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Abstract 

 

Carcinogenesis is often accompanied by dysfunctional tight junction (TJs), resulting in the loss of 

cellular polarity.  Claudin, a tetra-transmembrane protein, plays a pivotal role in the barrier and 

fence functions of TJs.  Claudin-4 is deregulated in various cancers, including breast, prostate, 

ovarian and gastric cancer.  Claudin-4 may be a promising target molecule for tumor therapy, but 

the claudin-targeting strategy has never been fully developed.  In the present study, we prepared a 

claudin-4–targeting molecule by fusion of the C-terminal fragment of Clostridium perfringens 

enterotoxin (C-CPE) with the protein synthesis inhibitory factor (PSIF) derived from Pseudomonas 

exotoxin.  PSIF was not cytotoxic to claudin-4-expressing cells, whereas C-CPE-PSIF was 

cytotoxic.  Cells that express claudin-1, -2, and -5 were less sensitive to C-CPE-PSIF.  

Pretreatment of the cells with C-CPE attenuated C-CPE-PSIF-induced cytotoxicity, and mutation of 

C-CPE in the claudin-4-binding residues attenuated the cytotoxicity of C-CPE-PSIF.  

TJ-undeveloped cells were more sensitive to C-CPE-PSIF than TJ-developed cells.  Interestingly, 

polarized epithelial cells are sensitive to C-CPE-PSIF applied to the basal side, whereas the cells 

were less sensitive to C-CPE-PSIF applied to the apical side.  Intratumoral injection of 

C-CPE-PSIF reduced tumor growth.  This is the first report to indicate that a claudin-4-targeting 

strategy may be a promising method to overcome the malignant tumors. 
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Introduction 

 

The majority of lethal cancers are derived from epithelial tissues (Jemal et al., 2008), and various 

therapeutic strategies against epithelium-derived cancers have been developed.  Targeted therapies 

that utilize differences between normal cells and cancer cells are promising anti-tumor therapies, 

and cellular surface proteins displayed on cancer cells are often targeted.  Genetically modified 

toxins that target the surface proteins have emerged as a promising treatment strategy for refractory 

cancers (Michl and Gress, 2004).  However, malignant tumors are still a major cause of death; 

more than 7 million people worldwide die from cancer each year 

(http://www.reuters.com/article/healthNews/idUSN1633064920071217).  Thus, the development 

of a novel strategy for cancer-targeting therapy is needed. 

A defining feature of epithelial cells is cellular polarity.  Epithelial cells have tight junctions 

(TJs) on the membrane between adjacent cells.  TJs seal the intercellular space between adjacent 

cells and regulate solute movement across epithelial cell sheets (Anderson and Van Itallie, 1995).  

In addition, TJs form the fence of the membrane that prevents lateral diffusion of membrane 

proteins and lipids, thereby maintaining the differential composition of the apical and basolateral 

domains.  TJs also appear to be involved in the regulation of proliferation, differentiation, and 

other cellular functions (Mitic and Anderson, 1998; Vermeer et al., 2003).  Malignant tumor cells 

frequently exhibit abnormal TJ function, followed by the loss of cellular polarity and intercellular 

contact that commonly occurs in advanced tumors and early stages of carcinogenesis (Wodarz and 

Nathke, 2007).  These findings indicate that TJ proteins, which are barely accessible in 

well-structured normal epithelia but exposed on malignant tumor cells, may be promising 

candidates for targeted therapy. 

Freeze-fracture replica electron microscopy analysis reveals that TJs appear as a series of 

continuous, anastomotic and intramembranous particle strands or fibrils (Tsukita and Furuse, 1999).  

The TJ strands consist of integral membrane proteins polymerizing linearly within a lipid layer of 

the cell membrane.  Claudin, a ~24-kDa four-transmembrane protein that forms a family 

containing 24 members, is a crucial component of the TJ strand in forming the TJ fence (Furuse and 

Tsukita, 2006).  The expression of claudins is altered in several cancers.  In particular, claudin-4 

is frequently up-regulated in breast, prostate, pancreatic and ovarian cancers (Morin, 2005).  Thus, 

the claudins are potential targets for anti-tumor therapy.  Although antibodies to the extracellular 

region of claudins are promising molecules for tumor-targeted therapy, these antibodies have not yet 
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been successfully prepared. 

Clostridium perfringens enterotoxin (CPE) is a single polypeptide of 35-kDa that can cause 

food poisoning in humans.  Functional domains of CPE are classified into the N-terminal cytotoxic 

region and the C-terminal receptor-binding region (Hanna et al., 1992).  CPE binds to its receptor, 

claudin-4, followed by formation of the complex on the membrane leading to cell damage (Katahira 

et al., 1997; Paperna et al., 1998; McClane and Chakrabarti, 2004).  Prostate adenocarcinoma cells 

expressing claudin-4 are sensitive to CPE-mediated cytolysis (Long et al., 2001).  Breast, ovarian 

and pancreatic cancer cells expressing claudin-4 are also sensitive to CPE treatment (Kominsky et 

al., 2004; Santin et al., 2005; Michl et al., 2001).  These findings suggest that the receptor-binding 

region of CPE is useful for targeting claudin-4-expressing cancer cells. 

    Pseudomonas exotoxin A (PE), originating from Pseudomonas aeruginosa, is widely used in 

cancer-targeting therapy.  PE binds to the cell surface and is internalized via an endocytotic 

pathway, followed by escape of the PE fragment (protein synthesis inhibitory factor (PSIF)) from 

the endosome into the cytosol.  The released PSIF inhibits protein synthesis by inhibition of 

elongation factor 2 (Ogata et al., 1990).  PSIF lacks the receptor binding domain of PE, and fusion 

of the ligand of tumor antigen with PSIF is a promising strategy for cancer-targeting therapy.  For 

example, the fusion protein of PSIF with anti interleukin-2 antibody has been used in clinical 

therapy (Kreitman and Pastan, 2006).  In the present study, we genetically prepared the 

claudin-4-targeting molecule (C-CPE-PSIF) containing the claudin-4-binding region of CPE and 

PSIF, and we found that C-CPE-PSIF has in vivo anti-tumor activity. 
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Materials and methods 

 

Cell culture 

Mouse fibroblast cell line L cells and mouse claudin-expressing L cells (claudin-1/L, -2/L, -4/L and 

-5/L cells), kindly provided by Dr. S. Tsukita (Kyoto University, Japan), were cultured in modified 

Eagle’s medium (MEM) supplemented with 10% fetal calf serum (FBS).  Human hepatocarcinoma 

cell lines HepG2 cell and SK-HEP-1 cells were maintained in Dulbecco’s modified Eagle’s medium 

containing 10% FBS.  A human intestinal cell line, Caco-2, was maintained in Dulbecco’s 

modified Eagle’s medium containing 10% FBS and 1% nonessential amino acids.  The murine 

mammary carcinoma cell line 4T1 was maintained in Dulbecco’s modified Eagle’s medium 

containing 10% FBS and 10 mmol/ml HEPES.  The cells were maintained in a 5% CO2 

atmosphere at 37 ˚C. 

 

Preparation of C-CPE-PSIF 

We prepared plasmids containing the C-terminal CPE-fused PSIF.  Briefly, we generated 

pET16b-MCS.  Double-stranded oligonucleotides of MCS were prepared by annealing (heating at 

95˚C for 5 min and chilling at room temperature for 60 min) single-strand oligonucleotides, a 

forward oligonucleotide (5´-TCGAAGGTACCCGGGACTAGTTAATTAAG-3´, XhoI binding site 

is underlined) and a reverse oligonucleotide (5´-TCGAACTTTTATAACTAGTCCCGGGTCCAT- 

3 ,́ XhoI binding site is underlined).  The annealed oligonucleotides were subcloned into the 

pET16b vector (Novagen, Darmstadt, Germany), resulting in pET16b-MCS.  PSIF was amplified 

by polymerase chain reaction (PCR) using pPBV-PE40 as a template, a forward primer 

(5´-GATGATCTGAGCGGCCGCAACCCGAGGGCGGCAG -3 ,́ NotI site is underlined), and a 

reverse primer (5´-TCCAGATCTTTACAGTTCGTCTTTCTTCAGGTCCTC -3 ,́ BglII site is 

underlined).  The resulting PCR fragments were subcloned into NotI/BamHI-digested 

pET16b-MCS to create pET-PSIF, and the sequence was confirmed.  C-CPE and C-CPEY306A/L315A 

were amplified by PCR with pETH10PER as a template.  The common forward primer is 

(5´-GGAATTCCATATGGATATAGAAAAAGAAATCCTTGATTTAGCTGCT-3´, SpeI site is 

underlined), and the reverse primer for C-CPE is 

(5´-GGACTAGTAAATTTTTGAAATAATATTGAATAAGGGTAATTTCCACTATATG-3 ,́ NdeI 

site is underlined) or C-CPEY306A/L315A 

(5´-GGACTAGTAAATTTTTTGCTATTGAATAAGGGTAATTTCCACTAGCTGATGAATTAGCT
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TTCATTAC-3 ,́ NdeI site is underlined).  The resulting PCR products were subcloned into 

SpeI/NdeI-digested pET-PSIF to create pET-C-CPEs-PSIF, and the sequence was confirmed.  The 

plasmids, pET-PSIF and pET-C-CPEs-PSIF, were transduced into Escherichia coli BL21 (DE3) 

strains (Novagen, Darmstadt, Germany), and the production of PSIF and C-CPE-PSIF was induced 

by the addition of 0.25 mM isopropyl-D-thiogalactopyranoside.  The cells were harvested and then 

lysed in buffer A (10 mM Tris-HCl, pH 8.0, 400 mM NaCl, 5 mM MgCl2, 0.1 mM 

phenylmethylsulfonyl fluoride, 1 mM 2-mercaptoethanol and 10% glycerol).  The lysates were 

centrifuged, and the resultant supernatant was applied to HiTrap Chelating HP (GE Healthcare, 

Little Chalfont, UK).  The proteins were eluted by imidazole in buffer A.  The buffer was 

exchanged with phosphate-buffered saline (PBS) by using a PD-10 column (GE Healthcare), and 

the purified protein was stored at -80 °C until use.  Protein was quantified by using a BCA protein 

assay kit (Pierce Chemical, Rockford, IL) with BSA as a standard. 

 

Cytotoxic activity 

In the cytotoxic assay, L cells were seeded onto a 96-well culture dish at 1×104 cells per well.  

After 24 h of the culture, the cells were treated with PSIF or C-CPE-PSIF for 24 h at the indicated 

concentration.  HepG2, SK-HEP-1 and 4T1 cells were seeded onto a 96-well culture dish at 1×104 

cells per well.  After 24 h of culture, the cells were treated with PSIF or C-CPE-PSIF for 48 h at 

the indicated concentration.  In a pre-confluent assay, Caco-2 cells were seeded onto a 96-well 

culture dish at 1×104 cells per well.  After 24 h of culture, the cells were treated with PSIF or 

C-CPE-PSIF for 48 h at the indicated concentration.  In a post-confluent assay, Caco-2 cells were 

cultured in a 96-well culture dish for an additional 3 days after reaching a confluent condition.  

Then, the cells were treated with PSIF or C-CPE-PSIF for 48 h at the indicated concentration.  The 

cytotoxicity was determined by a WST-8 kit according to the manufacturer’s instructions (Nacalai, 

Kyoto, Japan). 

 

Immunoblot analysis 

Cells were lysed in lysis buffer (20 mM Tris (pH 7.4), 150 mM NaCl, 1% Triton X-100, protease 

inhibitor cocktail (Sigma-Aldrich, St. Louis, MO), and phosphatase inhibitor cocktail (Nacalai).  

The cell lysates were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE).  The separated proteins were transferred onto a polyvinylidene difluoride membrane, 

followed by immunoblotting with anti-claudin-1, -2, -4, anti-claudin-5, (Zymed Laboratories, San 
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Francisco, CA), anti-His-tag (Novagen), or anti-β-actin Ab (Sigma-Aldrich).  The immunoreactive 

band was visualized by chemiluminescence reagents (Amersham Biosciences, Little Chalfont, UK). 

 

Competition assay 

After pretreatment of claudin-4/L (CL4/L) cells with C-CPE or bovine serum albumin (BSA) for 2 

h, the cells were incubated with C-CPE-PSIF for 24 h.  Then, the cell viability was assayed by the 

cell counting kit, as described above. 

 

Preparation of the claudin-displaying budded baculovirus (BV) 

The cDNAs for mouse claudin-1 and claudin-4 were amplified by PCR from pGTCL-1 and 

pGTCL-4 (kindly provided by Dr. M. Furuse (Kobe University, Japan)).  The DNA fragments 

were subcloned into the baculoviral transfer vector pFastBac1 (Invitrogen, Gaithersburg, MD).  

Recombinant baculoviruses were generated by using the Bac-to-Bac system (Invitrogen) according 

to the manufacturer’s instructions. 

Sf9 cells were cultured in Grace’s Insect medium (Invitrogen) containing 10% FBS at 27˚C.  

Sf9 cells were infected with the recombinant baculovirus.  Seventy-two hours after infection, the 

BV fraction was isolated from the culture supernatant of infected Sf9 cells by centrifugation at 

40,000×g for 25 min.  The pellets of the BV fraction were suspended in Tris-buffered saline (TBS) 

containing protease inhibitor cocktail and then stored at 4°C.  The expression of claudins in the 

BV fraction was confirmed by SDS-PAGE and immunoblot analysis. 

 

Enzyme-linked immunosorbent assay 

The BV-displaying claudins were diluted with TBS and adsorbed to the wells of 96-well 

immunoplates (Nunc, Roskilde, Denmark) overnight at 4°C.  The wells were washed with PBS 

and blocked with TBS containing 0.04% BlockAce (Dainippon Sumitomo Pharma, Osaka, Japan) 

for 2 h at room temperature.  C-CPEs-PSIF was added to the well and incubated for an additional 

2 h at room temperature.  The wells were washed with PBS and incubated with anti-His-tag 

antibody (Zymed Laboratories) for 2 h at room temperature.  The immuno-reactive proteins were 

detected by HRP-labeled secondary antibody by using 3,3’, 5,5’-tetramethylbenzinethe as a 

substrate.  The reaction was terminated by the addition of 0.5 M H2SO4, and the immuno-reactive 

proteins were measured at 450 nm. 
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Measurement of transepithelial electric resistance (TER) 

Confluent monolayers of Caco-2 cells were grown in Transwell chambers (Corning, NY).  The 

formation of tight junction barriers in Caco-2 monolayers was monitored by measuring TER with a 

Millicell-ERS epithelial volt-ohmmeter (Millipore Co., Billerica, MA).  After 7-10 days of culture, 

the TER values reached a plateau.  Then, C-CPE-PSIF was added to the apical or basolateral 

compartment of the Transwell chamber, and the TER values were measured for 48 h.  The TER 

values were normalized by the area of the Caco-2 monolayer.  The background TER of a blank 

Transwell chamber was subtracted from the TER of cell monolayers. 

 

L-Lactate dehydrogenase release assay 

The release of lactate dehydrogenase (LDH) from cells was analyzed by using a CytoTox-96 

NonRadioactive Cytotoxicity Assay kit (Promega, Madison, WI) according to the manufacturer’s 

instructions.  LDH release was calculated by using the following equation: percentage of maximal 

LDH release = LDH in the cultured medium/total LDH in the culture dish. 

 

Reverse transcriptase-polymerase chain reaction (RT-PCR) 

Total RNA was isolated with a High Pure RNA Isolation Kit (Roche, Basel, Switzerland) according 

to the manufacturer’s instructions, and the RNA was treated with RNase-free DNase.  Then, 200 

ng of RNA was reverse transcribed with dT adaptor by using a Takara RNA PCR Kit (Takara Inc., 

Shiga, Japan), according to the manufacturer’s instructions.  The resulting cDNA was amplified by 

Ex Taq DNA polymerase (Takara).  The PCR conditions were: 96˚C for 2 min, 30 cycles of 96˚C 

for 45 s, 55˚C for 60 s and 72˚C for 30 s.  Claudin-4 and β-actin mRNA were detected by using the 

primers (forward primer: 5´-ATGTCCATGGGCCTGGAGAT-3 ,́ reverse primer: 

5´-TCAGACGTAGTCCTTGCGGT-3´), (forward primer: 

5´-ATGGCGTCTATGGGACTACAGGTCC-3 ,́ reverse primer: 

5´-CCGAGTAGGGCTTGTCGTTGCTAC-3´) and (forward primer: 

5´-TAGATGGGCACAGTGTGGG -3 ,́ reverse primer: 5´-GGCGTGATGGTGGGCATGG -3´), 

respectively. 

 

In vivo anti-tumor activity 

Female BALB/c mice (7-8 weeks old) were obtained from Shimizu Laboratory Supplies Co., Ltd. 

(Kyoto, Japan).  The mice were housed in an environmentally controlled room at 23 ± 1.5˚C with a 
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12-h light/dark cycle.  4T1 cells (2×106) in 50 μl PBS were injected subcutaneously into the right 

flank on day 0.  Tumor size was determined by measuring two diameters, and the tumor volume 

was calculated by the following equation:  Tumor volume=a×b×b/2, where a represents the 

minimum tumor diameter and b represents the maximum tumor diameter.  After the inoculation of 

the cells, intratumoral injection of PBS, C-CPE, C-CPEY306A/L315A-PSIF or C-CPE-PSIF was 

performed on days 2, 4, 7, 9, 11 and 14. 

 

Statistical analysis 

Data were analyzed by using two-way ANOVA, followed by the Student’s t-test.  The statistical 

significance for all comparisons was set at p < 0.05. 
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Results 

 

Preparation of C-CPE-PSIF 

Overexpression of claudin-4 is frequently observed in malignant tumors, indicating that the claudins 

are promising proteins for cancer-targeting therapy (Morin, 2005).  We previously developed a 

novel drug delivery system by using a claudin-4-targeting molecule, the C-terminal of CPE 

corresponding to 184-319 aa (C-CPE184-319) (Kondoh et al., 2005; Ebihara et al., 2006).  Because 

of its poor solubility (less than 0.3 mg/ml), it is difficult to use C-CPE184-319 in pharmaceutical 

therapy.  Van Itallie et al. reported that the deletion of the N-terminal 10 aa of C-CPE184-319, 

resulting in C-CPE194-319, maintains the claudin binding activity of C-CPE184-319 and has high 

solubility (more than 10 mg/ml) (Van Itallie et al., 2008).  We prepared claudin-targeting 

anti-tumor agents by genetic fusion of C-CPE194-319 and PSIF (C-CPE-PSIF) as shown in Fig. 1A.  

Here, C-CPE refers to C-CPE194-319.  PSIF and C-CPE-PSIF were produced by E. coli and purified 

by affinity chromatography by using a histidine tag.  Purification of the proteins was confirmed by 

SDS-PAGE or immunoblotting (Fig. 1B).  The molecular size as determined by SDS-PAGE was 

identical to the predicted size (C-CPE-PSIF, 60 kDa). 

 

Characterization of C-CPE-PSIF 

To evaluate the binding of C-CPE-PSIF to claudins, we used a BV display system.  In this system, 

exogenous proteins are expressed on the surface of the virus particle retaining its function 

(Sakihama et al., 2008).  CPE did not bind to claudin-1 (Fujita et al., 2000).  We generated 

claudin-1-BV and claudin-4-BV and confirmed the claudin expression on BV by western blotting 

(data not shown).  After the claudin-BV was adsorbed on wells, C-CPE, C-CPE-PSIF and PSIF 

proteins were added.  We detected the binding of proteins to BV by using anti-his-tag antibody.  

As shown in Fig. 2A, C-CPE specifically interacted with claudin-4-BV but not with wild-type or 

claudin-1-BV.  C-CPE with a mutation on the claudin-4-binding region did not interact with 

claudin-4-BV (data not shown).  These data suggest that fusion with C-CPE provides 

claudin-4-binding activity to PSIF. 

To assess whether C-CPE-PSIF is cytotoxic to claudin-4-expressing cells, we treated 

claudin-4/L cells with PSIF or C-CPE-PSIF for 24 h.  C-CPE-PSIF dose-dependently caused cell 

death, reaching >90% cell death at 10 ng/ml (Fig. 2B).  In contrast, PSIF was not cytotoxic, even 

at 20 ng/ml.  We performed a competition assay to determine whether C-CPE-PSIF binds to 
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claudin-4 via C-CPE.  When the cells were pretreated with BSA or C-CPE prior to C-CPE-PSIF 

treatment, C-CPE dose-dependently attenuated the cytotoxic activity of C-CPE-PSIF (Fig. 2C).  

BSA did not affect the activity even by pretreatment at 10 μg/ml, at which C-CPE completely 

attenuated the cytotoxicity of C-CPE-PSIF.  These results suggest that C-CPE-PSIF interacts with 

claudin-4 via the C-CPE domain.  

The claudin family contains 24 members (Furuse and Tsukita, 2006).  CPE containing C-CPE 

as a receptor binding domain bound to claudin-3, -4, -6, and -9 but did not bind to claudin-1, -2, or 

-5 (Fujita et al., 2000).  To confirm the claudin specificity of C-CPE-PSIF, we investigated the 

cytotoxic activity of C-CPE-PSIF in L cells expressing claudin-1, -2, -4, or -5 (Fig. 2D).  As 

shown in Fig. 2E, claudin-1/L, -2/L and -5/L cells were less sensitive to C-CPE-PSIF than 

claudin-4/L cells.  Taken together, these results indicate that C-CPE-PSIF may be a 

claudin-4-targeting cytotoxic agent. 

 

Specificity of C-CPE-PSIF on cytotoxicity 

As mentioned above, C-CPE-PSIF is toxic to exogenous claudin-4-expressing L cells.  To examine 

the specificity of C-CPE-PSIF in the cell lines, we checked the expression of claudin-4 in some 

human cell lines by immunoblotting and selected two human hepatocarcinoma cell lines: 

claudin-4-positive HepG2 cells and claudin-4-negative SK-HEP-1 cells (Fig. 3A).  Human breast 

cancer cell line MCF-7 cells were used as a positive control (Ebihara et al., 2006).  C-CPE-PSIF 

was toxic to HepG2 cells and MCF-7 cells, reaching 89% and 53% cell death at 1 and 100 ng/ml, 

respectively.  In contrast, C-CPE-PSIF was not toxic to SK-HEP-1 cells, even at 100 ng/ml (Fig. 

3B).  Thus, C-CPE-PSIF may have specific toxicity to claudin-4-expressing cells. 

Claudin-4 is expressed in various tissues, such as lung, intestine, liver and kidney.  Most 

claudins in normal cells would be contained in TJ complexes, whereas the localization of claudins is 

deregulated in some cancers (Morin, 2005; Kominsky, 2006).  C-CPE-PSIF may recognize the 

deregulated localization of claudin-4, resulting in less toxicity to normal cells.  We next examined 

the effects of C-CPE-PSIF on the human colon carcinoma cell line Caco-2, which expresses 

claudin-4.  Caco-2 cells form a polarized cell monolayer with well-developed TJs when they reach 

confluency, and they are frequently used as a model of polarized cells (Meunier et al., 1995).  The 

claudin-4 protein levels in the confluent culture were greater than the levels in the sub-confluent 

culture (Fig. 3C).  As shown in Fig. 3D, C-CPE-PSIF was toxic in the pre-confluent cells with less 

TJs (47% cell death at 5 ng/ml).  In contrast, the post-confluent cells with well-developed TJs were 
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less sensitive to C-CPE-PSIF than the pre-confluent cells, and treatment of the cells with 

C-CPE-PSIF resulted in 40% cell death, even at 200 ng/ml (Fig. 3D).   

Early events in epithelial carcinogenesis are the deregulation of cellular polarity and the loss of 

TJ structures (Wodarz and Nathke, 2007).  Next, we examined whether C-CPE-PSIF sensitivity is 

affected by the cellular polarity in Caco-2 monolayer cell sheets grown on the membrane in 

Transwell chambers.  The Caco-2 monolayer cells exhibit a well-differentiated brush border 

containing TJs on the apical surface, and they are frequently used as an epithelial cell sheet model 

(Meunier et al., 1995).  After addition of C-CPE-PSIF in the apical or basolateral compartment of 

the Transwell chamber, we checked the TJ barrier function of the cell sheets by measuring the TER.  

When C-CPE-PSIF was added to the apical compartment, the TER was not affected for 48 h.  In 

contrast, the addition of C-CPE-PSIF to the basolateral compartment caused a significant reduction 

in the TER in a dose-dependent manner (Fig. 3E).  Furthermore, we found that the addition of 

C-CPE-PSIF to the basolateral compartment, but not the apical compartment, increased the amount 

of released LDH, a marker of cytotoxicity (Fig. 3F).  Thus, C-CPE-PSIF may have specificity to 

the cellular polarity. 

 

In vivo anti-tumor activity of C-CPE-PSIF 

We preliminary investigated the expression of claudin-4 and tumor formation in conventional mice, 

and we selected a mouse breast cancer cell line, 4T1.  RT-PCR and immunoblotting analysis 

revealed the expression of claudin-4 in 4T1 cells (Fig. 4A).  To clarify the anti-tumor activity of a 

claudin-4-targeting molecule, C-CPE-PSIF, we prepared a fusion protein of PSIF with mutant 

C-CPE, in which two residues critical for the interaction between C-CPE and claudin-4 (Y306 and 

L315) were changed to alanines (Takahashi et al., 2008), resulting in C-CPEY306A/L315A-PSIF (Fig. 

4B).  C-CPEY306A/L315A-PSIF lost the claudin-4-binding activity and was not toxic to CL4/L cells 

(Fig. 4CD).  C-CPE-PSIF had dose-dependent cytotoxicity in 4T1 cells, reaching 63% cell death at 

100 ng/ml.  In contrast, C-CPEY306A/L315A-PSIF did not show any cytotoxicity, even at 500 ng/ml, 

indicating that the cytotoxicity of C-CPE-PSIF in 4T1 cells may be mediated by its binding to 

claudin-4 (Fig. 4E). 

Next, to investigate the in vivo anti-tumor activity of C-CPE-PSIF, 4T1 cells (2×106 cells) were 

inoculated into the right flank of mice on day 0.  On day 2, the volume of the tumor exceeded 17 

mm3.  Vehicle, C-CPE, C-CPE-PSIF or C-CPEY306A/L315A-PSIF was intratumorally injected on 

days 2, 4, 7, 9, 11, and 14 at 5 μg/kg.  Injection of C-CPE-PSIF significantly suppressed tumor 
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growth, resulting in 36% of the tumor volume in the vehicle-treated group on day 16 (Fig. 4F).  In 

contrast, C-CPE and C-CPEY306A/L315A-PSIF lacking claudin-4-binding activity had no effect on 

tumor growth, indicating that the anti-tumor activity of C-CPE-PSIF may be dependent on the 

claudin-4 targeting.  The body weight of the mice did not change after injection of C-CPE-PSIF 

(data not shown).  The appearance of the C-CPE-PSIF-injected mice also indicated no side effects.  
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Discussion 

 

In the present study, we prepared a claudin-4-targeting ligand C-CPE coupled to PSIF of PE. We 

found that C-CPE-PSIF was selectively toxic to claudin-4-expressing cells and showed in vivo 

anti-tumor activity against mouse breast cancer cells, indicating that C-CPE may be a useful tool for 

claudin-targeted therapy. 

Side effects of anti-tumor agents are a pivotal issue in clinical therapy.  To reduce side effects, 

therapies that specifically target tumors are needed.  Rapid advances in molecular biology and 

proteomics have allowed the identification of tumor-specific targets for cancer therapy.  Therapy 

that exploits tumor-specific targets has the advantages of high specificity and low systemic toxicity 

relative to standard chemotherapy (Waldmann, 1991; Allen and Cullis, 2004).  Target molecule 

selection is critical to the success of targeted therapy.  Most targeted therapies have been directed 

against growth factor receptors, such as ErbB2, which are overexpressed in cancers and easily 

accessible because of their cell-surface localization (Zumkeller and Schofield, 1995; Deckert, 2009).  

A claudin-targeting strategy may have at least two advantages over the previous targeted methods.  

First, the claudin-targeting method can recognize different cellular localizations of claudin between 

normal epithelium and malignant tumors.  The expression of claudin is altered in several cancers 

(Nichols et al., 2004; Morin, 2005; Tsukita et al., 2008).  Interestingly, claudin-4 is localized to the 

basolateral cell membrane at sites of cell-cell contact in normal epithelium; in contrast, claudin-4 is 

localized to the cell membrane even at sites that lack cell-cell contact in poorly differentiated 

human breast cancers (Kominsky, 2006).  The claudin-targeting strategy might have low side 

effects.  Indeed, claudin-targeting therapy using CPE had anti-tumor activities without side effects 

in cancers of the breast, ovary, prostate and pancreas (Long et al., 2001; Michl et al., 2001; Rangel 

et al., 2003; Kominsky et al., 2004; Santin et al., 2005).  Second, a claudin-targeting molecule may 

be a promising agent for solid tumors.  Interstitial pressure is higher in the center of a tumor, and it 

approaches normal physiologic pressure towards the periphery (Jain, 1987; Jain, 1989).  

High-pressure regions usually coincide with regions of poor perfusion and lower vessel surface 

area; as a result, it is difficult for anti-tumor agents to be delivered to the intratumor tissue.  If an 

anti-tumor agent has penetration-enhancing activity, the agent will be effective in therapy for solid 

tumors.  We previously found that C-CPE enhanced intestinal permeability of a drug by 

modulation of the claudin-claudin interaction.  Binding of C-CPE with claudin-4 is critical for 

modulation of the interaction.  Together, C-CPE-PSIF may enhance the intratumoral permeation of 
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anti-tumor agents by modulation of the claudin-claudin interaction.  Combination therapy of a 

chemical agent with a claudin-4-targeting agent will have a synergistic effect compared with that of 

a chemical agent alone. 

Previously, we prepared C-CPE184-319-PSIF, in which C-CPE corresponding to 184-319 amino 

acids of CPE was used, and we found that C-CPE184-319-PSIF is potently cytotoxic to 

claudin-4-expressing cells (Ebihara et al., 2006).  However, C-CPE184-319-PSIF had poor solubility 

(0.3 mg/ml) and low cytotoxicity (IC50=2-3 μg/ml in claudin-4/L cells) (Ebihara et al., 2006).  In 

2008, Van Itallie et al. found that C-CPE194-319 (referred to as C-CPE in the present study), which 

corresponds to amino acids 194-319 of CPE, is a claudin-4 binder with high solubility (10 mg/ml) 

(Van Itallie et al., 2008).  We prepared a claudin-4-targeting molecule using C-CPE and found that 

C-CPE-PSIF has high solubility (Ca 1.0 mg/ml) and high cytotoxicity (IC50=1 ng/ml in claudin-4/L 

cells).  These results indicate that C-CPE is a promising claudin-4-targeting molecule for 

pharmaceutical therapy. 

    A targeting ligand coupled to a potent toxin is an attractive anti-tumor agent, but the 

application of the targeted ligand to clinical therapy has been limited because of its failure to 

concentrate at the site of the tumor (Kreitman, 1999; Shockley et al., 1992).  The injection of 

agents directly into the tumor may circumvent these problems because therapy can be concentrated 

at the site of the tumor, thereby diminishing the risk to non-target organs.  The leakage of the 

agents from tumors into systemic flow may cause injury to normal tissues.  If the 

claudin-4-targeting molecule leaks from the injected tumor tissue into the systemic flow, the leaked 

molecule interacts with tissues on the apical side.  We found that C-CPE-PSIF is cytotoxic in a 

cellular polarity-dependent manner (Fig. 3EF).  Singh et al. also showed that Caco-2 cells are more 

sensitive to CPE when CPE is applied to the basal side rather than the apical side (Singh et al., 

2001).  These findings indicate that preparation of high affinity and specificity of claudin-4 binder 

may be critical for clinical application of a claudin-4-targeting ligand such as C-CPE-PSIF. 

    In summary, we prepared a novel claudin-4-targeting molecule, C-CPE-PSIF, which consists 

of C-CPE194-319 and PSIF, and we found that the cytotoxicity of C-CPE-PSIF is specific to the 

expression and localization of claudin-4 and that the intratumoral administration of C-CPE-PSIF 

suppressed tumor growth.  This is the first report that a claudin-4-targeting ligand C-CPE is useful 

for anti-tumor therapy.  Future improvements in the cytotoxicity of the claudin-4-targeting strategy 

will be useful for its clinical application. 
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Figure legends 

 

Figure 1.  Preparation of C-CPE-PSIF 

A) Schematic structure of C-CPE-PSIF.  C-CPE-PSIF is a fusion protein of C-CPE and PSIF.  

C-CPE is the C-terminal fragment of CPE 194-319 aa (Van Itallie et al., 2008).  The dark area 

indicates the putative receptor-binding region of C-CPE located in its C-terminus (Takahashi et al., 

2005).  PSIF contains domain II and III of PE.  Domain II is critical for the escape of the toxin 

from the endosome to the cytosol, and domain III is responsible for the inhibition of protein 

synthesis (Ogata et al., 1990).  B) Purification of PSIF and C-CPE-PSIF.  C-CPE-PSIF was 

expressed in E. coli and isolated by Ni-affinity chromatography.  The purification of proteins (5 

μg) was confirmed by SDS-PAGE followed by immunoblotting with antibody against the his-tag.  

The putative molecular weight of C-CPE-PSIF is about 60 kDa. 

 

Figure 2.  Characterization of C-CPE-PSIF 

A) Interaction of C-CPE-PSIF with claudins.  Wild-type BV (WT-BV), claudin-1-BV (CL1-BV) 

or claudin-4-BV (CL4-BV) was adsorbed onto a 96-well immunoplate at 0.5 μg/well.  Then, 7.5 

μmol of C-CPE, C-CPE-PSIF or PSIF was added to the well, and the protein bound to the BVs was 

measured by incubation of anti-his-tag Ab, followed by HRP-labeled secondary Ab.  The data 

represent the mean ± SD of three independent experiments.  *Significantly different from the 

WT-BV value (p<0.01).  B) Cytotoxicity of C-CPE-PSIF in claudin-4/L (CL4/L) cells.  After a 

24 h-treatment of CL4/L cells with PSIF or C-CPE-PSIF at the indicated concentration, the cell 

viability was measured by WST-8 assay. Viability (%) was calculated as a percentage of the 

vehicle-treated cells.  The data represent the mean ± SD of three independent experiments.  

*Significantly different from the vehicle-treated group (p<0.01).  C) Competition assay using 

C-CPE.  CL4/L cells were treated with C-CPE or BSA at the indicated concentration for 2 h, and 

then the cells were treated with C-CPE-PSIF (10 ng/ml) for 24 h.  The cell viability was measured 

by WST-8 assay, as described above.  The data represent the mean ± SD of three independent 

experiments. *Significantly different between BSA and C-CPE-treated groups (p<0.01).  D) 

Immunoblot analysis.  Lysates of L, CL1/L, CL2/L, CL4/L or CL5/L cells were subjected to 

SDS-PAGE, followed by immunoblotting with antibodies against the indicated CL.  E) Specific 

cytotoxicity of C-CPE-PSIF.  L, CL1/L, CL2/L, CL4/L and CL5/L cells were treated with 

C-CPE-PSIF for 24 h at the indicated concentration.  The cell viability was assayed by WST-8 
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assay.  The data represent the mean ± SD of three independent experiments.  *Significantly 

different from the L cells (p<0.01). 

 

Figure 3.  Cytotoxic specificity of C-CPE-PSIF 

A) Expression of claudin-4 in SK-HEP-1 and HepG2 cells.  The cell lysates were subjected to 

SDS-PAGE, followed by western blotting with anti-claudin-4 Ab.  MCF-7 cells were used as a 

positive control.  B) Cytotoxicity of C-CPE-PSIF in SK-HEP-1 and HepG2 cells.  Cells were 

treated with PSIF or C-CPE-PSIF for 48 h at the indicated concentration.  The cell viability was 

measured by WST-8 assay.  The data are representative of at least three independent experiments.  

Data are the mean ± SD (n=3). *Significantly different from the vehicle-treated cells (p<0.01).  C, 

D) Cytotoxicity of C-CPE-PSIF in TJ-developed or –undeveloped Caco-2 monolayer cells.  

TJ-developed cells were Caco-2 monolayer cells grown at confluency for 3 days.  TJ-undeveloped 

cells were Caco-2 cells seeded at 1×104 cells/well in 96-well plates.  The cell lysates were 

subjected to SDS-PAGE, followed by western blotting with anti-claudin-4 Ab (C).  The cells were 

treated with the indicated concentrations of C-CPE-PSIF for 48 h, and then the cell viability was 

measured as above (D).  The data are representative of at least three independent experiments.  

Data are the mean ± SD (n=3). *Significantly different from the vehicle-treated cells (p<0.05).  E, 

F)  Effect of C-CPE-PSIF on TER and LDH release in Caco-2 monolayer cells.  Caco-2 cells 

were grown on Transwell chambers to form tight junctions.  When TER values were constant, 

C-CPE-PSIF was added to the apical or basolateral side in Transwell chambers at the indicated 

concentrations.  After 0 and 48 h of incubation, TER values were measured (E), and the LDH 

release from the cell was determined (F).  TER values and LDH release were calculated as the 

ratio of TER values at 0 h and of the total cellular LDH, respectively.  The data are representative 

of at least three independent experiments.  Data are the mean ± SD (n=3). *Significantly different 

from the vehicle-treated cells (p<0.05). 

 

Figure 4.  In vivo anti-tumor activity of C-CPE-PSIF 

A) Expression of claudin-4 in 4T1 cells.  Total RNA was extracted from the cells, followed by 

RT-PCR analysis (left panel).  Cell lysates were subjected to SDS-PAGE, followed by western 

blotting (right panel).  β-actin is an endogenous control.  B) Schematic structure of 

C-CPEY306A/L315A-PSIF.  The dark area indicates the putative receptor-binding region of C-CPE in 

its C-terminus (Takahashi et al., 2005).  Among 16 amino acids, Y306 and L315 (indicated by 
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italic letters) play a pivotal role in the binding of C-CPE with claudin-4 (Takahashi et al., 2008).  

C) Interaction of C-CPEY306A/L315A-PSIF with claudin-4.  WT-BV, CL1-BV or CL4-BV was 

immobilized onto a 96-well immunoplate at 0.5 μg/well.  Then, 7.5 μmol of C-CPE, 

C-CPEY306A/L315A-PSIF or PSIF was added to the well, and the binding of the proteins to BVs was 

measured as described in the legend of Figure 2A.  The data represent the mean ± SD of three 

independent experiments.  *Significantly different from the WT-BV value (p<0.01).  D) 

Cytotoxicity of C-CPEY306A/L315A-PSIF in CL4/L cells.  After a 24 h-treatment of CL4/L cells with 

PSIF, C-CPE-PSIF or C-CPEY306A/L315A-PSIF at the indicated concentration, the cell viability was 

measured as described in the legend of Figure 2B.  The data represent the mean ± SD of three 

independent experiments.  *Significantly different from the vehicle-treated group (p<0.01).  E) 

Cytotoxicity of C-CPE-PSIFs in 4T1 cells.  Cells were treated with PSIF, C-CPE-PSIF or 

C-CPEY306A/L315A-PSIF for 48 h at the indicated concentration.  The cell viability was measured as 

above.  The data represent the mean ± SD of three independent experiments.  *Significantly 

different from the vehicle-treated group (p<0.05).  F) In vivo anti-tumor activity of C-CPE-PSIF.  

4T1 cells (2×106 cells) were intradermally inoculated into the right flank of mice on day 0, and each 

sample (5 μg/kg) was intratumorally injected on days 2, 4, 7, 9, 11 and 14.  Tumor growth was 

monitored by calculating tumor volume.  The data are representative of three independent 

experiments.  Each point is the mean ± SD from five mice. *Significantly different from the 

vehicle (PBS)-treated group (p<0.05). 
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