-7, the
control RNAi had no effect on E-cadherin expression.

To determine whether claudin-7 down-regulation influ-
enced cell growth, RNAi-transfected TE1 cells were
seeded into six-well plates, and cell counts were per-
formed (Figure 3B). Although transfection of the cells with
claudin-7 RNAi initially stimulated cell growth at days 2
and 3, the effect was no longer significant after prolonged
periods of culture (Figure 3B). Because both claudin-7
and E-cadherin are important mediators of cell-cell ad-
hesion, we investigated the role of claudin-7 in cell-cell
adhesion by plating either control cells (untransfected or
siControl) or claudin-7 RNAi cells (siRNACLDN7) onto
1.5% agar and observing them for 72 hours. After this

time period, control cells were able to adhere to each
other to form spheroid structures (Figure 3C). In contrast,
the cells with the claudin-7 RNAi exhibited poor cell-cell
adhesion and were positioned on top of the agar (Figure
3C). To exclude the possibility that the RNAi cells were
undergoing apoptosis, samples were treated with a cell
viability kit and were found to be all viable (green stain-
ing) (Figure 3C).

It has been suggested that claudin expression sup-
presses tumor cell invasion. To that end, we used a
transwell collagen invasion assay to assess differences in
the invasive properties of cells expressing claudin-7
(control and siControl) and those treated with claudin-7
RNAi (siRNACLDN7). Cells treated with the claudin-7
RNAi displayed significantly more invasion than either of
the control cell lines (Figure 3D).

Up-Regulation of Claudin-7 in TE8 Cells
Increases E-Cadherin Expression and Cell-Cell
Adhesion

To study further the role of claudin-7 protein in SCC, TE8
cells were stably infected with a lentivirus encoding clau-
din-7 (CLDN7), resulting in three separate clones
(CLDN7a-c). Western blotting of TE8, controlGFP, and
CLDN7a-c cells confirmed the up-regulation of claudin-7
after lentiviral infection (Figure 4A). Interestingly, in-
creased claudin-7 expression was also accompanied by
increased E-cadherin expression in all three clones (Fig-

Figure 1. Claudin expression in normal esophageal keratinocytes and SCC cell lines. A: Western blot analysis of CLDN-1 and CLDN-7 in normal esophageal
keratinocytes (EPC2) and carcinoma cell lines (TE1, 2, 3, 8, 11, and 12). Even protein loading was confirmed by reprobing the membrane with antibody to �-actin.
B: Western blot showing the expression of CLDN-4 and E-cadherin in the carcinoma cell lines and normal keratinocytes. C: Immunofluorescence showing CLDN-7
expression in different carcinoma cell lines (green). Scale bar � 20 �m.
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Figure 2. Immunohistochemical staining for claudin-1, -4, and -7 in esophageal tissues, EPC2, and three-dimensional esophageal reconstruct. A: Normal stratified
squamous epithelium of the esophagus and SCC of the esophagus shows staining of CLDN-1, CLDN-4, and CLDN-7, respectively. B: Lack of expression of CLDN-4
and CLDN-7 (red) staining in normal esophageal keratinocytes (EPC2) grown under two-dimensional culture conditions. Nuclei are stained with DAPI (blue). C:
CLDN-4 and CLDN-7 expression in esophageal reconstructs (red); nuclei are stained with DAPI (blue). Scale bars: 50 �m (A); 20 �m (B); 40 �m (C).
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ure 4A), but with little alteration in ZO-1 levels. Cells
treated with the GFP control virus did not show any
change in expression of either claudin-7 or E-cadherin
(Figure 4A). Others have shown that increased expres-
sion of the claudins leads to enhanced matrix metallopro-
teinase (MMP) activity.27 Here, we found that the forced
overexpression of claudin-7 did not up-regulate MMP-2
or MMP-9 expression in TE8 cells using gelatin zymog-
raphy (Figure 4A).

Overexpression of claudin-7 was not associated with
morphological changes in the transfected cells in two-
dimensional culture (Figure 4B). However, when the cells
were grown as three-dimensional spheroids, control cells
formed loose, poorly adherent spheroids in comparison
with the claudin-7-overexpressing cells, which formed
compact, tight structures, thereby indicating an increase
in cell-cell adhesion (Figure 4B). No difference in rates of
cell proliferation were seen between TE8-overexpressing
claudin-7 and the control cells (P � 0.098) (Figure 4C).
However, there were differences in invasion (Figure 4D),
with the cells overexpressing claudin-7 being signifi-
cantly less invasive than the GFP control cells and un-
treated TE8 cells (P � 0.038).

E-Cadherin Expression Does Not Regulate
Claudin-7 Expression

To study further the interplay between claudin-7 and
E-cadherin, we examined the levels of E-cadherin stain-
ing in esophageal normal esophagus and esophageal
SCC (Figure 5A, Table 1). E-cadherin was found to have
a similar staining pattern to both claudin-4 and claudin-7.
In the normal esophagus E-cadherin is expressed in the
membrane of keratinocytes in the basal layer and in the
intermediate layers of the epithelium, with less staining in
the upper layers (Figure 5A). In the tumor, E-cadherin
expression was often lost, with some heterogeneous cy-
toplasmic staining and a lesser degree of membrane
staining (Supplemental Tables 1 and 2 at http://ajp.
amjpathol.org). To determine whether E-cadherin expres-
sion was able to regulate claudin-7 expression, TE8 cells
were transfected with an E-cadherin adenovirus. In-
creased E-cadherin expression was confirmed by West-
ern blotting (Figure 5B). Interestingly, in this instance,
overexpression of E-cadherin did not induce expression
of claudin-7 (Figure 5B). However, in agreement with
previous experiments, overexpression of E-cadherin in-
creased the levels of cell-cell adhesion, as demonstrated
by the enhanced formation of spheroids (Figure 5C).

Discussion

Epithelial cell layers provide a physical barrier between
the external environment and the underlying tissues.
Much of the barrier function of epithelial cells comes from
the tight sealing of the gaps between adjacent cells,
which restrict the passage of ions, nutrients, and patho-
gens. To date, little is known about the expression and
function of tight junction proteins in the human esopha-
gus and whether the expression of these proteins
changes during malignant transformation. Here, we dem-
onstrate for the first time the expression of claudin-1, -4,
and -7 in the cell membrane of the keratinocytes in the
normal human esophagus. It is further shown that the
expression of these proteins becomes deregulated as
the keratinocytes progress to esophageal SCC. Using
claudin-7 as an example, we demonstrate through ge-
netic approaches the role for this protein in regulating
E-cadherin expression in esophagus SCC cell lines and
show that loss of claudin-7 expression is likely associated
with tumor cell invasion.

Preliminary microarray studies were performed to iden-
tify genes up-regulated in esophageal SCC lines com-
pared with primary esophageal keratinocytes. One of the
classes of genes with the greatest expression difference
was the claudin family of tight junction molecules. High
levels of claudin-1, -4, and -7 mRNA expression were
found in the esophageal SCC lines that were absent from
the primary esophageal keratinocytes. These results
were confirmed in a wider panel of SCC cell lines by
Western blotting. Interestingly, when immunohistochem-
ical staining studies were performed on tissue arrays on
normal human esophagus, it was found that claudin-1, -4,
and -7 were all expressed at high levels in the mem-
branes of esophageal keratinocytes. To explain this ap-
parent anomaly and to explore the role of the microenvi-
ronment in determining claudin expression, the same
primary human esophageal keratinocytes were grown in
a human esophageal reconstruct model or three-dimen-
sional cell culture system. This model involves growing
human esophageal fetal fibroblasts in a collagen matrix
until collagen constriction and then overlaying human
esophagus keratinocytes21 and has been shown to ac-
curately recreate the histology and cell-cell interactions
of the normal human esophagus. Under these conditions,
the primary esophageal keratinocytes expressed high
levels of claudin-7 and -4 in their cell membranes. In fact,
the patterns of claudin-4 and -7 staining observed in the
esophagus reconstruct was nearly identical to that seen

Table 1. Expression of Claudin-7 and E-Cadherin in Human Esophageal SCC Samples

Diagnosis

Percentage of samples (n) expressing
claudin-7 (immunostaining intensity)

Percentage of samples (n) expressing
E-cadherin (immunostaining intensity)

Negative (0) 1 2 Negative (0) 1 2

Normal esophageal epithelium 0% (0) 25% (1) 75% (3) 0% (0) 100% (4) 0% (0)
SCC 70% (28) 22.5% (9) 7.5% (3) 90% (36) 10% (4) 0% (0)

Expression levels were scored by two independent observers on a scale of 0 to 2, where 2 indicates the highest level of expression (as described
in Materials and Methods). Data show the pooled values from two tissue microarrays (raw data are available in Supplemental Tables 1 and 2 at
http://ajp.amjpathol.org).

Claudin-7 Regulates E-Cadherin Expression 715
AJP February 2007, Vol. 170, No. 2



in human esophagus samples. These studies indicated
that the claudin expression was dependent on the imme-
diate tissue microenvironment. Further evidence for the
microenvironment regulating the claudin expression
came from tissue array studies on normal esophagus,
which showed that claudin expression was not uniform
through the keratinocyte layers and was often lacking in

the less differentiated cells. The ability of the tissue mi-
croenvironment to modulate cellular phenotype and gene
expression is well known. Previous studies have shown
that anti-�1-intgerin antibodies will only phenotypically
reverse the malignant phenotype of breast cancer cells in
three-dimensional culture and not in two-dimensional cul-
ture.28 Furthermore, there are significant differences in

Figure 3. Characterization of effects of transient down-regulation of
CLND-7 using transient RNAi transfection in TE1 cells. A: Western blot
showing time course demonstrating down-regulation of CLDN-7 and E-
cadherin using a transient RNAi to CLDN-7. Controls show equal levels of
CLDN-7 and E-cadherin expression. B: Growth curve showing significant
difference (P � 0.05) in cell growth between TE1 cells transfected with the
transient RNAi to CLDN-7 and the control cells at days 2 and 3. Equal
numbers of cells were plated out at day 0 and left to grow for 4 days; every
24 hours, cells were scraped from the plates and counted. Data show the
mean of three independent experiments � SEM. C: Three-dimensional
spheroid culture: control, siControl, and siRNACLDN7 cells were grown
under nonadherent conditions for 72 hours, after which cells were stained
using the cell viability kit and photographed. D: Knockdown of CLDN-7
increases collagen invasion. Cells were seeded onto a collagen matrix in a
transwell system containing serum-free medium with 10% DMEM in the
lower chamber as a chemoattractant. After 5 days, the wells were har-
vested, and cells that invaded the collagen were counted. This figure
shows a significant difference (* and **P � 0.018) in invasion when
comparing TE1 cells transfected and the control cells. Results show the
mean � SEM of three independent experiments. Scale bar � 40 �m.
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Figure 4. Overexpression of CLDN-7 in TE8 up-regulates expression of E-cadherin, increasing adhesion in three-dimensional cultures and decreases invasion. A:
Overexpression of CLDN-7 up-regulates E-cadherin expression. TE8 cells were infected with CLDN-7 lentivirus to generate three clones CLDN7a to CLDNc, and
protein was extracted. The resulting extracts were then probed for expression of E-cadherin, ZO-1, and CLDN-7, equal loading was confirmed by stripping the
blot and probing for �-actin. Bottom: Expression of MMP-2 and MMP-9 using gelatin zymography. Positive controls for both MMPs were used (POS). Zymography
shows no difference in expression between TE8, ControlGFP, and CLDN7a to CLDNc clones. B: Overexpression of CLDN-7 enhanced homotypic adhesion but
does not alter cell morphology. TE8 cells were either uninfected or were infected with GFP or CLDN-7. Cells plated onto coverslips were then photographed. In
other studies, control and infected cells were grown under nonadherent conditions for 72 hours before being photographed. C: CLDN-7 overexpression does not
alter cell proliferation rate. Control (uninfected or GFP) and CLDN-7-overexpressing (CLDN7a) cells were plated out and left to grow. Cells were counted at
24-hour intervals. No significant difference in proliferation rates were observed (P � 0.098) D: Overexpression of CLDN-7 reduces TE8 cell invasion. Cells infected
with CLDN-7 showed significantly less invasion compared with control cells (control and controlGFP, * and **P � 0.038) in a collagen invasion assay. Data show
the mean � SEM of three independent experiments. Scale bar � 40 �m.
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cell signaling in fibroblasts when grown in either three-
dimensional or two-dimensional cultures.29 Overexpres-
sion of claudin-1 induces little phenotypic change in
breast cancer cells grown under two-dimensional culture
conditions and marked levels of apoptosis when the
same cells are grown in three-dimensional spheroid
culture.15

Epithelial carcinogenesis is associated with loss of a
tissue architecture characterized by loss of organized
cell-cell and cell-matrix adhesions allowing the migration
of malignant cells from their immediate environmental
niche. We next examined whether there were alterations
in claudin expression after malignant transformation and
whether this contributed to the oncogenic phenotype. In
the esophageal SCC tissue arrays, the typical membrane
expression of all three claudins seen in the keratinocytes
of the normal esophagus was lost. Instead, the claudins
were localized in the cytoplasm and perinuclear area. A
more detailed analysis revealed that most of the tumor
samples analyzed lacked claudin-7 altogether. Similar
staining patterns were also seen in the SCC lines, with
one line (TE8) losing expression of all three claudins. The
loss of membrane claudin expression and its relocaliza-
tion to the nucleus and cytoplasm has been previously
reported for both colon30 and breast carcinoma.12 The
down-regulation of claudin expression has been reported
in a number of other epithelial tumor types including the
loss of claudin-1 in breast cancer31 and colon cancer,13

as well as the loss of claudin-7 in breast cancer18 and
head and neck cancer.11 Claudin expression is lost as
both the direct result of protein down-regulation as well
as phosphorylation by MAP kinase,32 protein kinase C,33

cAMP-dependent protein kinase,34 and WNK-4 kinase,35

leading to junction disruption and cytoplasmic internal-
ization. Additional mechanisms of claudin regulation also
exist; the recruitment of the ephrin receptor EphA2 has
been shown to mediate tyrosine phosphorylation of the
cytoplasmic tail of claudin-4 leading to down-regulation
and increased paracellular permeability.36 It is likely that
the phosphorylation of claudins is one of the physiologi-
cal mechanisms responsible for the regulation of epithe-
lial permeability and barrier function. There are also tu-
mors, such as cervical,37 ovarian,20 hepatocellular,38

colorectal,30 and prostate carcinoma,19 in which claudin
expression is up-regulated. This may seem paradoxical,
given that claudins are known to be involved in sealing
epithelial junctions. Indeed, in ovarian carcinoma in-
creased expression of claudin-3 and -4 is known to en-
hance tumor invasion through increased matrix metallo-
proteinase (MMP)-2 activity.20 Likewise, in oral SCC cells,
claudin-1 expression also enhances invasion through the
increased expression of MMP-2.27 It seems likely that
the effects of claudin expression are cell-type and
tissue-type-specific.

To investigate the functional consequences of the
claudin-7 deregulation seen in esophageal SCC, we se-
lected one cell line (TE1) with high cytoplasmic expres-
sion of claudin-7 and knocked down the protein using an
RNAi approach. Transfection of the TE1 cell with clau-
din-7 RNAi led to rapid knockdown of claudin-7 protein
that persisted for more than 5 days. Under adherent
two-dimensional cell culture conditions, little phenotypic
change was observed after RNAi treatment. Phenotypic
changes were only seen when the cells were grown
under nonadherent conditions. Whereas the control cells
exhibited strong cell-cell adhesion and formed tight

Figure 5. Overexpression of E-cadherin in TE8
cells does not up-regulate CLDN-7 expression. A:
Immunohistochemistry of tissue array showing
membranous staining of E-cadherin in normal
esophageal epithelium and cytoplasmic staining in
SCC of the esophagus. B: Western blot showing
expression of E-cadherin in TE8 cells transfected
with an E-cadherin adenovirus (TE8E-cad/Ad5). No
CLDN-7 expression was detected. �-Actin is in-
cluded as a protein loading control. C: Overexpres-
sion of E-cadherin enhances homotypic adhesion.
TE8E-cad/Ad5 cells and control cells (TE8GFP,
TE8) were grown under nonadherent conditions
for 72 hours before being photographed. Scale
bars: 50 �m (A); 40 �m (C).
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spheroids, the claudin-7 RNAi cells did not adhere to
each other and instead formed a very loose aggregation
of cells. Cell viability staining demonstrated that the cells
remained viable under these conditions. In line with the
reduced homotypic adhesion, it was noted that the clau-
din-7 RNAi also markedly reduced expression of the
adherens junction protein E-cadherin. Because all of the
SCC lines examined lacked membrane expression of
claudin-7, it was not possible to comment on the patho-
logical consequences of the effects of claudin mislocal-
ization to the cytoplasm.

Although the concurrent loss of both E-cadherin and
claudins has been reported during the epithelial to mes-
enchymal transition (EMT),39 the present study presents
the first link between the loss of claudin-7 and E-cadherin
expression. Furthermore, when claudin-7 was re-ex-
pressed in esophageal SCC lines lacking both E-cad-
herin and CLDN-7, the expression of E-cadherin was
restored. In colorectal carcinoma cells, the opposite has
been reported, with the forced overexpression of clau-
din-1 being associated with reduced membrane expres-
sion of E-cadherin and increased expression of mesen-
chymal markers.30

The importance of the interaction between claudin-7
and E-cadherin in these cell lines was underscored by
the fact that claudin-7 overexpression also increased the
homotypic adhesion of the TE8 cells, demonstrated by
enhanced spheroid formation. Similar results were also
noted when E-cadherin was overexpressed in the TE8
cells using an adenovirus. However, in this instance, the
forced expression of E-cadherin did not up-regulate clau-
din-7 expression, demonstrating that claudin-7 expres-
sion was required for E-cadherin expression and not the
other way around. Immunohistochemistry studies com-
paring normal human esophagus to esophageal SCC
revealed a similar loss of membrane E-cadherin expres-
sion in the tumor as seen to claudin-1 -4, and -7. This
suggests that the concurrent loss of E-cadherin and
CLDN expression may be characteristic of an EMT in the
esophageal SCC. The EMT is a developmental mecha-
nism that is characterized by loss of cell-cell adhesion
and polarity followed by a disruption of cytoskeletal or-
ganization toward a more mesenchymal phenotype. The
EMT is an important process in embryonic development
that also occurs during metastatic spread, in which the
loss of tight cell-cell adhesion permits tumor dissemina-
tion.40 The best-studied marker for EMT is the loss of
E-cadherin expression, although expression of other
junction molecules, such as ZO-1, occludin, and the clau-
dins, are also lost. The importance of E-cadherin in tumor
suppression is demonstrated by the fact that re-expres-
sion of E-cadherin reverses the tumor phenotype, sup-
pressing invasion.41 In our study, one of the cell lines
used, TE1, maintained an epithelial morphology and had
high E-cadherin and claudin-7 expression. The other cell
line, TE8, exhibited a mesenchymal fibroblast-like mor-
phology and completely lacked expression of both clau-
din-7 and E-cadherin. Neither the knockdown of clau-
din-7 in the TE1 cells or the overexpression of the
claudin-7 in the TE8 cell line was sufficient to induce a full
morphological change in either cell line. This was in

contrast to other studies, using colon carcinoma cells, in
which overexpression of claudin-1 was associated with a
full reversion to a mesenchymal phenotype.30 However,
in the current study, genetic manipulation of claudin-7
expression, using either RNAi or overexpression, did
modulate other markers of the EMT and was associated
with modulation of both E-cadherin expression and cell-
cell adhesion. Another important feature of cells under-
going an EMT is increased motility and invasion. In line
with this, it was found that knockdown of claudin-7 was
associated with enhanced invasion of the TE1 cell line,
whereas overexpression of the claudin reduced invasion
of the TE8 cell line. It is likely that the effects of CLDN-7
expression on invasion are linked to the regulation of
E-cadherin, which is known to be a suppressor of tumor
cell invasion. Likewise, loss of claudin-7 expression is
associated with invasive ductal carcinomas of the
breast.12 However, in ovarian carcinoma the opposite is
true and up-regulation of both claudin-3 and -4 is asso-
ciated with enhanced invasion.20 Again, it seems likely
that the functions of the claudins are both subtype and
cell-type specific.

Induction of the EMT, suppression of E-cadherin ex-
pression and increased cell motility is linked to the in-
creased expression of certain zinc-finger transcription
factors, such as Slug and Snail. In MDCK canine epithe-
lial cells, the increased expression of Slug and Snail was
shown to repress transcription of claudin-1.42 Slug is
known to be highly expressed in 48% of human esoph-
ageal SCC samples43 and is positively correlated with
increased tumor invasion and loss of E-cadherin expres-
sion. It therefore seems likely that increased expression
of this transcription factor is involved in the suppression
of E-cadherin and claudin-7 observed in the esophagus
SCC. Other factors, such as enhanced protein kinase
activity are also likely to contribute to the loss of claudin-7
expression in the esophagus. Our studies show that all of
the esophageal SCC lines have high constitutive PKC
activity, a kinase known to phosphorylate the claudins.33

Although the increased Slug expression in SCC may
well explain the concomitant loss of both claudin and
E-cadherin expression it does not explain the regulation
of E-cadherin expression by claudin-7. It is possible that
the regulation of E-cadherin expression by claudin-7 may
be an indirect consequence of the altered state of cell-
cell adhesion, suggesting that the membrane targeting of
claudin-7 may be required for the membrane association
of E-cadherin. Recent studies have shown that claudins
may have other signaling functions aside from their mem-
brane barrier function.33 Expression of a C-terminal trun-
cated mutant of claudin-6 in the mouse epidermis led to
a marked epithelial hyperproliferation, cellular disorgani-
zation, and the aberrant expression of other claudins and
cell-cell adhesion markers.44 This suggests that claudins
may have hitherto unexpected roles in cytoplasmic sig-
naling, which may function independently of their mem-
brane-associated functions. The mechanisms by which
claudins regulate epithelial architecture and proliferation
have important implications for our understanding of on-
cogenic transformation and clearly require further study.
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In summary, we have shown for the first time, the
expression of three subtypes of claudins in the normal
human esophagus and demonstrated that their expres-
sion is deregulated on malignant transformation to
esophageal SCC. Furthermore, we have identified the link
between claduin-7 expression and E-cadherin expres-
sion and suggest that the early deregulation of claudin-7
expression is linked to a reduction of cell-cell adhesion
and enhanced SCC cell invasion. It is hoped that a more
in-depth understanding of these processes will shed light
on the early events involved in the oncogenic transforma-
tion of esophageal keratinocytes.

Acknowledgments

We thank Shukriyyah Mitchell from the Morphology Core,
for assistance with immunohistochemistry; Dr. Andres
Klein-Szanto (Fox Chase Cancer Center, Philadelphia,
PA) for assistance in reading the slides; and all members
of the Herlyn Laboratory for their enthusiasm and
support.

References

1. Haass NK, Smalley KS, Herlyn M: The role of altered cell-cell com-
munication in melanoma progression. J Mol Histol 2004, 35:309–318

2. Tsukita S, Furuse M: Pores in the wall: claudins constitute tight junc-
tion strands containing aqueous pores. J Cell Biol 2000, 149:13–16

3. Morin PJ: Claudin proteins in human cancer: promising new targets
for diagnosis and therapy. Cancer Res 2005, 65:9603–9606

4. Smalley KS, Brafford P, Haass NK, Brandner JM, Brown E, Herlyn M:
Up-regulated expression of zonula occludens protein-1 in human
melanoma associates with N-cadherin and contributes to invasion
and adhesion. Am J Pathol 2005, 166:1541–1554

5. Stevenson BR, Anderson JM, Goodenough DA, Mooseker MS: Tight
junction structure and ZO-1 content are identical in two strains of
Madin-Darby canine kidney cells which differ in transepithelial resis-
tance. J Cell Biol 1988, 107:2401–2408

6. Anderson JM, Stevenson BR, Jesaitis LA, Goodenough DA,
Mooseker MS: Characterization of ZO-1, a protein component of the
tight junction from mouse liver and Madin-Darby canine kidney cells.
J Cell Biol 1988, 106:1141–1149

7. Peacock RE, Keen TJ, Inglehearn CF: Analysis of a human gene
homologous to rat ventral prostate.1 protein. Genomics 1997,
46:443–449

8. Itoh M, Furuse M, Morita K, Kubota K, Saitou M, Tsukita S: Direct
binding of three tight junction-associated MAGUKs, ZO-1, ZO-2, and
ZO-3, with the COOH termini of claudins. J Cell Biol 1999,
147:1351–1363

9. Morita K, Furuse M, Fujimoto K, Tsukita S: Claudin multigene family
encoding four-transmembrane domain protein components of tight
junction strands. Proc Natl Acad Sci USA 1999, 96:511–516

10. Turksen K, Troy TC: Barriers built on claudins. J Cell Sci 2004,
117:2435–2447

11. Al Moustafa AE, Alaoui-Jamali MA, Batist G, Hernandez-Perez M,
Serruya C, Alpert L, Black MJ, Sladek R, Foulkes WD: Identification of
genes associated with head and neck carcinogenesis by cDNA
microarray comparison between matched primary normal epithelial
and squamous carcinoma cells. Oncogene 2002, 21:2634–2640

12. Kominsky SL, Argani P, Korz D, Evron E, Raman V, Garrett E, Rein A,
Sauter G, Kallioniemi OP, Sukumar S: Loss of the tight junction protein
claudin-7 correlates with histological grade in both ductal carcinoma
in situ and invasive ductal carcinoma of the breast. Oncogene 2003,
22:2021–2033

13. Resnick MB, Konkin T, Routhier J, Sabo E, Pricolo VE: Claudin-1 is a
strong prognostic indicator in stage II colonic cancer: a tissue mi-
croarray study. Mod Pathol 2005, 18:511–518

14. Michl P, Barth C, Buchholz M, Lerch MM, Rolke M, Holzmann KH,
Menke A, Fensterer H, Giehl K, Lohr M, Leder G, Iwamura T, Adler G,
Gress TM: Claudin-4 expression decreases invasiveness and meta-
static potential of pancreatic cancer. Cancer Res 2003,
63:6265–6271

15. Hoevel T, Macek R, Swisshelm K, Kubbies M: Reexpression of the TJ
protein CLDN1 induces apoptosis in breast tumor spheroids. Int J
Cancer 2004, 108:374–383

16. Rangel LB, Agarwal R, D’Souza T, Pizer ES, Alo PL, Lancaster WD,
Gregoire L, Schwartz DR, Cho KR, Morin PJ: Tight junction proteins
claudin-3 and claudin-4 are frequently overexpressed in ovarian can-
cer but not in ovarian cystadenomas. Clin Cancer Res 2003,
9:2567–2575

17. Gress TM, Muller-Pillasch F, Geng M, Zimmerhackl F, Zehetner G,
Friess H, Buchler M, Adler G, Lehrach H: A pancreatic cancer-
specific expression profile. Oncogene 1996, 13:1819–1830

18. Kominsky SL, Vali M, Korz D, Gabig TG, Weitzman SA, Argani P,
Sukumar S: Clostridium perfringens enterotoxin elicits rapid and spe-
cific cytolysis of breast carcinoma cells mediated through tight junc-
tion proteins claudin 3 and 4. Am J Pathol 2004, 164:1627–1633

19. Long H, Crean CD, Lee WH, Cummings OW, Gabig TG: Expression
of Clostridium perfringens enterotoxin receptors claudin-3 and clau-
din-4 in prostate cancer epithelium. Cancer Res 2001, 61:7878–7881

20. Agarwal R, D’Souza T, Morin PJ: Claudin-3 and claudin-4 expression
in ovarian epithelial cells enhances invasion and is associated with
increased matrix metalloproteinase-2 activity. Cancer Res 2005,
65:7378–7385

21. Andl CD, Mizushima T, Nakagawa H, Oyama K, Harada H, Chruma K,
Herlyn M, Rustgi AK: Epidermal growth factor receptor mediates
increased cell proliferation, migration, and aggregation in esopha-
geal keratinocytes in vitro and in vivo. J Biol Chem 2003,
278:1824–1830

22. Harada H, Nakagawa H, Oyama K, Takaoka M, Andl CD, Jacobmeier
B, von Werder A, Enders GH, Opitz OG, Rustgi AK: Telomerase
induces immortalization of human esophageal keratinocytes without
p16INK4a inactivation. Mol Cancer Res 2003, 1:729–738

23. Hsu MY, Meier FE, Nesbit M, Hsu JY, Van Belle P, Elder DE, Herlyn M:
E-cadherin expression in melanoma cells restores keratinocyte-me-
diated growth control and down-regulates expression of invasion-
related adhesion receptors. Am J Pathol 2000, 156:1515–1525

24. de Martin R, Raidl M, Hofer E, Binder BR: Adenovirus-mediated
expression of green fluorescent protein. Gene Ther 1997, 4:493–495

25. Elbashir SM, Harborth J, Weber K, Tuschl T: Analysis of gene function
in somatic mammalian cells using small interfering RNAs. Methods
2002, 26:199–213

26. Smalley KS, Haass NK, Brafford PA, Lioni M, Flaherty KT, Herlyn M:
Multiple signaling pathways must be targeted to overcome drug
resistance in cell lines derived from melanoma metastases. Mol Can-
cer Ther 2006, 5:1136–1144

27. Oku N, Sasabe E, Ueta E, Yamamoto T, Osaki T: Tight junction protein
claudin-1 enhances the invasive activity of oral squamous cell carci-
noma cells by promoting cleavage of laminin-5 gamma2 chain via
matrix metalloproteinase (MMP)-2 and membrane-type MMP-1. Can-
cer Res 2006, 66:5251–5257

28. Weaver VM, Petersen OW, Wang F, Larabell CA, Briand P, Damsky C,
Bissell MJ: Reversion of the malignant phenotype of human breast
cells in three-dimensional culture and in vivo by integrin blocking
antibodies. J Cell Biol 1997, 137:231–245

29. Cukierman E, Pankov R, Stevens DR, Yamada KM: Taking cell-matrix
adhesions to the third dimension. Science 2001, 294:1708–1712

30. Dhawan P, Singh AB, Deane NG, No Y, Shiou SR, Schmidt C, Neff J,
Washington MK, Beauchamp RD: Claudin-1 regulates cellular trans-
formation and metastatic behavior in colon cancer. J Clin Invest 2005,
115:1765–1776

31. Tokés AM, Kulka J, Paku S, Szik A, Paska C, Novak PK, Szilak L, Kiss
A, Bogi K, Schaff Z: Claudin-1, -3 and -4 proteins and mRNA expres-
sion in benign and malignant breast lesions: a research study. Breast
Cancer Res 2005, 7:R296–R305

32. Fujibe M, Chiba H, Kojima T, Soma T, Wada T, Yamashita T, Sawada
N: Thr203 of claudin-1, a putative phosphorylation site for MAP ki-
nase, is required to promote the barrier function of tight junctions. Exp
Cell Res 2004, 295:36–47

33. Banan A, Zhang LJ, Shaikh M, Fields JZ, Choudhary S, Forsyth CB,
Farhadi A, Keshavarzian A: Theta Isoform of protein kinase C alters

720 Lioni et al
AJP February 2007, Vol. 170, No. 2



barrier function in intestinal epithelium through modulation of distinct
claudin isotypes: a novel mechanism for regulation of permeability.
J Pharmacol Exp Ther 2005, 313:962–982

34. D’Souza T, Agarwal R, Morin PJ: Phosphorylation of claudin-3 at
threonine 192 by cAMP-dependent protein kinase regulates tight
junction barrier function in ovarian cancer cells. J Biol Chem 2005,
280:26233–26240

35. Yamauchi K, Rai T, Kobayashi K, Sohara E, Suzuki T, Itoh T, Suda S,
Hayama A, Sasaki S, Uchida S: Disease-causing mutant WNK4 in-
creases paracellular chloride permeability and phosphorylates clau-
dins. Proc Natl Acad Sci USA 2004, 101:4690–4694

36. Tanaka M, Kamata R, Sakai R: EphA2 phosphorylates the cytoplas-
mic tail of claudin-4 and mediates paracellular permeability. J Biol
Chem 2005, 280:42375–42382

37. Lee JW, Lee SJ, Seo J, Song SY, Ahn G, Park CS, Lee JH, Kim BG,
Bae DS: Increased expressions of claudin-1 and claudin-7 during the
progression of cervical neoplasia. Gynecol Oncol 2005, 97:53–59

38. Cheung ST, Leung KL, Ip YC, Chen X, Fong DY, Ng IO, Fan ST, So S:
Claudin-10 expression level is associated with recurrence of primary

hepatocellular carcinoma. Clin Cancer Res 2005, 11:551–556
39. Medici D, Hay ED, Goodenough DA: Cooperation between Snail and

LEF-1 transcription factors is essential for TGF-beta1-induced epithe-
lial-mesenchymal transition. Mol Biol Cell 2006, 17:1871–1879

40. Hajra KM, Fearon ER: Cadherin and catenin alterations in human
cancer. Genes Chromosom Cancer 2002, 34:255–268

41. Guilford P: E-cadherin downregulation in cancer: fuel on the fire? Mol
Med Today 1999, 5:172–177

42. Martı́nez-Estrada OM, Culleres A, Soriano FX, Peinado H, Bolos V,
Martinez FO, Reina M, Cano A, Fabre M, Vilaro S: The transcription
factors Slug and Snail act as repressors of claudin-1 expression in
epithelial cells. Biochem J 2006, 394:449–457

43. Uchikado Y, Natsugoe S, Okumura H, Setoyama T, Matsumoto M,
Ishigami S, Aikou T: Slug expression in the E-cadherin preserved
tumors is related to prognosis in patients with esophageal squamous
cell carcinoma. Clin Cancer Res 2005, 11:1174–1180

44. Arabzadeh A, Troy TC, Turksen K: Role of the cldn6 cytoplasmic tail
domain in membrane targeting and epidermal differentiation in vivo.
Mol Cell Biol 2006, 26:5876–5887

Claudin-7 Regulates E-Cadherin Expression 721
AJP February 2007, Vol. 170, No. 2


