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ORIGINAL ARTICLE

CLAUDIN-1 IS ASSOCIATED WITH INVASIVE GROWTH OF HUMAN 
PANCREATIC CANCER CELLS

Jun Kondo，Fuyuki Sato，Yunyan Wu，Hiroko Seino， 
Satoko Morohashi and Hiroshi Kijima

Abstract　Claudin is one of tight junction proteins which connect with the actin cytoskeleton and participate in the 
intracellular signaling.  However, the significance of claudin in pancreatic cancer is understood not yet extensively.  
We examined the relationship between claudin-1 and invasion in PANC-1 and MIA PaCa-2 human pancreatic cancer 
cells, and investigated the functions of claudin-1 in invasive growth of pancreatic cancer cells.  Claudin-1 knockdown 
by siRNA （claudin siRNA） affected the subcellular localization in the pancreatic cancer cells, and claudin-1 
siRNA increased numbers of invasive pancreatic cancer PANC-1 and MIA PaCa-2 cells.  Claudin-1 siRNA did not 
significantly affect expression levels of β-catenin, E-cadherin, α-smooth muscle actin, Bcl-2, and Bax in PANC-1 and 
MIA PaCa-2 cells.  In addition, claudin-1 siRNA showed no significant change in the cell proliferation.  We concluded 
that claudin-1 is significantly associated with invasive growth of human pancreatic cancer cells.  
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原　著

ヒト膵癌細胞における claudin-1 発現と浸潤性増殖の関連

近　藤　　　潤　　　佐　藤　冬　樹　　　呉　　　雲　燕　　　清　野　浩　子 
諸　橋　聡　子　　　鬼　島　　　宏

抄録　細胞接着因子 claudin は，タイトジャンクションを形成し，細胞同士の接着やシグナル伝達などに関連してい
る．しかし，膵癌における claudin の機能は未だ十分に解明されていない．本研究では，ヒト膵癌細胞 PANC-1と MIA 
PaCa-2 において clauidn-1と浸潤性との関連性を解析した．Claudin-1発現を siRNA により抑制した細胞では，細胞
膜に分布する claudin が減少し，マトリゲルを浸潤する細胞数が増加した．また，claudin-1発現を抑制した細胞では，
β-catenin, E-cadherin, α-smooth muscle actin, Bcl-2, Bax の発現に変化はなかった．さらに， 4 型コラーゲン存在下と未
処理の場合の細胞増殖能を比較したところ，両者に有意な差は得られなかった．以上より，claudin-1の発現は細胞増殖
能に変化を与えることなく，癌細胞の浸潤性増殖に重要な役割を担っていることが示唆された．
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Introduction

 　Tight junctions of cells from epithelial cell to 
cell adhesion and define cell polarity1，2）.  They 
act as a barrier that prevents solutes and water 
from passing through the paracellular pathway.  
Tight junction proteins such as claudins, 
E-cadherin, and β-catenin play important roles 
in the formation maintenance of the junction.  
Claudins were first discovered in 1998, and the 
claudins family consists of at least 24 newly 
discovered members, the expression of which 
depends on the cell type and tissue3-5）.  They 
are connected with the actin cytoskeleton 
and participate in the intracellular signaling.  
Alterations of claudin expression have been 
involved in invasion, metastasis, and formation 
in several tumor and cancer cells6，7）.  In 
previous studies, claudin-1 has regulated cellular 
transformation and metastatic behavior in colon 
cancer6）.  Increased expression of claudin-1 has 
been associated with invasion in oral squamous 
cell carcinoma8）.  However, relationship between 
claudins and invasion in pancreatic cancer is 
understood not yet extensively.
　 Pancreatic cancer is one of the most lethal 
malignancies, with a 5-years survival rate of 
4%9-12）.  The mean survival time for untreated 
patients is 3-5 months, while the mean survival 
after surgical resection ranges from 10-20 
months.  Factors responsible for this poor 
prognosis include: a） difficulty in early diagnosis 
due to anatomical location and lack of early 
symptoms; b） limitations of conventional cancer 
therapies including surgery, chemotherapy, 
radiation therapy, and immune therapy; c） rapid 
spreading of tumors to the surrounding organs, 
causing obstructive jaundice; and d） frequent 
incidence of metastasis even from small primary 
tumor less than 2 cm in diameter.  Pancreatic 
cancer ranks fifth as a cause of cancer-related 
mortality in the USA and Japan.  Modulation of 
the aggressive cell proliferation of pancreatic 

cancer is one of the most significant issues in 
modern medicine13，14）.
　 In this study, we examined modulations of 
claudin-1 expression in two human pancreatic 
cancer cell lines, PANC-1 and MIA PaCa-2, and 
we investigated the relationship between the 
functions of claudins and invasion of the cancer 
cells.

Materials and Methods
Cell culture
 　PANC-1 and MIA PaCa-2 human pancreatic 
cancer cells （adenocarcinoma） were obtained 
from the American Type Culture Collection 

（ATCC, Manassas, VA, USA）.  PANC-1 cells 
were cultured in RPMI 1640 medium （GIBCO, 
Breda, the Netherlands） supplemented with 
10% fetal bovine serum.  MIA PaCa-2 cells were 
cultured in Dulbecco’s Modified Eagle’s Medium-
high glucose （Sigma Chemical Co., St. Louis, 
MO, USA） supplemented with 10% fetal bovine 
serum and 2.5% horse serum.  They were 
cultured at 37°C in a humidified atmosphere of 
95% air and 5% CO2.

Knockdown of claudin-1/claudin-4 by RNA 
interference 
　 Short interference RNAs （siRNAs） were 
used for knockdown of gene expression of 
claudin-1 or claudin-4.  The sequences for the 
siRNA against claudin-1 （claudin-1 siRNA） were 
as follows: 
sense 5’-r （GCAUGGUAUGGCAAUAGAA） d 

（TT） -3’, and 
antisense 5’-r （UUCUAUUGCCAUACCAUGC） 
d （TG） -3’ （claudin-1 siRNA1）. 
We also used another sequences of claudin-1 
siRNA as follows:
sense 5’-r （CGAAAUUGUUACAAUAGAA） d 

（TT）-3’, and 
antisense 5’-r （UUCUAUUGUAACAAUUUCG） 
d （TT）-3’ （claudin-1 siRNA2）.
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The sequences for the siRNA against claudin-4 
were as follows:
sense 5’-r （GAGUGGAUGGACGGGUUUA） d 

（TT） -3’, and
antisense 5’-r （UAAACCCGUCCAUCCACUC） 
d （TG） -3’
The sequences for the negative control siRNA 
were as follows: 
sense 5’-r （UUCUCCGAACGUGUCACGU） d 

（TT） -3’, and 
antisense 5’-r （ACGUGACACGUUCGGAGAA） 
d （TT） -3’.
PANC-1 and MIA PaCa-2 cells were seeded at 5 
x 104 cells per 35-mm well. 48 h later, the siRNA 
was transfected into cells using Lipofectamine 
2000 reagent （Invitrogen, Carlsbad, CA, USA）.  
After transfection, cells were incubated for 48 h 
and subjected to various analyses.  

Western Blot analysis 
 　Cells were seeded at 5 x 104 cells per 35-
mm well and siRNA was transfected into cells 
using Lipofectamine 2000 reagent.  Cells were 
then lysed using M-PER lysis buffer （PIERCE, 
Rockford ,  IL ,  USA）, and prote ins were 
prepared for Western blot analysis.  Protein 
concentrations were determined by BCA 

（bicinchoninic acid） assay.  The lysates （20 
μg protein） were subjected to SDS-PAGE, and 
proteins were transferred to PVDF membranes.  
The membranes were incubated with antibodies 
specific for claudin-1 （1:1,000） and claudin-4 

（1:5,000） which were purchased from Invitrogen; 
E-cadherin （1:1000）, which was purchased 
from Takara, Shiga, Japan; β-catenin （1:1000） 
and Bcl-2 （1:5000）, which were purchased from 
EPITOMICS, CA, USA; Bax （1:5000）, which 
was purchased from Santa Cruz, CA, USA; 
α-SMA （1:1000） and actin （1:50000） （Sigma） 
followed by a horseradish peroxidase-conjugated 
secondary antibody （IBL, Gunma, Japan）.  Can 
Get Signal Immunoreaction Enhancer Solution 
1 （TOYOBO, Osaka, Japan） was used to dilute 

the primary antibody.  The ECL Plus and ECL 
Prime Western Blotting Detection System 

（Amersham, Uppsala, Sweden） was used for 
detection.

Immunofluorescent staining 
　 The cells were seeded on a 4-chamber slide 
glass and incubated overnight. The cells were 
then washed in phosphate-buffered saline 

（PBS） and fixed with ice-chilled methanol 
for 30 min, before being permeabilized with 
0.2% Triton-X-100 in PBS for 30 min.  The 
permeabilized cells were then washed in PBS 
twice and treated with 5% normal horse serum 
in PBS for 30 min （to minimize the non-specific 
adsorption of antibodies）, before being incubated 
with anti-claudin-1 （1:200） antibodies at 4ºC 
overnight.  The cells were then incubated for 1 
h with goat anti-rabbit IgG antibody conjugated 
to Alexa 488 dye （Molecular Probes, Inc, Tokyo, 
Japan）.  These cells were visualized using 
confocal laser scanning microscopy （Zeiss, LSM 
710, Wetzlar, Germany）.

Matrigel invasion assay
 　Wells of Matrigel chamber （BD Bioscience, 
MA, USA） were adapted at room temperature.  
After claudin-1 or claudin-4 siRNA, PANC-1 and 
MIA PaCa-2 cells （2.0 x 105 cells/ml） were filled 
with into the upper chambers.  Lower chambers 
were filled with 10% FBS medium to attract 
cells.  Matrigel chambers were incubated for 24 
h at 37ºC with 5% CO2.  Then, the cells on the 
upper surfaces of the filter were removed by 
wiping with a paper.  Filter were stained with 
Giemsa stain solution （WAKO, Osaka, Japan）, 
and the cells on the lower surface of the filter 
were fixed onto a glass slide. Cells in three 
randomly selected microscopic fields （x400） 
of the lower slide were counted.  Experiments 
were performed independently three times.
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M T S  [ 3 - ( 4 , 5 - d i m e t h y l t h i a z o l - 2 - y l ) - 5 - ( 3 -
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium] assay  
 　Cells were seeded at 5 x 104 cells per 35-
mm well plates.  Cells were transfected with 
siRNA against claudin-1 and claudin-4.  After 
2 days, cells were seeded at 1.0 x 106 in non 
coat or collagen-4 coat 96 well plates （BD） for 
24h.  The cells were added Cell Titer 96 AQuenous 
One Solution Reagent （Promega Corporation, 
Madison, WI, USA） to each well, and the cells 
were incubated at 37°C for an additional 1 
h.  The absorbance （OD490 nm） was measured 
using a 96-well plate reader.

Statistics  
　 Data are presented as mean ± SD.  Statistical 
significance was determined by Student’s t test.  
Comparisons with p < 0.05 were considered 
statistically significant.

Results
Subcellular localization of claudin-1 in PANC-1 
cells treated with claudin-1 siRNA

 　We investigated whether the localization 
of claudin-1 was affected by claudin-1 siRNA-
mediated knockdown using immunofluorecent 
staining.  As shown in Figure 1, claudin-1 
localized at the cell membranes and nuclei 
of PANC-1 cells.  On the other hand, cells 
treated with claudin-1 siRNA became shrunken 
cytoplasm and nuclei in shape, and showed 
significant decrease of claudin-1 expression at 
the cell membranes. 

Effects of claudin-1/claudin-4 knockdown on cell 
invasion in PANC-1 and MIA PaCa-2 cells 
　 To examine the roles of claudin-1 and 
claudin-4 in cell invasion, we performed the 
siRNA-mediated knockdown of claudin-1 or 
claudin-4, and detected cell invasion with the 
Matrigel invasion assay.  Claudin-1 siRNA 
treatment increased numbers of invasive PANC-
1 cells through the Matrigel.  The invasive 
PANC-1 cells treated with claudin-1 siRNA 
showed 80% increase in number compared to 
cells treated with control siRNA （Figs. 2A, 2B）.  
However, claudin-4 siRNA treatment showed no 
significant changes of the invasive PANC-1 cells 

Fig 1　PANC-1 cells were treated with control siRNA or claudin-1 siRNA for 48h, incubated with anti-claudin-1 
antibody and visualized using Alexa488. One representative merged image is shown.  The cells treated 
with siRNA claudin-1 were become small and decrease claudin-1 expression in cell membrane. 
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in number.  On the other hand, claudin-1 siRNA 
treatment, as well as claudin-4 siRNA treatment, 
increased numbers of invasive MIA PaCa-2 cells 
through Matrigel significantly （Figs. 2C, 2D）. 
 　Western blotting demonstrated that siRNAs 
against claudin-1 and claudin-4 suppressed 
the target genes, i.e. claudin-1 and claudin-4, 
respectively.  Claudin-1 siRNA did not significant 
affect expression levels of β-catenin, E-cadherin, 
α-smooth muscle actin （α-SMA）, Bcl-2, and Bax in 
PANC-1 and MIA PaCa-2 cells, while endogenous 
E-cadherin expression was very week in MIA 
PaCa-2 cells （Figs. 3A, 3B）.  Claudin-4 siRNA 
downregulated β-catenin expression levels, but 
not expression levels of α-SMA, Bcl-2 and Bax.  

Claudin-1/claudin-4 knockdown did not affect cell 
proliferation in PANC-1 cells 
　 We examined whether the cell proliferation 
af fected by s iRNA against c laudin-1 or 
claudin-4 using MTS assay. PANC-1 cells were 
transfected with MOCK （buffer only）, control 
siRNA, claudin-1 siRNA, or claudin-4 siRNA.  
After 48 h transfection, the cells were seeded 
into non-coat or collagen-4 coated 96-well 
plates at 1 x 105 cells/ml, and incubated for 24 
h.  MTS-assay revealed no significant changes 
in cell proliferation between the non-coat and 
collagen-4 coated plates （Fig.4）.  
 

Discussion
 　We focused on the function of claudin-1 in cell 
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invasion of the pancreatic cancer.  The claudins 
are tight junction proteins, that participate in 
paracellular barrier and cellular connection 
functions1-5）.  Expression and function of the 
claudin proteins have not yet been extensively 
clarified in pancreatic cancer16-20）.  In this study, 
we demonstrated that claudin-1 knockdown by 
siRNA affected the subcellular localization in 

the pancreatic cancer cells, and claudin-1 siRNA 
increased numbers of invasive pancreatic cancer 
PANC-1 and MIA PaCa-2 cells.  On the other 
hands, claudin-1 siRNA showed no significant 
change in the cell proliferation.  This is the 
first study to determine a relationship claudin-1 
expression and cell invasion in the human 
pancreatic cancer cells. 
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Fig 2　PANC-1 and MIA PaCa-2 cells were transfected claudin-1/claudin-4 siRNA and incubated for 48 h. （A） 
After siRNA, the PANC-1 cells （2.0 x 105 cells/ml） were seeded into the upper Matrigel chamber.  The 
invaded cells were stained with Giemsa stain and observed in microscopic fields （x400）.  （B） Invaded 
PANC-1 cells were counted in three randomly selected microscopic fields （x400）.  Cells treated with 
claudin-1 siRNA showed 80% increase in invasion cells compared to cells treated with control siRNA.  
Cells treated with claudin-4 siRNA showed no significant changes in invasion cells in cells treated with 
control siRNA. （C） After siRNA, the MIA PaCa-2 cells （2.0 x 105 cells/ml） were seeded into the upper 
Matrigel chamber. The invaded cells were stained with Giemsa stain and observed in microscopic fields 

（x400）.  （D） Invaded MIA PaCa-2 cells were counted in three randomly selected microscopic fields 
（x400）.  Cells treated with claudin-1 siRNA showed 30～50% increase in invasion cells compared to cells 
treated with control siRNA.  Cells treated with claudin-4 siRNA showed a 40% increase in invasion cells 
in cells treated with control siRNA.
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　 Recent studies have shown that claudin-1 
overexpression increases invasion in oral 
squamous cell carcinoma, while decreased 
express ion of  c laudin-1 correlates with 
recurrence and metastasis in breast cancer21）.  
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Fig.3A 

 

 

 

 23

 

 

Fig.3B 

 

 

Fig. 3A Fig. 3B

 24

 

 

Fig.4 

 

 

Fig 4　PANC-1 cells were treated with claudin-1/claudin-4 siRNA for 48 h.  After siRNA, cells （1.0 x106 cells/ml） 
were seeded in non-coat or collagen-4 coated plates for 24 h.  MTS assay demonstrated that collagen-4 did 
not affect proliferation of claudin-1/claudin-4 siRNA PANC-1 cells.

Fig 3　Expression of proteins in PANC-1 and MIA PaCa-2 cells transfected siRNA against claudin-1/claudin-4 
by western blotting.  PANC-1 and MIA PaCa-2 cells were treated with siRNA claudin1/claudin-4 for 48 h.  
（A） In PANC-1 cells, there were no significant changes in E-cadherin, α-SMA, Bcl-2 and Bax levels.  
β-catenin expression was downregulated by claudin-4 siRNA.
（B） In MIA PaCa-2 cells, there were no significant changes in α-SMA, Bcl-2 and Bax levels.  β-catenin 
expression was down-regulated by claudin-4 siRNA.  E-cadherin was not detected.  

Claudins expression may be related to the 
regulation of invasion, but these functions 
were not equal in several cancer cells22-25）.  
Knockdown of the β（1） integrin subunit 
inh ib i ted  ce l l  adhes ion ,  migrat ion  and 
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proliferation of pancreatic cancer cells on 
collagen-4-coated culture26）.  However, the 
relationship between claudin family and 
pancreatic cancer cell invasion is clarified not 
yet extensively.  Our study demonstrated that 
claudin-1 expression was significantly associated 
with cell invasion, but not cell proliferation.  
Interestingly, claudin-1 siRNA did not affect 
expression levels of the other tight junction 
proteins, such as E-cadherin, while claudin-4 
siRNA downregulated β-catenin expression.  In 
addition, claudin-4 was related with cell invasion 
of only MIA PaCa-2 cells, but not PANC-1 cells.  
Based on the results, we speculate that claudin-1 
play an important role in cell invasion of 
pancreatic cancer regardless of the other tight 
junction proteins.  On the other hand, claudin-4 
is thought to play a role in cell invasion of the 
specific pancreatic cancer, such as MIA PaCa-
2 cells, and may be associated with other tight 
junction proteins.  We also speculated that cell 
invasion of the pancreatic cancer is independent 
of cell proliferation.  Therefore, we have to 
suppress cell invasion and proliferation in order 
to regulate growth of the pancreatic cancer 
clinically.
 　Based on the results of the present study, 
we concluded that claudin-1 is significantly 
associated with invasive growth of human 
pancreatic cancer, but not cell proliferation.  
However, the detailed mechanisms such as 
molecular interactions have not yet been 
clarified.  In the near future, we will plan to 
clarify the molecular mechanisms of claudin in 
cell invasion of human pancreatic cancer.
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