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Abstract Ovarian adenocarcinomas, like human ovarian
surface epithelial cells, form functional tight junctions.
Tight junction molecules claudin-3 and claudin-4, which
are the receptors of Clostridium perfringens enterotoxin
(CPE), are abnormally upregulated in epithelial ovarian
cancers of all subtypes including, mucinous cystadeno-
carcinoma and serous cystadenocarcinoma. Clostridium
perfringens enterotoxin may be a novel tumor-targeted
therapy for ovarian cancers. In epithelial ovarian cancers,
overexpression of epidermal growth factor receptor has
been observed and the exogenous ligand EGF induces
epithelial-mesenchymal transition in ovarian surface epi-
thelium. Epidermal growth factor (EGF) signaling modu-
lates expression of claudins with changes of fence and
barrier functions in various cell types. However, the reg-
ulation of tight junctions by EGF in ovarian cancers
remains unclear. In the present study, to investigate the
mechanisms of the regulation of tight junctions in ovarian
cancers, ovarian cancer cell lines mucinous cystadenocar-
cinoma (MCAS) and serous cystadenocarcinoma (HUOA)
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were treated with EGF. Epidermal growth factor down-
regulated claudin-3 in MCAS and claudin-4 in HUOA by
inducing degradation of the proteins with changes in
structures and functions of tight junctions via the MEK/
ERK or PI3K/Akt signaling pathway. In addition, in
HUOA but not MCAS, EGF downregulated the cytotoxic
effect of CPE via claudin-4. Thus, there were different
mechanisms for regulation of claudins by EGF between
subtypes of epithelial ovarian cancer cells in vitro. These
results indicate that EGF may affect claudins and tight
junctional functions in ovarian cancer cells during cancer
progression.

Keywords Claudins - Human ovarian cancers - EGF -
CPE - Signal transduction

Introduction

Ovarian carcinomas comprise a heterogeneous group of
neoplasms, the four most common subtypes being serous,
endometrioid, clear cell and mucinous (McCluggage
2011). Ovarian surface epithelium is the most likely cell
origin of epithelial ovarian carcinomas (Feeley and Wells
2001). Normal human ovarian surface epithelial cells
express and form functional tight junctions both in vivo
and vitro (Zhu et al. 2004). It is well known that epithelial
ovarian adenocarcinomas form functional tight junctions in
vitro (Zhu et al. 2006; Zhu and Sundfeldt 2007). Modula-
tion of the tight junctional barrier in ovarian cancers may
be a potential target in the treatment of platinum-resistant
tumors (Yoshida et al. 2011).

Tight junctions are the most apical components of
intercellular junctional complexes. They inhibit solute and
water flow through the paracellular space (termed the
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“barrier” function) (Gumbiner 1993; Schneeberger and
Lynch 1992). They also separate the apical from the
basolateral cell surface domains to establish cell polarity
(termed the “fence” function) (van Meer et al. 1986;
Cereijido et al. 1998). Recent evidence suggests that tight
junctions also participate in signal transduction mecha-
nisms that regulate epithelial cell proliferation, gene
expression, differentiation and morphogenesis (Matter and
Balda 2003). The tight junction is formed by not only the
integral membrane proteins claudins, occludin, and JAMs,
but also many peripheral membrane proteins (Tsukita et al.
2001; Sawada et al. 2003; Schneeberger and Lynch 2004).
Recently, tricellulin was identified at tricellular contacts
where there are three epithelial cells and shown to have a
barrier function (Ikenouchi et al. 2005). These tight junc-
tion proteins are regulated by various cytokines and
growth factors via distinct signal transduction pathways
(Gonzalez-Mariscal et al. 2008; Kojima et al. 2009).

The claudin family, which consists of at least 27
members, is solely responsible for forming tight junction
strands and these strands are directly involved in both the
‘barrier’ and ‘fence’ functions in epithelial and endothelial
cell sheets (Mineta et al. 2011; Tsukita et al. 2001). The
claudins have four transmembrane domains and two
extracellular loops and the second extracellular loop of
claudin-3 and claudin-4 is the receptor of Clostridium
perfringens enterotoxin (CPE) (Fujita et al. 2000). This
35-kDa polypeptide CPE binds to its receptor, and then the
CPE causes changes in the membrane permeability via a
complex formation on the plasma membrane followed by
the induction of apoptosis (McClane and Chakrabarti
2004). In ovarian cancers, claudin-4 is frequently overex-
pressed (Boylan et al. 2011) and is a high-affinity receptor
of CPE (Katahira et al. 1997; Fujita et al. 2000). It is
anticipated that it may be possible to develop a novel
tumor-targeted therapy for ovarian cancers using a claudin-
4-targeting molecule (Walther et al. 2011; Cocco et al.
2010).

In some human cancers, including ovarian, breast,
pancreatic and prostate cancers, tight junction protein
claudins are abnormally regulated and thus promising
molecular targets for diagnosis and therapy (Morin 2005;
Tsukita et al. 2008). Claudin-3 and claudin-4 are highly
upregulated in epithelial ovarian cancers of all subtypes,
including mucinous cystadenocarcinoma and serous cyst-
adenocarcinoma (Rangel et al. 2003; Boylan et al. 2011).
Expression of claudin-3 and claudin-4 in ovarian epithelial
cells enhances invasion and is associated with increased
matrix metalloproteinase-2 activity and angiogenic effects
(Agarwal et al. 2005; Li et al. 2009).

In epithelial ovarian cancers, overexpression of various
epidermal growth factor receptor (EGFR) family members,
including EGFR, Her2, and ErbB3, has been reported and
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anti-EGFR-targeted therapy shows limited clinical activity
in ovarian cancers (Sheng and Liu 2011). The exogenous
ligand epidermal growth factor (EGF) is one of important
growth factors that promote biological responses including
cell proliferation, differentiation and migration in normal
cells, whereas EGF is linked to malignant transformation in
epithelial cancer cells (Price et al. 1996; Tobita et al. 2003;
Zuo et al. 2011). Epidermal growth factor induces epithe-
lial-mesenchymal transition (EMT) in ovarian surface
epithelium via distinct signaling transduction pathways
(Ahmed et al. 2006). Furthermore, EGF signaling modu-
lates expression of claudins with changes of fence and
barrier functions in various cell types (Kojima et al. 2004;
Singh and Harris 2004; Chen et al. 2005; Flores-Benitez
et al. 2007; Singh et al. 2007; Ikari et al. 2009; Ikari et al.
2011). However, the regulation of tight junctions by EGF
in ovarian cancers remains unclear.

In the present study, to investigate the detailed mecha-
nisms of regulation of tight junctions in ovarian cancers,
ovarian cancer cell lines MCAS (a model of mucinous
cystadenocarcinoma) and HUOA (a model of serous cyst-
adenocarcinoma) were treated with EGF and the changes in
expression of tight junction proteins, including claudin-3
and claudin-4, the structures and the functions of the fence
and barrier, and the cytotoxic effects of CPE via signal
transduction pathways were examined.

Materials and methods
Antibodies, activators and inhibitors

Recombinant human EGF and transforming growth factor-
p1 (TGF-f1) were purchased from PeproTech EC
(London, UK). Rabbit polyclonal anti-claudin-1, -3, and -4,
anti-occludin, anti-tricellulin (c-term), and anti-phospho-
threonine antibodies and mouse monoclonal anti-claudin-1
and -4 antibodies were obtained from Zymed Laboratories
(San Francisco, CA). Rabbit polyclonal anti-phospho-
MAPK, anti-Akt, anti-Snail and anti-EGFR antibodies and
a mouse monoclonal phospho-Akt antibody were pur-
chased from Cell Signaling (Beverly, MA). A rabbit
polyclonal anti-ERK 1/2 antibody was purchased from
Promega Corporation (Madison, WI). A rabbit polyclonal
anti-actin antibody and cycloheximide were purchased
from Sigma-Aldrich Inc. (St. Louis, MO). Alexa 488
(green)-conjugated anti-rabbit IgG and Alexa594 (red)-
conjugated anti-mouse IgG antibodies were purchased
from Molecular Probes, Inc. (Eugene, OR). Inhibitors of
EGF receptor (AG1478), TGF-p receptor I kinase, MAPK
(U0126), PI3K (LY294002), p38 MAPK (SB203580), JNK
(SP600125), pan-PKC (GF109203X), COX-1 (FR122047)
and COX-2, as well as prostaglandin E2 (PGE2) were
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purchased from Calbiochem-Novabiochem Corporation
(San Diego, CA).

Immunohistochemical analysis

Immunohistochemical analysis was performed to evaluate
the expression and distribution of claudin-1, -3 and -4 in a
total of 26 ovarian cancer tissues, 13 cases of searous
cystadenocarcinoma and 13 cases of mucinous cystadeno-
carcinoma. Deparaffinized tissue sections were immersed
in 10 mmol/L sodium citrate buffer (pH 6.0) and auto-
claved for antigen retrieval. Endogenous peroxidase
activity was blocked using methanol containing 0.03 %
H,0,. After incubation with blocking buffer (0.01 mol/L
PBS containing 5 % bovine serous albumin, Sigma Co.,
Tokyo, Japan), the sections were incubated with rabbit
polyclonal claudin-1, -3 and -4 antibodies (1:100 dilution)
at 4 °C. After gentle rinsing with 0.05 mol/L of Tris—HCI,
the sections were incubated with a biotinylated secondary
antibody (LSAB2 Kit, Dako A/S, Copenhagen, Denmark)
for 30 min. Next, the sections were incubated with horse-
radish peroxidase-conjugated streptavidin reagent (LSAB2
Kit, Dako A/S) for 30 min. Chromogenic fixation was
performed for 5 min in a solution of 3-amino-9-ethyl car-
bazole substrate chromogen (Dako). The sections were
counterstained with Mayer’s hematoxylin. Staining was
considered positive only when localized to the cell mem-
brane. Staining extent was scored on a scale of 1 to 3, as
follows: 0 no staining; 1 staining of 25-50 %; 2 staining of
51-75 %; 3 staining of 76—100 % of cancer cells, and the
tumors were divided into negative (0) and positive (1-3)
groups.

Cultures of cell lines and treatment

Human ovarian cancer cell lines MCAS and HUOA, were
kindly obtained from Dr. Yoshiro Kidera (Saga University,
Saga, Japan) (Kidera et al. 1985) and Dr. Isamu Ishiwata
(Obstetrics and Gynecologic Hospital, Ibaraki, Japan)
(Ishiwata et al. 1987), respectively, were maintained with
RPMI-1640 (Sigma-Aldrich) supplemented with 10 %
dialyzed fetal bovine serum (FBS, Invitrogen; Carlsbad,
CA). The medium contained 100 U/ml penicillin and
100 pg/ml streptomycin and these cells were plated on 35-
and 60-mm culture dishes (Corning Glass Works, Corning,
NY) that were coated with rat tail collagen (500 pg of dried
tendon/ml in 0.1 % acetic acid), and incubated in a
humidified 5 % CO, incubator at 37 °C.

These cells grown to subconfluence were treated with
100 ng/ml EGF and 100 ng/ml TGF-f1 for 24 h after
pretreatment with 10 uM EGFR inhibitor AG1478 and
10 uM TGF-fR inhibitor for 30 min. The cells were also
treated with 100 ng/ml EGF for 24 h after being pretreated

with 10 pM U0126, 10 uM LY294002, 10 uM SB203580,
10 uyM SP600125, 10 pM GF109203X, 10 uM PGE2,
10 pM COX-1 inhibitor and 10 uM COX-2 inhibitor II for
30 min. Furthermore, in the presence of 20 or 50 uM
cycloheximide, a translation inhibitor, the protein levels of
claudin-1, -3, and -4, were measured in a time-dependent
manner.

RNA isolation, reverse transcription polymerase chain
reaction (RT-PCR) analysis and real-time PCR analysis

Total RNA was extracted and purified using TRIzol
(Invitrogen, Carlsbad, CA). One microgram of total RNA
was reverse-transcribed into cDNA using a mixture of
oligo (dT) and Superscript II reverse transcriptase accord-
ing to the manufacturer’s recommendations (Invitrogen).
Synthesis of each cDNA was performed in a total volume
of 20 pl for 50 min at 42 °C and terminated by incubation
for 15 min at 70 °C. PCR was performed in a 20 pl total
mixture containing 100 pM primer pairs, 1.0 pl of the
20 pl total RT product, PCR buffer, ANTPs and Taq DNA
polymerase according to the manufacturer’s recommenda-
tions (Takara, Kyoto, Japan). Amplifications were for
25-40 cycles depending on the PCR primer pair with cycle
times of 15 s at 96 °C, 30 s at 55 °C and 60 s at 72 °C.
Final elongation time was 7 min at 72 °C. Seven microli-
ters of the total 20 pl PCR product was analyzed by 1 %
agarose gel electrophoresis with ethidium bromide staining
and standardized using a GeneRuler ™100 bp DNA ladder
(Fermentas, ON, Canada). The PCR primers used for
claudin-1, 3, 4, 7, 8, 9, 12, 15, 18, tricellulin, occludin,
JAM, ZO-1, ZO-2 and glutaraldehyde-3-phosphate dehy-
drogenase (G3PDH) are indicated in Table 1.

Real-time PCR detection was performed using a Tag-
Man Gene Expression Assay kit with a StepOnePlusTM real-
time PCR system (Applied Biosystems, Foster City, CA).
The amount of 18S ribosomal RNA (rRNA) (Hs99999901)
mRNA in each sample was used to standardize the quantity
of the following mRNAs: claudin-1 (Hs00221623), -3
(Hs00265816), and -4 (Hs00533616). The relative mRNA-
expression levels between the control and treated samples
were calculated by the difference of the threshold cycle
[comparative Ct (AACt) method] and presented as the
average of triplicate experiments with a 95 % confidence
interval.

Immunocytostaining

The cells were grown on 35-mm glass-base dishes (Iwaki,
Chiba, Japan) coated with rat tail collagen and incubated
with 10 % FBS. Then they were fixed with cold acetone
and ethanol (1:1) at 20 °C for 10 min. After rinsing in PBS,
the sections and the cells were incubated with a polyclonal
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Table 1 Primers of RT-PCR

Gene Forward primer Reverse primer Product size (bp)
Claudin-1 AACGCGGGGCTGCAGCTGTTG GGATAGGGCCTTGGTGTTGGGT 593
Claudin-3 TGCTGTTCCTTCTCGCCGCC CTTAGACGTAGTCCTTGCGG 300
Claudin-4 AGCCTTCCAGGTCCTCAACT AGCAGCGAGTCGTACACCTT 249
Claudin-7 AGGCATAATTTTCATCGTGG GAGTTGGACTTAGGGTAAGAGCG 252
Claudin-8 TCATCCCTGTGAGCTGGGTT TGGAGTAGACGCTCGGTGAC 261
Claudin-9 AGGCCCGTATCGTGCTCACC ACGTAGTCCCTCTTGTCCAG 310
Claudin-12 CTCCCCATCTATCTGGGTCA GGTGGATGGGAGTACAATGG 201
Claudin-15 AAATACGGCAGAAACGCCTA CGACTTCCCAAGAGCAGTTC 214
Claudin-18 TTCCATCCCAGTACCAAAGC CCGTTCTTTCCCCAGACATA 226
Occludin TCAGGGAATATCCACCTATCACTTCAG CATCAGCAGCAGCCATGTACTCTTCAC 189
JAM-A GGTCAAGGTCAAGCTCAT CTGAGTAAGGCAAATGCAG 582
Z0-1 CGGTCCTCTGAGCCTGTAAG GGATCTACATGCGACGACAA 371
Z0-2 GCCAAAACCCAGAACAAAGA ACTGCTCTCTCCCACCTCCT 213
Tricellulin AGGCAGCTCGGAGACATAGA TCACAGGGTATTTTGCCACA 240
G3PDH ACCACAGTCCATGCCATCAC TCCACCACCCTGTTGCTGTA 452

anti-claudin-3 antibody (1:100) or monoclonal anti-clau-
din-1, and -4 antibodies (1:100) at room temperature (RT)
for 1 h and then with Alexa 488 (green)-conjugated anti-
rabbit IgG or Alexa 584 (red)-conjugated anti-mouse IgG
antibodies (1:200) at RT for 1 h. DAPI (Sigma-Aldrich)
was used for counterstaining of nuclei in the cells. The
specimens were examined using an epifluorescence
microscope (Olympus, Tokyo, Japan) and a confocal laser
scanning microscope (LSM510; Carl Zeiss, Jena,
Germany).

Western blot analysis

For Western blotting of total cell lysates, the dishes were
washed with PBS and 400 pl of sample buffer (1 mM
NaHCO; and 2 mM phenylmethylsulfonylfluoride) was
added to 60 mm culture dishes. The cells were scraped and
collected in microcentrifuge tubes and then sonicated for
10 s. The protein concentrations of samples were deter-
mined using a BCA Protein Assay Reagent Kit (Pierce
Chemical Co., Rockford, IL). Aliquots of 15 ng of protein/
lane for each sample were separated by electrophoresis in
4-20 % SDS polyacrylamide gels (Cosmo Bio Co., Tokyo,
Japan). After electrophoretic transfer to nitrocellulose
membranes (Immobilon; Millipore, Billerica, MA), the
membranes were saturated with blocking buffer [Tris-buf-
fered saline (TBS) with 0.1 % Tween 20 and 4 % skim
milk] for 30 min at room temperature and incubated with
polyclonal anti-claudin-1, -3, and -4, anti-tricellulin, anti-
occludin, anti-phospho-MAPK, anti-ERK 1/2, anti-Akt,
anti-EGFR and anti-Snail antibodies, and a monoclonal
phospho-Akt antibody for 1 h at room temperature. Then
the membranes were incubated with horseradish peroxidase-
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conjugated anti-rabbit IgG (Dako A/S) at room temperature
for 1 h. The immunoreactive bands were detected using an
ECL Western blotting analysis system (GE Healthcare, Little
Chalfont, UK).

Immunoprecipitation

The dishes were washed with PBS twice, and 300 pl of
NP-40 lysis buffer (50 mM Tris—-HCl, 2 % NP-40,
0.25 mM Na-deoxycholate, 150 mM NaCl, 2 mM EGTA,
0.1 mM Na3;VO, 10 mM NaF, and 2 mM PMSF) was
added to 60 mm dishes. The cells were scraped and col-
lected in microcentrifuge tubes and then sonicated for
10 s. Cell lysates were incubated with protein A-Sepharose
CL-4B (Pharmacia LKB Biotechnology, Inc., Uppsala,
Sweden) for 1 h at 4 °C and then clarified by centrifugation
at 15,000x g for 10 min. The supernatants were incubated
with polyclonal anti-claudin-1, -3, and -4 antibodies bound
to protein A-Sepharose CL-4B overnight at 4 °C. After
incubation, immunoprecipitates were washed extensively
with the same lysis buffer and then subjected to Western
blot analysis using anti-claudin-1, -3 and -4, and anti-
phospho-threonine antibodies.

Freeze-fracture analysis

The cells grown on 60 mm dishes were centrifuged into
pellets and then immersed in 40 % glycerin solution after
fixation in 2.5 % glutaraldehyde/0.1 M PBS, pH 7.3. The
specimens mounted on a copper stage were frozen in liquid
nitrogen, fractured at —150 to 160 °C and replicated by
platinum/carbon from an electron beam gun positioned at a
45° angle followed by carbon applied from overhead in a
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JFD-7000 freeze-fracture device (JEOL Ltd., Tokyo,
Japan). After the replicas were thawed, they were floated
on filtered 10 % sodium hypochlorite solution for 30 min
in Teflon dishes. Then they were washed in distilled water
for 30 min, mounted on copper grids, and examined at an
acceleration voltage of 100 kV with a JEOL-1200EX
transmission electron microscope (JEOL Ltd., Tokyo,
Japan).

Diffusion of bodipy-sphingomyelin

For measurement of the tight junctional fence function, we
used diffusion of BODIPY-sphingomyelin (Balda et al.
1996) with some modification. Sphingomyelin/BSA com-
plexes (5 nM) were prepared in P buffer (10 nM HEPES,
pH 7.4, 1 mM sodium pyruvate, 10 mM glucose, 3 mM
CaCl,, and 145 mM NaCl) using BODIPY-FL-sphingo-
myelin (Molecular Probes) and defatted BSA. Cells plated
on glass-bottom microwell plates (Mat Tek Corp., Ashland,
MA) were loaded with BODIPY-sphingomyelin/BSA
complex for 1 min on ice, after which they were rinsed
with cold DMEM and mounted in DMEM on a glass slide.
The samples were analyzed by confocal laser scanning
microscopy (LSM510; Carl Zeiss, Jena, Germany). All
pictures shown were generated within the first 5 min of
analysis.

Mesurement of transepithelial electrical resistance
(TER)

The cells were cultured to confluence on inner chambers of
12 mm Transwell with 0.4 um pore-size filters (Corning
Life Science). TER was measured using an EVOM volt-
meter with an ENDOHM-12 (World Precision Instruments,
Sarasota, FL) on a heating plate (Fine, Tokyo, Japan)
adjusted to 37 °C. The values were expressed in standard
units of ohms per square centimeter and presented as the
mean + SD of triplicate experiments. For calculation, the
resistance of blank filters was subtracted from that of filters
covered with cells.

CPE treatment and MTT assay

For purification of CPE, the bacterial DNA fragment
encoding the full-length CPE gene was PCR amplified
(primer 1, 5’-AGA TGT TAA TCA TAT GAT GCT TAG
TAA CAA TTT AAA TCC-3’; primer 2, 5-AGG ATC
CTT AAA ATT TTT GAA ATA ATA TTG AAT AAG
GG-3'). The PCR products were digested with the
restriction enzymes Ndel/BamHI and cloned into an Ndel/
BamHI-digested pet 16 (Novagen) expression vector to
generate an in-frame NH,-terminus His-tagged CPE
expression plasmid, pet 16-(His)5-CPE. His-tagged CPE

toxin was prepared from pet 16-(His)S-CPE-transformed
Escherichia coli BL-21 (DE 3). Transformed bacteria
were grown overnight at 37 °C, after which CPE protein
expression was induced for 3 h with 1 mM isopropyl f-p-
thio-galactoside. The cells were harvested, resuspended in
20 mM Tris—HCI, pH 7.9, binding buffer, and lysed by
sonication. The fusion protein was isolated from the
supernatant on an His-Bind column (Novagen). After
treatment with ten column volumes of binding buffer and
six column volumes of wash buffer, His-tagged CPE was
eluted with 0.5 M NaCl, 20 mM Tris—HCI, pH 7.9, and
dialyzed (M, 3,500 cutoff dialysis tubing) against PBS
overnight. The cell survival was evaluated with the col-
orimetric assay using an MTT Cell Growth Assay Kit
(Millipore, Billerica, MA) according to the manufac-
turer’s recommendations. The ratio of absorbance was
calculated and presented as the mean £ SD of triplicate
experiments.

Data analysis

Signals were quantified using Scion Image Beta 4.02 Win
(Scion Co.; Frederick, MA). Each set of results shown is
representative of at least three separate experiments.
Results are given as means + SE. Differences between
groups were tested by ANOVA followed by a post hoc test
and an unpaired two-tailed Student’s ¢ test and considered
to be significant when p < 0.05.

Results

Expression and distribution of claudin-1, claudin-3
and claudin-4 in human ovarian cancers

Claudin-3 and claudin-4 are highly expressed in ovarian
cancers, including mucinous cystadenocarcinoma and ser-
ous cystadenocarcinoma (Rangel et al. 2003; Boylan et al.
2011). In the present study, we examined the expression of
claudin-3 and claudin-4 compared to claudin-1 in mucin-
ous cystadenocarcinoma and serous cystadenocarcinoma
by immunohistochemistry, using formalin-fixed ovarian
cancer tissues. Claudin-4 was strongly expressed in 13 of
13 (100 %) cases of both mucinous cystadenocarcinoma
and serous cystadenocarcinoma, whereas claudin-3 was
expressed in 6 of 13 (46 %) cases of mucinous cystade-
nocarcinoma and 13 of 13 (100 %) cases of serous cyst-
adenocarcinoma (Fig. 1). Claudin-3 and claudin-4 in both
tumors were often heterogeneous and occasionally plaque-
like and were expressed at the lateral membranes, with
some specimens showing cytoplasmic expression (Fig. 1).
Claudin-1 was in part detected in cancer cells of both types
(Fig. 1).
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Fig. 1 Expression and
distribution of claudin-1, -3
and -4 in human ovarian cancer
tissues. Hematoxylin—eosin
staining and immunohis-
tochemical staining for claudin-
1, -3 and -4 in ovarian cancer
tissues, serous
cystadenocarcinoma and
mucinous cystadenocarcinoma.
Bar 30 um, mucinous mucinous
cystadenocarcinoma, serous
serous cystadenocarcinoma,
H&E hematoxylin—eosin,
CLDN claudin
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Expression patterns of claudin-1, claudin-3
and claudin-4 in human ovarian cancer cell lines

To study the regulation of claudin-3 and claudin-4 in
ovarian cancers in detail, we first investigated the expres-
sion patterns of tight junction molecules in ovarian cancer
cell lines MCAS (a model of mucinous cystadenocarci-
noma) and HUOA (a model of serous cystadenocarci-
noma). In both cancer cell lines, claudin-1, -3, -4, -7, -8, -9,
-12, -15 and -18, occludin, tricellulin, JAM-A, ZO-1 and -2
were detected by RT-PCR (Supplemental data 1).

We compared the expression and distribution of claudin-
1, claudin-3, and claudin-4 between the cell lines. In
Western blotting, the protein level of claudin-3 was higher
in HUOA than in MCAS, whereas that of claudin-1 was
higher in MCAS than in HUOA. For claudin-4 there was
almost no difference between the cell lines (Fig. 2a). In
real-time PCR, the difference between the mRNA levels of
claudin-1, claudin-3, and claudin-4 was the same as in the
results of Western blotting (Fig. 2b). Immunostaining
showed that, in both cancer cell lines, claudin-1, claudin-3
and claudin-4 were localized at the apicalmost and baso-
lateral membranes (Fig. 2c).

EGF decreases proteins but not mRNAs of claudin-3
and claudin-4 in ovarian cancer cell lines

Epidermal growth factor and TGF-f affect the expression
of some claudins in various cell types (Grédnde et al. 2002;
Flores-Benitez et al. 2007; Samak et al. 2011; Kojima and
Sawada 2011). To investigate whether EGF and TGF-f1
affected the expression and distribution of claudin-1,
claudin-3 and claudin-4 in human ovarian cancers, MCAS
and HUOA were treated with 100 ng/ml EGF or 100 ng/ml
TGF-f1 for 24 h. In Western blotting, EGF decreased the
proteins of claudin-3 and claudin-4 in MCAS and HUOA,
respectively, whereas TGF-f1 decreased claudin-3 protein
in MCAS (Fig. 3a). Interestingly, EGF remarkably
increased claudin-1 protein in HUOA (Fig. 3a). These
changes induced by EGF or TGF-f1 in the cancer cell lines
were prevented by pretreatment with 10 uM EGF receptor
inhibitor AG1478 and 10 pM TGF-fR inhibitor, respec-
tively (Fig. 3a). In real-time PCR, no change of the
mRNAs of claudin-3 and claudin-4 was observed in either
cancer cell line treated with EGF, whereas EGF increased
claudin-1 mRNA in HUOA (Fig. 3b).

EGF induces degradation of claudin-3 and claudin-4
in ovarian cancer cell lines

To elucidate the mechanism of the decrease of proteins but
not mRNAs of claudin-3 and claudin-4 caused by the
treatment with EGF in MCAS and HUOA, we examined

the protein levels of claudin-3 and claudin-4 in a time-
dependent manner after treatment with 20 or 50 pM
cycloheximide (a translation inhibitor) 24 h after pretreat-
ment with 100 ng/ml EGF. In the presence of cyclohexi-
mide, claudin-3 in MCAS and claudin-4 in HUOA treated
with EGF, were decreased in a time-dependent manner
(Fig. 3c). Epidermal growth factor receptor inhibitor
AG1478 prevented the decreases of claudin-3 and claudin-
4 of MCAS and HUOA by EGF in the presence of
cycloheximide (Fig. 3c). These results indicated that EGF
induced degradation of claudin-3 and claudin-4 in MCAS
and HUOA.

EGF affects distribution of claudin-3 and claudin-4
and tight junction strands in ovarian cancer cell lines

We investigated the distribution of claudin-3 and claudin-4
in MCAS and HUOA at 24 h after treatment with 100 ng/ml
EGF. In MCAS treated with EGF, claudin-3 was localized at
the apicalmost regions, whereas it was localized at the api-
calmost and basolateral membranes in the control and in
cells pretreated with EGF receptor inhibitor AG1478
(Fig. 4a). In HUOA treated with EGF, claudin-4 was
decreased at the apicalmost and basolateral membranes
compared to the control, and pretreatment with AG1478
prevented the decrease of claudin-4 by EGF (Fig. 4a). In
HUOA treated with EGF, claudin-1 was increased at the
membranes compared to the control (supplemental data 2).

We performed freeze-fracture analysis to investigate
changes of tight junction strands in MCAS and HUOA at
24 h after treatment with 100 ng/ml EGF. In the controls of
both cancer cell lines, tight junction strands formed anas-
tomosing networks (Fig. 4b). In both cancer cell lines
treated with EGF, the strands were decreased and the
change was returned to the control level by pretreatment
with AG1478 (Fig. 4b). Interestingly, in HUOA treated
with EGF, some tight junction-like strands were also
observed in the vesicles (Fig. 4b). It was thought that these
vesicles indicated endocytosis of tight junctions as previ-
ously reported (Matsuda et al. 2004; Tang 2006).

EGF decreases claudin-3 and claudin-4 via activation
of MEK/ERK and PI3K/Akt signaling pathways
in ovarian cancer cell lines

To investigate which signal transduction pathways were
associated with the decreases of claudin-3 and claudin-4
caused by EGF in MCAS and HUOA, the cells were pre-
treated with various inhibitors before treatment with 100 ng/ml
EGF (supplemental data 3). In MCAS, pretreatment with
inhibitors of EGFR (AG1478), MEK/ERK (U0126) and PI3K/
Akt (LY294002) prevented the decrease of claudin-3 by EGF
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Fig. 2 Expression patterns of a MCAS HUOA b 12,

claudin-1, -3 and -4 in human

* %

ovarian cancer cell lines. . L

Western blotting (a), real-time CLDN-1 - = M

PCR (b) and immuno- Z 8!

cytostaining (c¢) for claudin-1, -3 ]

and -4 in MCAS and HUOA. CLDN-3 | e— 2 6|

CLDN claudin, M MCAS, =
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p < 0.01, Bar 40 um CLDN-4 o 5l .
0 L IJV_h
L — L My MEH
Actin CLDN-1 CLDN-3 CLDN-4

MCAS

CLDN-1

CLDN-3

CLDN-4

(Fig. 5a). In HUOA, pretreatment with inhibitors of EGFR,
MEK/ERK, but not PI3K/Akt, prevented the decrease of
claudin-4 by EGF (Fig. 5a). In MCAS, upregulation of
PMAPK and pAkt was induced by treatment with EGF and
prevented by pretreatment with the inhibitors of EGFR and
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HUOA

MEK/ERK or the inhibitors of EGFR and PI3K/Akt, respec-
tively (Fig. 5b). In HUOA, upregulation of pMAPK was
induced by treatment with EGF and was prevented by pre-
treatment with the inhibitors of EGFR and MEK/ERK, whereas
pAkt was not detected (Fig. 5b).
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Fig. 3 EGF decreases proteins a
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EGF modulates phosphorylation of claudin-3
and claudin-4 in ovarian cancer cell lines

The immunoprecipitates of claudin-3 and claudin-4 were
analyzed by immunoblotting with antibodies to phospho-
threonine and the corresponding claudins. In MCAS treated
with 100 ng/ml EGF, threonine-phosphorylated claudin-3
was detected, whereas it was not detected in the control or
in the cells pretreated with the inhibitors of EGFR
(AG1478), MEK/ERK (U0126) and PI3K/Akt (L Y294002)
before treatment with EGF (Fig. 6). Threonine-phosphor-
ylated claudin-4 was detected in the control and with all
treatments of MCAS (Fig. 6). In HUOA treated with
100 ng/ml EGF, threonine-phosphorylated claudin-4 was
not detected, whereas it was detected in the control and in

the cells pretreated with the inhibitors of EGFR, MEK/
ERK and PI3K/Akt before treatment with EGF (Fig. 6).
Threonine-phosphorylated claudin-3 was detected in the
control and with all treatments of HUOA (Fig. 6).

EGF affects fence function and barrier function

To investigate whether EGF affected the fence function of
tight junctions, BODIPY-sphingomyelin diffusion in the
membrane was measured in MCAS and HUOA at 24 h
after treatment with 100 ng/ml EGF. BODIPY-sphingo-
myelin was effectively retained in the apical domain in
control MCAS and HUOA (Fig. 7a). The BODIPY-
sphingomyelin of MCAS after treatment with EGF was
diffused through the tight junctions, labeled the basolateral
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control

MCAS/ -
CLDN-3

HUOA/
CLDN-4

MCAS

control

EGF

EGF+AG

Fig. 4 EGF affects localization of claudin-3 and -4, and tight
junction strands in ovarian cancer cell lines. a immunocytostaining
for claudin-3 in MCAS and for claudin-4 in HUOA treated with
100 ng/ml EGF for 24 h after pretreatment with or without 10 uM
EGFR inhibitor AG1478 for 30 min. Bar 40 pm, XY XY-section,
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EGF EGF+AG

HUOA HUOA/EGF

Z Z-section. b Freeze-fracture replicas of MCAS and HUOA treated
with 100 ng/ml EGF for 24 h after pretreatment with or without
10 uM AG1478 for 30 min. Black bar 500 nm, white bar 200 nm,
CLDN claudin, AG AG1478
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ovarian cancer cell lines. C - AG U0126 LY C - AG U0126 LY
a Western blotting for claudin- CLDN-1 3
1, -3 and -4 in MCAS and : CLDN-1 - —
HUOA treated with 100 ng/ml
EGF for 24 h after pretreatment CLDN-3 | -ﬁ CLDN-3 —
with or without 10 pM EGFR
inhibitor AG1478, 10 uM .
T - E— | ———— |
MEK/ERK inhibitor U0126 or CDNL-4 | oo | CDNL-4
10 uM PI3K/Akt inhibitor
LY294002 for 30 min. Actin | s — 5 -M
b Western blotting for pMAPK, D — -_— Actin
MAPK, pAkt and Akt in MCAS
and HUOA treated with 100 ng/ b MCAS HUOA
ml EGF for 24 h after o
pretreatment with or without EGF EGF
10 uM AG1478, 10 uM U0126 = 5 } :
or 10 M LY294002 for C -  AG Uo0126 LY C AG U0126 LY
30 min. CLDN claudin
1 y - - MM -
C control, AG AG1478, LY PMAPK PMAPK
LY294002, pMAPK phospho-
MAPK, pAki phosphor-Akt MAPK | e S 4 D MAPK | S . -
pAkt Eededl. pAkt
Akt s . 4 Akt ® o
Fig. 6 EGF modulates MCAS HUOA
phosphorylation of claudin-3
and -4 in ovarian cancer cell IP: CLDN-3 EGF [P: CLDN-3 EGF
lines. Western blotting for C -  AG U0126 LY C - AG U0126 LY
phosphothreonine in the
immunoprecipitates; use of IgG _ IgG “-.-
claudin-3 and -4 antibodies in
MCAS and HUOA treated with
100 ng/ml EGF for 24 h after
pretreatment with or without CLDN-3 —— — O D N3 e ————
10 uM EGFR inhibitor p-thre
AG1478, 10 M MEK/ERK p-thre — P —
inhibitor U0126 or PI3K/Akt
inhibitor LY294002 for 30 min. .
IP immunoprecipitation, CLDN IP: CLDN-4 EGF IP: CLDN-4 EGF
claudin, C control, AG AG1478, C - AG U0126 LY C - AG U0126 LY
e S ———— 2
phosphothreonine IgG g
CLDN-4 (LN —— e e
p-thre - — p-thre e | —

surfaces and appeared to penetrate the cells, and the dif-
fusion was prevented by pretreatment with EGF receptor
inhibitor AG1478 (Fig. 7a). In HUOA treated with EGF
and pretreated with AG1478 before treatment with EGF,
the probe was well retained in the apical domain as in the

control (Fig. 7a).

The barrier function of tight junctions was measured by
TER values in MCAS and HUOA at 24 h after treatment
with 100 ng/ml EGF. The TER value of MCAS after
treatment with EGF was decreased compared to the con-
trol, but was maintained at the control level by pretreat-

ment with AG1478 (Fig. 7b). In HUOA after treatment
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Fig. 7 EGF affects fence and
barrier functions and the
cytotoxic effects of CPE in
ovarian cancer cell lines.

a Fence function examined by
diffusion of labeled BODIPY-
sphingomyelin into MCAS and
HUOA treated with 100 ng/ml
EGF for 24 h after pretreatment
with or without 10 pM EGFR
inhibitor AG1478 for 30 min.
Bar 20 pm. b Barrier function

control

EGF

MCAS

HUOA

examined by TER values in b 120
MCAS and HUOA treated with 1800 MCAS HUOA
100 ng/ml EGF for 24 h after o 1600 - i 100 *x
pretreatment with or without E 1400 a
10 uM AG1478 for 30 min. 2 1200 E 80
‘p < 0.01 versus control at = 1000 £ |
24 h, ®p < 0.01 versus EGF at e 800 T = 60 o
24 h. ¢ The cell viability was 2 600! & 40
measured by MTT assay after B~ =
treatment with 2 mg/ml CPE for 400 _ = 20
2 h at 24 h after treatment with 200 .
100 ng/ml EGF after 0 conroEGFEGF  control EGFEGF 0 onrol EGFEGF  control EGFEGF
pretreatment with or without +AG +AG +AG +AG
10 uM AG1478 for 30 min. Oh 24 h 0h - 24 h .
**p < 0.01 versus control with
CPE, *p < 0.01 versus EGF. 012
AG AG1478, CPE Clostridium ¢ - 0.14
’ T
perfringens enterotoxin 0.1 | MCAS 0.12 HUOA
£ 008/ £ 01 K
= £ 0.08
2 006 z
% o004 = 0.06
= 0.04 |
o ¥ 0.04 Hit
0.02 [ 0'02
0 — . 0 ||
control control EGF EGF+AG control control  EGF EGF+AG
CPE CPE
with EGF, the TER value was conversely increased com- Discussion

pared to the control, but was maintained at control level by
pretreatment with AG1478 (Fig. 7b).

EGF downregulates the cytotoxic effect of CPE
in HUOA not but MCAS

To investigate whether EGF affected the cytotoxic effect of
CPE via claudin-3 and claudin-4 in MCAS and HUOA, the
cell viability was measured by MTT assay after treatment
with 2 mg/ml CPE for 2 h at 24 h after treatment with
100 ng/ml EGF. In control MCAS and HUOA, the cell
viability was decreased by treatment with CPE (Fig. 7c). In
HUOA, but not MCAS, the cytotoxic effect of CPE was
downregulated by treatment with EGF but was maintained
at the control level by pretreatment with EGF receptor
inhibitor AG1478 (Fig. 7c).
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In the present study, we demonstrated that EGF downreg-
ulated claudin-3 in MCAS (mucinous cystadenocarcinoma)
and claudin-4 in HUOA (serous cystadenocarcinoma) by
inducing degradation of the proteins with changes in the
structures and functions of tight junctions. In addition, in
HUOA but not MCAS, EGF downregulated the cytotoxic
effect of CPE via claudin-4. The mechanisms of the reg-
ulation of claudins by EGF differed between the subtypes
of epithelial ovarian cancer cells in vitro.

Epidermal growth factor/EGFR signaling modulates
expression of claudins in various cell types (Kojima et al.
2004; Singh and Harris 2004; Chen et al. 2005; Flores-
Benitez et al. 2007; Singh et al. 2007; Ikari et al. 2009;
Ikari et al. 2011). In polarized Madin-Darby canine kidney
(MDCK) II cells, EGF-induced EGFR activation signifi-
cantly inhibits claudin-2 expression, while simultaneously
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inducing cellular redistribution and increased expression of
claudin-1, claudin-3, and claudin-4 (Singh and Harris
2004). In addition, EGF accelerates clathrin-dependent
endocytosis and lysosomal degradation of claudin-2 protein
in MDCK-II cells (Ikari et al. 2011). In present study, EGF
decreased the protein but not the mRNA of claudin-3 in
MCAS and claudin-4 in HUOA and enhanced the decrease
in the protein level in the presence of cycloheximide. In
HUOA, upregulation of claudin-1 by EGF was also
observed at the mRNA level. EGF decreased the numbers
of tight junction strands in both cell lines. Furthermore, in
freeze-fracture replicas, we also found images of endocy-
tosed vesicles of tight junctions in HUOA treated with EGF
(Fig. 4b, arrows). The images of endocytosed vesicles of
tight junctions can be observed by transmission electron
microscopy during remodeling of tight junctions (Matsuda
et al. 2004; Tang 2006). All changes in both cell lines
induced by treatment with EGF were prevented by an
EGFR inhibitor. These findings suggested that EGF
downregulated claudin-3 in MCAS and claudin-4 in
HUOA by enhancing degradation of the proteins at the
post-translational level.

Epidermal growth factor-activated growth factor recep-
tors induce the activation of signal transduction pathways
involving MEK/ERK, p38 MAPK, and PI3K/Akt, and play
fundamental roles in the development, proliferation, and
differentiation of epithelial cells (Scaltriti and Baselga
2006). Epidermal growth factor decreases claudin-2 and
increases claudin-4 via MEK/ERK or PI3K/Akt pathways
in MDCK cells (Singh et al. 2007; Ikari et al. 2009).
Inhibitors of COX-1 and -2 enhance TER induced by EGF,
and PGE2 prevents upregulation of TER and claudin-4
expression by EGF in MDCK cells (Flores-Benitez et al.
2009). Furthermore, it is also known that, in epithelal
ovarian cancers, abnormal activity of MEK/ERK and
PI3K/Akt pathways due to somatic mutation of the signal
molecules may play a crucial role in malignant progression
(Kurman and Shih 2011). In the present study, the cells
were pretreated with inhibitors of EGFR, MEK/ERK,
PI3K/Akt, p38 MAPK, JNK, pan-PKC, COX-1 and COX-2
as well as PGE2 before treatment with EGF. In MCAS,
pretreatment with the inhibitors of EGFR, MEK/ERK and
PI3K/Akt prevented the decrease of claudin-3 by EGF, and
in HUOA, pretreatment with the inhibitors of EGFR, MEK/
ERK, but not PI3K/Akt, prevented the decrease of claudin-
4 by EGF. In both cell lines, activity of pMAPK was
upregulated by EGF, whereas activity of pAkt was upreg-
ulated by EGF in MCAS but not HUOA. These findings
indicated that EGF modulated expression of claudins in
ovarian cancer cells via MEK/ERK or PI3K/Akt pathways
and that there were different signal transduction pathways
in the subtypes of the cancer cells treated with EGF.

Epidermal growth factor/EGFR signaling modulates
fence and barrier functions of tight junctions via changes of
claudins (Kojima et al. 2004; Singh and Harris 2004;
Flores-Benitez et al. 2007; Singh et al. 2007; Ikari et al.
2009). In primary cultured rat hepatocytes, EGF down-
regulates the fence function measured by BODIPY-sphin-
gomyelin diffusion with a decrease of claudin-1 (Kojima
et al. 2004). In MDCK cells, EGF upregulates the barrier
function measured by TER with a decrease of claudin-2
and an increase of claudin-4 (Flores-Benitez et al. 2007,
Ikari et al. 2009). In the present study, in MCAS treated
with EGF, fence and barrier functions were downregulated
with a decrease of claudin-3. In HUOA treated with EGF,
only the barrier function was upregulated, with an increase
of claudin-1 and a decrease of claudin-4. All changes
caused by treatment with EGF were prevented by an EGFR
inhibitor. These results indicated that in MCAS, claudin-3
expression might be mainly associated with fence and
barrier functions, and in HUOA, claudin-1 might be
important for both functions.

On the other hand, claudin phosphorylation has been
linked to the assembly and function of tight junction
(D’Souza et al. 2007; Aono and Hirai 2008; Banan et al.
2005). Threonine phosphorylation of claudin-3 by cAMP-
dependent protein kinase regulates the tight junction barrier
function in ovarian cancer cells (D’Souza et al. 2005). In
the present study, we examined changes of threonine
phosphorylation of claudin-3 and claudin-4 in MCAS and
HUOA treated with EGF. In MCAS, but not HUOA,
threonine-phosphorylation of claudin-3 was upregulated by
treatment with EGF and the change was prevented by
inhibitors of EGFR, MEK/ERK and PI3K/Akt, whereas in
HUOA, but not MCAS, threonine phosphorylation of
claudin-4 was downregulated by treatment with EGF and
the change was prevented by inhibitors of EGFR and
MEK/ERK. These findings suggested that upregulation of
threonine phosphorylation of claudin-3 by treatment with
EGF might also associated with the barrier function in
MCAS.

Claudin-3 and claudin-4, highly expressed in ovarian
cancers, are receptors of CPE and the cytotoxic effects of
CPE are thought to be useful as a novel therapeutic tool for
ovarian cancers (Walther et al. 2011; Cocco et al. 2010). In
the present study, as EGF downregulated claudin-3 in
MCAS and claudin-4 in HUOA, we examined whether
EGF affected the cytotoxic effects of CPE via claudin-3
and claudin-4. In HUOA, but not MCAS, EGF downreg-
ulated the cytotoxic effects of CPE and the change was
prevented by an EGFR inhibitor. These results indicated
that claudin-4 had higher affinity as a receptor for CPE than
claudin-3 as previously reported (Katahira et al. 1997,
Fujita et al. 2000), and it is possible that EGF may affect
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effective therapy targeting for claudin-4 using CPE in the
subtype of serous cystadenocarcinoma.

In the present study, claudin-3 and claudin-4 were
expressed not only in the apicalmost regions, where are
tight junction areas, but also along basolateral membrane in
both ovarian cancer cell lines (Fig. 2). It is known that
some claudins express along basolateral membranes of
some cancer cells (Dhawan et al. 2005; Ladwein et al.
2005; Lanigan et al. 2009; Yamaguchi et al. 2011). In
addition, claudin-7 directly interacts with EpCAM at the
basolateral membranes, and the EpCAM-claudin-7 com-
plex strongly promotes tumorigenicity (Ladwein et al.
2005; Niibel et al. 2009). Furthermore, we recently repor-
ted that in pancreatic cancer cell lines, claudin-4 was
expressed not only in the apicalmost regions but also at
basolateral membranes, whereas in normal human pan-
creatic duct epithelail cells (HPDE cells), it was only
localized in the apicalmost regions, and CPE led to an
acute dose-dependent cytotoxic effect in pancreatic cell
lines but not normal HPDE cells (Yamaguchi et al. 2011).
Because it is thought that CPE binds to the free second
extracellular loop of claudin-4 outside tight junctions and
that, in normal HPDE cells, it cannot bind to that of
claudin-4 in tight junction areas (Winkler et al. 2009).

In conclusion, in epithelial ovarian cancer cells, EGF
modulated claudins and the tight junctional functions via
MEK/ERK and PI3K/Akt signaling pathways. However,
there were different mechanisms for regulation of claudins
by EGF between the subtypes in vitro. Ovarian surface
epithelium is the most likely cell origin of epithelial ovarian
carcinomas (Feeley and Wells 2001). Normal human
ovarian surface epithelial cells express and form functional
tight junctions both in vivo and in vitro (Zhu et al. 2004).
Epidermal growth factor induces epithelial-mesenchymal
transition (EMT) in ovarian surface epithelium via distinct
signaling transduction pathways (Ahmed et al. 2006).
Continued investigation of the regulation of claudins by
EGF using normal human ovarian surface epithelial cells is
necessary to determin whether claudins can be used as
molecular targets in the diagnosis and therapy for epithelial
ovarian cancers.
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