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Liver ischemia/reperfusion (I/R) injury, which is mainly caused by the generation of reactive oxygen species
(ROS) during the reperfusion, remains an important clinical problem associated with liver transplantation and
major liver surgery. Therefore, ROS should be detoxified to prevent hepatic I/R-induced injury. Delivery of
antioxidant genes into liver is considered to be promising for prevention of hepatic I/R injury; however,
therapeutic effects of antioxidant gene transfer to the liver have not been fully examined. The aim of this study
was to examine whether adenovirus (Ad) vector-mediated catalase gene transfer in the liver is an effective
Reactive oxygen approach for scavenging ROS and preventing hepatic I/R injury. Intravenous administration of Ad vectors
Ischemia/reperfusion expressing catalase, which is an antioxidant enzyme scavenging H,0,, resulted in a significant increase in catalase
Liver activity in the liver. Pre-injection of catalase-expressing Ad vectors dramatically prevented I/R-induced elevation
Catalase in serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels, and hepatic necrosis. The
Hepatectomy livers were also protected in another liver injury model, CCl,-induced liver injury, by catalase-expressing Ad
vectors. Furthermore, the survival rates of mice subjected to both partial hepatectomy and I/R treatment were
improved by pre-injection of catalase-expressing Ad vectors. On the other hand, control Ad vectors expressing 3~
galactosidase did not show any significant preventive effects in the liver on the models of I/R-induced or CCl4-
induced hepatic injury described above. These results indicate that hepatic delivery of the catalase gene by Ad
vectors is a promising approach for the prevention of oxidative stress-induced liver injury.

Crown Copyright © 2009 Published by Elsevier B.V. All rights reserved.
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1. Introduction

Hepatic ischemia/reperfusion (I/R) injury occurs in a variety of
clinical settings, such as in liver transplantation, hepatic failure after
shock, and liver surgery, and results in severe damages that substantially
contribute to the morbidity and mortality of such cases [1-3]. Hepatic
I/R injury is caused by reactive oxygen species (ROS), including
superoxide anion, hydrogen oxide, and hydroxyl radical, which are
generated by reperfusion of the ischemic tissue. ROS induce lipid
peroxidation and damages to proteins and nucleic acids, leading to
parenchymal cell dysfunction and necrosis, increased vascular
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permeability, and inflammatory cell infiltration [4]. Therefore, ROS
should be detoxified to prevent hepatic I/R injury.

In previous animal studies, antioxidative enzyme catalase and
superoxide dismutase (SOD) were systemically administered to neu-
tralize ROS and prevent I/R-induced hepatic injury. Although catalase
and SOD are endogenously expressed in the cells, the expression levels
of these enzymes are insufficient to prevent I/R injury. Administration of
antioxidant enzymes exhibited therapeutic effects on ROS-induced
diseases, including I/R-induced hepatic injury, in several studies [5-8];
however, these enzymes are known to be rapidly eliminated from the
circulation following systemic administration, which limits their
therapeutic potential, [9,10] although chemical modification of antiox-
idant enzymes has been carried out to enhance their plasma half-lives
and tissue accessibility [5,6,9]. In addition, systemically administered
antioxidant enzymes might be degraded in the endosomes/lysosomes
because they are internalized into the cells via the endocytosis pathway.

The delivery of therapeutic genes encoding antioxidant enzymes
into the liver is considered to be a promising strategy to overcome these
problems. Previous studies have demonstrated that ROS-mediated
injury was efficiently prevented by over-expression of antioxidant
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enzymes in various tissues, including the artery, pancreatic islets, and
brain [11-13]. A variety of types of gene delivery vehicles have been
employed for delivery of antioxidative genes so far, and replication-
incompetent adenovirus (Ad) vectors have several advantages over
other vehicles to deliver antioxidant genes to the liver. First, Ad vectors
have high tropism to livers. A more than 10°-fold higher transgene
expression is found in the liver, compared with other organs, following
systemic administration [14-16]. Second, non-dividing cells are
efficiently transduced with Ad vectors. Hepatocytes do not actively
divide under normal conditions. Non-viral gene delivery vehicles have
been used for prevention of hepatic I/R injury in previous studies
[17,18]; however, non-viral gene delivery vehicles mediate inefficient
transfection in non-dividing cells. Third, the Ad vector genome is not
integrated into the host genome, indicating that transduction with
Ad vectors is unlikely to induce insertional mutagenesis in hepato-
cytes. Fourth, Ad vector-mediated gene expression in liver persists
for 1-2 weeks, [19,20] in contrast, rapid reduction in plasmid DNA-
mediated transgene expression in organs is found after injection of non-
viral gene delivery vehicles [21,22]. In spite of these advantages of Ad
vectors, the ability of Ad vectors expressing antioxidant enzymes to
prevent hepatic I/R injury has not been fully examined probably because
Ad vectors are generally considered more toxic than non-viral gene
delivery vehicles; however, our group demonstrated that intravenous
administration of Ad vectors induces less amounts of inflammatory
cytokines than cationic lipid/plasmid DNA complexes [23]. In addition,
fiber-modified Ad vectors carrying a stretch of lysine residues in the C-
terminus of a fiber knob have been demonstrated to poorly activate
innate immune responses after systemic injection, compared with
conventional Ad vectors [24]. These results suggest that Ad vectors,
including fiber-modified Ad vectors, would be suitable for prevention of
I/R injury by delivering antioxidant genes to livers.

Among antioxidant enzymes, SOD is often used for detoxifying ROS
in previous studies [8,17,25,26]. SOD catabolizes superoxide anion to
H,0,; however, H,0, is converted to hydroxyl radicals, which are
extremely reactive and more toxic than other ROS. H,0, should be
removed to effectively reduce I/R injury. Another antioxidant enzyme,
catalase, prevents the generation of hydroxyl radicals by catabolizing
H,0, to H,0 and O, suggesting that catalase is promising for prevention
of I/R injury. However, there are few studies reporting therapeutic
effects of catalase gene delivery on I/R injury [17,27].

In the present study, catalase-expressing Ad vectors were intrave-
nously pre-administered to prevent I/R-induced hepatic injury. Pre-
injection of catalase-expressing Ad vectors successfully prevented not
only I/R-induced hepatic injury but also CCl-induced liver damages.
Furthermore, mice receiving pre-injection of catalase-expressing Ad
vectors showed improved survival rates after partial hepatectomy
followed by hepatic I/R.

2. Materials and methods
2.1. Cells

A549 (a human lung adenocarcinoma epithelial cell line), HepG2
(a human hepatocellular liver carcinoma cell line), and 293 (a human
embryonic kidney cell line) cells were cultured in Dulbecco's modified
Eagle's medium (DMEM) supplemented with 10% fetal bovine serum
under 5% CO, at 37 °C.

2.2. Ad vectors

Ad vectors were constructed by means of an improved in vitro
ligation method [28-30]. Briefly, the LacZ gene, which is derived from
pCMVP (Marker Gene, Inc., Eugene, OR) and the catalase gene, which is
derived from pZEOSV2-CAT (a kind gift from Dr. ]. Andres Melendez,
Albany Medical College, Albany, NY) [31,32] were inserted into
pHMCAS, [33] creating pHMCA5-LacZ and pHMCAS5-CAT, respectively.

pHMCA5-LacZ and pHMCAS-CAT were then digested with I-Ceul and PI-
Scel, and ligated with I-Ceul/PI-Secl-digested pAdHM4 [28], resulting in
pAdHM4-LacZ and pAdHM4-CAT, respectively. To generate the viruses,
Pacl-digested Ad vector plasmids were transfected into 293 cells plated
in a 60-mm dish with SuperFect (Qiagen, Inc., Valencia, CA) according
to the manufacturer's instructions. The viruses were prepared by
the standard method, then purified with CsCl, gradient centrifugation,
dialyzed with a solution containing 10 mM Tris (pH7.5), 1 mM MgCl,,
and 10% glycerol, and stored in aliquots at —80 °C. The determinations
of infectious titers and virus particle (VP) titers were accomplished
using 293 cells and an Adeno-X rapid titer kit (Clontech, Mountain View,
CA) and the method of Maizel et al. [34], respectively. Catalase-, or [>-
galactosidase-expressing fiber-modified Ad vectors carrying a stretch
of lysine residues (K7 (KKKKKKK) peptide) in the C-terminus of a fiber
knob, AdK7-CAT and AdK7-LacZ, respectively, were similarly prepared
using pAdHM41K7 [35]. The ratios of the biological-to-particle titer
were 1:20, 1:31, 1:45, and 1:39 for Ad-LacZ, AdK7-LacZ, Ad-CAT, and
AdK7-CAT, respectively.

2.3. Western blot analysis for catalase expression

A549 cells were transduced with Ad vectors at 3000 VP/cell for 2 h.
Forty-eight hours later, cells were harvested and lysed with lysis buffer
(20 mM Tris-HCl (pH 8.0), 137 mM Nacl, 1% Triton X-100, 10% glycerol)
containing protease inhibitor cocktail (Sigma Chemical., St. Louis, MO).
Equal quantities of protein (5 pg), as determined by a protein assay (Bio-
Rad, Hercules, CA), were subjected to sodium dodecyl sulfate/12.5%
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto
a polyvinylidene fluoride membrane (Millipore, Bedford, MA). After
blocking nonspecific binding, the membrane was incubated with anti-
catalase antibody (diluted 1/8000; Calbiochem, San Diego, CA) at room
temperature for 3 h, followed by reaction with horse radish peroxidase
(HRP)-conjugated anti-rabbit IgG (diluted 1/3000; Cell Signaling Tech-
nology, Beverly, MA) at room temperature for 1 h. The band was visu-
alized by ECL Plus Western blotting detection reagents (Amersham
Bioscience, Piscataway, NJ), and the signals were read using an LAS-3000
imaging system (Fujifilm, Tokyo, Japan). For detection of the internal
control, a polyclonal anti-glyceraldehyde-3-phosphate dehydrogenase
antibody (diluted 1/5000; Trevigen, Gaithersburg, MD) and an HRP-
conjugated anti-rabbit IgG were used.

2.4. In vitro protective effect of catalase-expressing Ad vectors on ROS-
induced cell damage

HepG2 cells (5000 cells/well) were seeded onto a 96-well plate.
On the following day, the cells were transduced with Ad-LacZ, AdK7-
LacZ, Ad-CAT, or AdK7-CAT at 300 or 3000 VP/cell for 2 h. After a 48-
h incubation, the medium was exchanged for normal medium contain-
ing 30 mM menadione (Sigma Chemical), which is aROS inducer. On the
following day, the cell viability was determined by Alamar blue staining
(BioSource, San Diego, CA).

2.5. Catalase activities in the liver after intravenous administration of
Ad vectors

Ad vectors (Ad-lacZ, AdK7-LacZ, Ad-CAT, and AdK7-CAT) were
intravenously administered into C57BL/6 mice (7-8-week-old females;
Nippon SLC, Shizuoka, Japan) at a dose of 1 x 10'° VP/mice. Forty-eight
hours later, the livers were isolated and homogenized with 50 mM
potassium phosphate buffer containing 1 mM EDTA. The supernatants
were recovered after centrifugation of the homogenates, and catalase
activity in the supernatants was measured using a CalBiochem Catalase
Assay Kit (Calbiochem).
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2.6. Hepatic ischemia/reperfusion experiment

Mice were intravenously administered PBS (control) or Ad vectors
via the tail vein at a dose of 10'° VP/mice. A partial hepatic ischemia/
reperfusion experiment was performed as previously described
[36,37]. Briefly, 2 days post-administration of Ad vectors, mice were
anesthetized with a peritoneal injection of pentobarbital sodium
(50 mg/kg). An incision was made in the abdomen, and all structures
in the portal triad (hepatic artery, portal vein, bile duct) were
occluded with a vascular clamp for 1 h to induce hepatic ischemia.
Then, blood was allowed to flow through the liver again by removal of
the clamp (reperfusion). After an appropriate period of reperfusion (0,
1, 6, 24 h), blood was collected via retro-orbital bleeding, and serum
was obtained by centrifugation. The aspartate aminotransferase (ALT)
and alanine aminotransferase (AST) activities in serum, as indicators
of liver injury during reperfusion, were assayed using a transaminase-
ClI test (Wako, Osaka, Japan). In separate experiments, histology in the
liver sections was evaluated 24 h after reperfusion. The livers were
recovered and fixed by immersion in 10% buffered formalin, embedded
in paraffin and processed for histology. Tissue damage was assessed in
hematoxylin and eosin-stained sections. A sham surgery was performed
under anesthesia but without occluding the vessels.

2.7. CCly-induced liver injury experiment

Ad vectors were intravenously administered into mice as de-
scribed above. Forty-eight hours after Ad vector injection, CCly
dissolved in olive oil was intraperitoneally administrated to the
mice at a dose of 1 ml/kg body weight to induce acute liver failure.
Twenty-four hours after CCl, administration, blood was collected via
retro-orbital bleeding, and the levels of ALT and AST in the serum
were determined as described above.

2.8. Partial hepatectomy

Ad vectors were intravenously administered into mice as de-
scribed above. Forty-eight hours after Ad vector injection, mice were
anesthetized and subjected to two-thirds hepatectomy as described
previously [38,39]. Subsequently, liver I/R was conducted by occlusion
of the blood vessel to block the blood flow into the remnant liver for
8 min followed by reperfusion as described above. After the surgery,
the mice were maintained under conventional conditions to monitor
survival rates.

2.9. Statistical analysis

Results were expressed as the means + S.D. Statistically significant
differences between groups were determined by the two-way
analysis of variance, followed by Student's t-test. The levels of
statistical significance were set at p<0.05 and p<0.01.

3. Results
3.1. Ad vector-mediated catalase expression in vitro

First, to examine in vitro catalase expression levels following Ad
vector infection, Western blotting analysis was performed. We
observed an apparent increase in the catalase expression after
transduction with Ad-CAT or AdK7-CAT in A549 cells (Fig. 1). In
addition, AdK7-CAT mediated higher catalase expression than Ad-
CAT, probably due to the higher transduction activity of AdK7 vectors
than conventional Ad vectors [35]. The control Ad vectors, Ad-LacZ
and AdK7-LacZ, did not increase catalase expression, indicating that
transduction with Ad vectors alone does not induce any change in the
antioxidant systems.

Next, to examine whether Ad vector-mediated over-expression of
catalase prevents ROS-induced cellular toxicity, the cells were
incubated with 30 mM menadione following transduction with Ad
vectors, and the cell viabilities were determined. It is well known that
menadione produces superoxide radicals in cells, leading to oxidative
stress-induced cell death [40,41]. As shown in Fig. 2, the cell viability
was significantly reduced to less than 50% in the presence of 30 mM
menadione. In contrast, transduction with catalase-expressing Ad
vectors dramatically improved the cell viabilities. Transduction with
Ad-CAT and AdK7-CAT at 300 VP/cell resulted in cell viabilities of
70.8% and 79.1% of the cell, respectively. These results indicate that Ad
vector-mediated over-expression of catalase is beneficial in prevent-
ing oxidative stress-induced cell death by efficiently deleting ROS.

3.2. Catalase activity in the liver following catalase-expressing Ad vector
injection

Next, to measure catalase activities in the liver following intravenous
administration of Ad vectors, the livers were recovered 48 h after Ad
vector injection, and catalase activities in the liver were determined. The
catalase activities were 2.4-fold and 4.3-fold increased following
administration of Ad-CAT and AdK7-CAT, respectively (Fig. 3). By
contrast, we found no elevation in the catalase activity by LacZ-
expressing Ad vectors. These results indicate that catalase activity in the
liver is significantly elevated by intravenous administration of catalase-
expressing Ad vectors.

3.3. Prevention of hepatic I/R injury by pre-administration of
catalase-expressing Ad vectors

To evaluate the ability of catalase-expressing Ad vectors to prevent
hepatic I/R injury, serum ALT and AST levels were measured after 1 h
of hepatic ischemia followed by reperfusion. Both serum ALT and AST
levels were highly elevated at 1h and 6 h after the reperfusion of
hepatic flows in the mice pre-injected with PBS, indicating that
hepatic injury was induced by I/R (Fig. 4). At 1 h after reperfusion, the
ALT and AST levels increased from 59.3 to 184.0 and from 421.2 to
1174.7 1U/L, respectively. However, pretreatment with Ad-CAT or
AdK7-CAT significantly reduced the serum ALT and AST levels at 6 h
after reperfusion. The ALT and AST levels in mice pre-injected with
AdK7-CAT were 3.9- and 4.4-fold lower than those in mice pre-
injected with PBS. Reductions in the ALT and AST levels were also
observed at 1 h after reperfusion, although these changes were not
statistically significant. The control Ad vectors, Ad-LacZ and AdK7-
LacZ, exhibited no suppressive effects on the I/R-induced elevation of
serum ALT and AST levels.

Furthermore, to histologically evaluate the preventive effects of
catalase-expressing Ad vectors, liver sections were prepared 24 h
after reperfusion. An extensive necrotic area was observed in the mice
pretreated with PBS or AdK7-LacZ (Fig. 5B, C). In contrast, transduc-
tion with Ad-CAT or AdK7-CAT resulted in a dramatic decrease in
the necrotic area induced by hepatic I/R (Fig. 5D, E). In particular,
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Fig. 1. Catalase expression following Ad vector transduction. A549 cells were transduced
with Ad-LacZ, Ad-CAT, or AdK7-CAT at 3000 VP/cell for 2 h. Protein samples were collected
after a 48-h incubation and analyzed by Western blotting. Lane 1, mock; lane 2, Ad-LacZ;
lane 3, AdK7-LacZ; lane 4, Ad-CAT; lane 5, AdK7-CAT. The results are representative of two
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Fig. 2. Protective effects of catalase-expressing Ad vectors against menadione-induced
cell death. HepG2 cells were transduced with Ad vectors at 300 or 3000 VP/cell for 2 h.
After a 48-h incubation, menadione was added to the medium at a final concentration
of 30 mM, and the cells were cultured for an additional 24 h. The cellular viabilities
were then determined by Alamar blue staining. The cellular viabilities were normalized
to the viability of Ad vector-infected HepG2 cells in the absence of menadione. The data
are expressed as the means+S.D. (n=4). ~Significantly different from the mock-
infected group at p<0.01.

pre-injection of AdK7-CAT almost completely prevented necrosis in the
liver, although there were several small necrotic areas in the liver
pretreated with Ad-CAT, probably due to the higher transduction
efficiency and less liver toxicity profile of AdK7 vectors in the liver
compared with conventional Ad vectors [24]. A TUNEL assay indicated
that Ad-CAT and AdK7-CAT prevented the DNA fragmentation caused
by hepatic I/R in hepatocytes (data not shown). These results indicate
that the I/R-induced histological damages were also significantly
attenuated by pretreatment with catalase-expressing Ad vectors.

3.4. Preventive effect of catalase-expressing Ad vectors on CCly-induced
liver injury

To explore whether Ad vector-mediated catalase expression
prevents other types of oxidative stress-induced liver injury, CCly
was intraperitoneally injected into mice pretreated with catalase-
expressing Ad vectors. CCl, is well known to produce CCl; radical,
leading to acute liver injury. Serum ALT and AST levels were highly
elevated following CCl, treatment in mice pretreated with PBS or
LacZ-expressing Ad vectors (Fig. 6). However, serum ALT and AST
levels were markedly reduced by pretreatment with Ad-CAT and
AdK7-CAT. AdK7-CAT mediated a 4.9-fold and 3.9-fold reduction in
serum ALT and AST levels, respectively, compared with PBS. Ad-CAT
and AdK7-CAT also mediated a dramatic improvement of CCls-
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Fig. 3. Catalase activity in the liver following intravenous administration of catalase-

expressing Ad vectors. Ad vectors were administered to mice at the dose of 1x 10" VP/mouse.

The livers were recovered 48 h after injection, and catalase activities in mouse liver

homogenates were determined. The data are expressed as the means+S.D. (n=>5).

“Significantly different from the mock-infected group at p<0.01.
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Fig. 4. Effects of pre-administration of catalase-expressing Ad vectors on serum ALT (A)
and AST (B) levels in mice following hepatic ischemia/reperfusion injury. Ad vectors
were intravenously administered to mice at a dose of 1x10'? VP/mice. Forty-eight
hours after Ad vector injection, mice were subjected to a 1h period of ischemia
followed by hepatic reperfusion. Serum samples were taken at 1 h before ischemia, and
0, 1, 6, and 24 h after reperfusion. The data are expressed as the mean 4 S.E. (n=3-8).
“Significantly different from the PBS-injected group at p<0.01.

induced gross abnormality in the liver (data not shown). These results
indicate that catalase-expressing Ad vectors possess preventive
effects on oxidative stress-induced injury that are distinct from their
effects on I/R injury.

Fig. 5. Representative images of liver sections of mice 24 h following hepatic ischemia/
reperfusion. A) Sham, B) PBS, C) AdK7-LacZ, D) Ad-CAT, and E) AdK7-CAT. Mice were
subjected to hepatic I/R 48 h after Ad vector injection, as described in Fig. 4. Livers were
recovered 24 h after I/R treatment, and liver sections stained with hematoxylin and
eosin were observed under a microscope. A dashed line indicates the necrotic area. The
scale bar represents 100 um.
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Fig. 6. Preventive effect of catalase-expressing Ad vectors on CCls-induced acute liver
failure. CCl4 (1 ml/kg) was intraperitoneally injected to mice 48 h following Ad vector
injection. Serum samples were collected 24 h after CCl, administration. The data are
expressed as the means+S.D. (n=4). Significantly different from the PBS-injected
group at p<0.05; ~ at p<0.01.

3.5. Improvement of survival rates of mice subjected to partial
hepatectomy and hepatic ischemia/reperfusion by catalase-expressing
Ad vectors

To examine whether over-expression of catalase improves the
remnant liver function in mice subjected to both partial hepatectomy
and I/R treatment, partial hepatectomy and subsequent I/R treatment
were conducted 48 h after pre-administration of Ad vectors. Partial
hepatectomy is often performed under hepatic ischemia, and the re-
maining liver suffers from I/R injury after partial hepatectomy in clinical
settings. Mice pre-administered with AdK7-CAT showed a dramatic
improvement in survival rate (Fig. 7). Seventy percent of mice survived
for 7 days after these treatments. The body weights of the mice pre-
injected with AdK7-CAT were not significantly reduced 7 days after
surgery, compared with those before surgery (data not shown), sug-
gesting that the general health of the mice was not substantially
compromised after the surgery. On the other hand, the survival of the
mice was not prolonged by pre-administration of Ad-LacZ or PBS. These
results indicate that catalase-expressing Ad vectors are able to protect
the liver from more serious stress induced by partial hepatectomy
and I/R, and to improve the remnant liver function.

4. Discussion

Hepatotoxins, drugs, and I/R can injure the liver via oxidative stress.
With the aim of efficiently preventing oxidative stress-induced hepatic
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Fig. 7. Survival rates of mice subjected to partial hepatectomy and hepatic I/R following
Ad vector administration. Solid line: PBS (n=5); dotted line: AdK7-LacZ (n=7);
dashed line: AdK7-CAT (n=11). Ad vectors were intravenously administered to mice
as described in Fig. 4. Forty-eight hours after Ad vector administration, mice were
subjected to two-thirds partial hepatectomy, followed by an 8 min-period of ischemia

injury, we pre-administered Ad vectors expressing an antioxidative
enzyme, catalase, to mice. The results of our study demonstrated that Ad
vector-mediated over-expression of catalase in the liver effectively
prevents hepatic injury caused by not only I/R but also CCl,. Furthermore,
the survival rates of mice subjected to both partial hepatectomy and I/R
treatment were prolonged by over-expression of catalase.

Superoxide anion is the primary oxidant species generated during
hepatic I/R by a xanthine oxidase system and/or decoupling of the
electron transport system in mitochondria. Superoxide anion is readily
converted to H,O, by SOD or a spontaneous reaction. H,0, itself is a
weak oxidizing agent; however, hydroxyl radical is produced by H,0; in
the presence of transition-metal jon. Hydroxyl radical has the most
oxidative ability and the strongest toxicity among the various ROS.
Reduction/elimination of hydroxyl radical is considered to be the most
effective strategy for prevention of hepatic I/R injury. Therefore,
catalase, which prevents generation of hydroxyl radical by converting
H,0, to H,0 and O,, was selected as the antioxidant enzyme in the
present study. Catalase derivatives also exhibited higher preventive
effects on the elevation of serum ALT and AST levels induced by hepatic
I/R, compared with SOD derivatives [5,6]. In addition, over-expression of
catalase in the liver might increase endogenous expression of SOD,
which is another advantage of catalase gene transfer. He et al.
demonstrated that delivery of catalase gene alone to the liver induced
SOD activity in the liver [17].

Partial hepatectomy is often performed under hepatic ischemia.
Previous studies have shown that oxidative stress induced by hepatic
I/R affects hepatocyte cell death and inhibits liver regeneration
[42,43]. Beyer et al. reported that ROS are directly responsible for the
impairment of insulin/insulin-like growth factor 1 signaling, which is
crucial for liver regeneration [44]. Furthermore, hepatocytes without
catalase activity have been found in regenerating livers after partial
hepatectomy [45], suggesting that hepatocytes in the regenerating
livers might be susceptible for ROS-mediated injury. The present
study demonstrated that over-expression of catalase in the liver
dramatically improved the survival rates of mice subjected to partial
hepatectomy and /R, suggesting that the remnant livers would be
protected from ROS-mediated injury by over-expression of catalase.
Furthermore, over-expression of catalase might play an important
role in maintenance of the regenerative capacity of hepatocytes.
Recently, removal of ROS by antioxidant enzymes was demonstrated
to be crucial for maintenance of the self-renewal capacity of
progenitor/stem cells in an in vitro culture system [46,47]. In this
study, the liver/body weight ratio of mice pre-injected with AdK7-CAT
1 week after partial hepatectomy and I/R was 4.7 4+ 0.55%, which is not
significantly different from that of naive mice (data not shown).

Oxidative stress is also generated in the liver through metabolism of
a variety of drugs, chemicals, and toxins, such as thioacetamide, lipo-
polysaccharide, and CCl,. In particular, CCl, is often used as a repre-
sentative hepatotoxin causing oxidative stress in animal experiments.
CCl, is metabolized by cytochrome P450 in the endoplasmic reticulum
of hepatocytes, leading to generation of CCl; radical, which induces
hepatic damages, although the mechanism of CCl;-mediated liver
damage has not yet been fully revealed. The present study showed that
Ad vector-mediated over-expression of catalase in the liver also
attenuated CCly-induced liver injury (Fig. 6). Over-expression of SOD
has also been shown to inhibit CCls-induced hepatic damages [48].
Hepatic delivery of genes encoding ROS-deleting enzymes is effective in
case of hepatic injury induced by oxidative stress-generating hepato-
toxins and chemical compounds.

Ad vectors offer various advantages for gene delivery to the liver;
however, systemic administration of Ad vectors often induces
inflammatory cytokine production and hepatic damage [24,49-51].
However, we found no apparent Ad vector-induced damages in the
liver in this study (data not shown). Moreover, mice pre-administered
Ad-LacZ or AdK7-LacZ did not exhibit higher levels of serum ALT and
AST after I/R than those pre-administered PBS (Fig. 4). This was likely

GENE DELIVERY



GENE DELIVERY

436 M. Ushitora et al. / Journal of Controlled Release 142 (2010) 431-437

due to the relatively low dose of Ad vectors (1x10'° VP/mouse) used
in this study. Higher doses of Ad vectors have often been administered
in the studies reporting Ad vector-mediated in vivo toxicities [49,51].
We confirmed that more than 90% of hepatocytes were efficiently
transduced even at a dose of 1x 10'? VP/mouse in this study (data not
shown). In general, Ad vectors have been considered more toxic than
non-viral vectors containing plasmid DNA; however, our group
recently revealed that Ad vectors induced smaller amounts of inflam-
matory cytokines, which are partly involved in Ad vector-induced
hepatic toxicity, following intravenous administration into mice, com-
pared with plasmid DNA/cationic liposome complexes, which were
used as a representative of non-viral gene delivery vehicle [23]. In
both that previous study and our present work, Ad vectors suc-
cessfully deliver antioxidant genes to the liver with no apparent tox-
icity, although we should pay attention to the vector doses.

In addition to conventional Ad vectors, fiber-modified AdK7 vectors,
which display a poly-lysine motif on the c-terminal of the fiber knob,
[24,35,52] were used in this study. AdK7 vectors mediate not only
significantly higher transgene expression in the liver but also lower in
vivo damages than conventional Ad vectors [24]. However, the serum
ALT and AST levels of the mice receiving Ad-CAT and AdK7-CAT were
not significantly different from those of the controls in this study (Fig. 4),
although histological analysis of the liver sections revealed that AdK7-
CAT conferred superior protection against I/R injury (Fig. 5), probably
because sufficient levels of catalase would be expressed by Ad-CAT at
this dose to prevent hepatic I/R-induced increases in serum ALT and AST
in this setting. AdK7-CAT might show higher protective effects than
conventional Ad vectors under more severe conditions.

In conclusion, the present study demonstrated that Ad vector-
mediated catalase expression in the liver significantly improved I/R-
induced hepatic injury. These findings suggests that Ad vectors
expressing antioxidant enzymes would contribute to the development
of strategies aimed at inhibiting hepatic I/R injury. Antioxidant enzyme-
expressing Ad vectors are also applicable for the prevention of I/R-
induced injury in other organs and oxidative stress-induced damages
caused by ROS-generating chemicals. Moreover, their combined use
with other antioxidant genes or anti-apoptosis genes could further
attenuate oxidative stress-induced injury.
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Abstract

Approximately 90% of malignant tumors are
derived from the epithelium. Epithelium has well-
developed tight junctions (TJs), which become
deregulated and disrupted during epithelial
transformation. Claudin-4, a pivotal functional and
structural component of TJs, is often
overexpressed in human cancers. In the present
study, we prepared a claudin4 binder, the C-
terminal fragment of Clostridium perfringens
enterotoxin (C-CPE), fused to a cytotoxic molecule
(C-CPE-PSIF) and found that C-CPE-PSIF is toxic to
claudin-4-expressing cells. Interestingly, C-CPE-
PSIF was less toxic in polarized than depolarized
cells, and treatment of polarized cells with C-CPE-
PSIF from the basal but not apical side was
cytotoxic. C-CPE-PSIF also exhibits antitumor
activity. C-CPE mutants with alanine substitutions
were more cytotoxic than C-CPE. These findings
indicate that the claudin-4 binder, C-CPE, is a
potent lead molecule for the development of
claudin-targeted tumor therapy.

Keywords: Claudin; Clostridium perfringens enterotoxin;
Pseudomonas exotoxin; Anti-tumor activity

Introduction

Tight junctions (TJs) consist of three main
classes of proteins: claudins, occludin, and junctional
adhesion molecules. Claudins regulate the integrity
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and function of Tds (1). The human family of claudin
proteins contains at least 23 members, and their
expression profiles and functions are tissue and cell
specific (2). Changes in claudin expression occur in
malignant tumors, and the expression profiles differ
among tissues (3, 4). For example, claudin-1 and -10
are overexpressed in colon and hepatocellular cancer
cells, respectively (3), while claudin-4 is up-
regulated in breast, ovarian, pancreatic, colorectal,
hepatic and bladder cancers (Table 1). Thus,
claudins are potential targets for tumor therapy.
However, claudin has low antigenicity, and it is
difficult to generate antibodies to the extracellular
region of claudins.

Clostridium perfringens enterotoxin (CPE) is a
single polypeptide of 35 kDa that causes food
poisoning in humans. The functional domains of
CPE are classified into the N-terminal cytotoxic and
C-terminal receptor-binding regions (5, 6). Two
years after the CPE receptor was identified in 1997,
it was found to be identical to claudin-4 (7, 8).
Interestingly, C-terminal CPE, which corresponds to
amino acids 184 to 319 (C-CPEiss.319), binds to
claudin-4 and inhibits TJ function. We previously
found that C-CPEis4.319 is a useful ligand for claudin-
4 (9). However, C-CPE1ss.319 has poor solubility (0.3
mg/ml) and is difficult to use in pharmaceutical
therapy. In 2008, Van Itallie et al. showed that a
slightly smaller polypeptide, C-CPE1¢4.319, has high
solubility (>10 mg/ml) and high affinity to claudin-4
(10).

Pseudomonas aeruginosa exotoxin A (PE) is
widely used in cancer-targeting study (11). PE binds
to the cell surface and is internalized via endocytosis;
then, a PE fragment, protein synthesis inhibitory
factor (PSIF), escapes from the endosome to the
cytosol (12), where it inhibits protein synthesis by
inhibiting elongation factor 2. PSIF lacks the
receptor-binding domain of PE, and fusion of a tumor
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Table 1 Changes in expression of claudin-4 in cancer cells

Cancer Expression References
Prostate Up (25)
Breast Up (26, 27)
Ovarian Up (28-31)
Pancreatic Up (32-34)
Colorectal Up (35)
Uterus uUpP (36, 37)
Gastric Down (38, 39)
Hepatocellular Up (40)

antigen ligand with PSIF is a promising strategy for
cancer-targeting therapy.

In the present study, we genetically prepared a
claudin-4-targeting molecule (C-CPEi94.319-PSIF)
containing the claudin-4-binding region of CPE and
PSIF (Figure 1A). We also investigated whether C-
CPE194.319 (referred to as C-CPE hereafter) is useful
for claudin-4-targeted cancer therapy.

Results and Discussion

L cells, which are a mouse fibroblast cell line, do
not express any claudins. Therefore, we investigated
the cytotoxicity of C-CPE-PSIF in claudin-4-
expressing L cells (CL4/L cells). C-CPE-PSIF caused
dose-dependent cytotoxicity in CL4/L cells, reaching
>90% cell death at 10 ng/ml. In contrast, even at 20
ng/ml, PSIF was not cytotoxic to CL4/L cells (13). C-
CPE-PSIF showed specific toxicity in CL4/L cells,
and pretreatment of the cells with C-CPE
attenuated the C-CPE-PSIF-induced -cytotoxicity,
indicating that C-CPE-PSIF may interact with
claudin-4 via its C-CPE domain (13).

Claudin-4 is expressed in tissues including the
lung, intestine, liver, and kidney. Most claudins in
normal cells are contained in TJ complexes, whereas
the localization of claudin is deregulated in some
cancers. C-CPE-PSIF may recognize the deregulated
localization of claudin-4. Confluent Caco-2 cells form
a polarized cell monolayer with well-developed TdJs,
and they are frequently used as a model of polarized
cells. Confluent Caco-2 cells express more claudin-4
than pre-confluent cells; however, C-CPE-PSIF was
more toxic in the pre-confluent cells with fewer TJs

Mol Cell Pharmacol 2010;2(2):47-51.

(47% cell death at 5 ng/ml) than in the confluent
cells with well-developed TdJs (40% cell death, even
at 200 ng/ml) (13).

Early events in epithelial carcinogenesis are
deregulation of cellular polarity and loss of TJ
structures. We examined whether the sensitivity of
cells to C-CPE-PSIF is affected by their cellular
polarity using 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. After the addition of C-CPE-PSIF to the
apical or basolateral compartment of the Transwell
chamber, we assessed the TJ barrier function of the
cell sheets by measuring transepithelial electric
resistance (TER). When C-CPE-PSIF was added to
the apical compartment, TER was not affected for 48
h. In contrast, the addition of C-CPE-PSIF to the
basolateral compartment caused a significant and
dose-dependent reduction in TER. Furthermore, the
addition of C-CPE-PSIF to the basolateral
compartment, but not the apical compartment,
increased the amount of released lactate
dehydrogenase, a marker of cytotoxicity (13). These
results indicate that C-CPE-PSIF has specific effects
based on the cellular density and polarity.

We examined the antitumor activity of C-CPE-
PSIF in 4T1 cells, a mouse breast cancer cell line
that expresses claudin-4. To clarify the antitumor
activity of the claudin-4-targeting molecule (C-CPE-
PSIF), we prepared a fusion protein of PSIF with
mutant C-CPE, in which Tyr306 and Leu315
(critical residues for the interaction between C-CPE



and claudin-4) were changed to alanines, resulting
in C-CPEysosansisa-PSIF (14). C-CPE-PSIF mediated
dose-dependent cytotoxicity in 4T1 cells, reaching
63% cell death at 100 ng/ml. In contrast, C-
CPEvs06a1.3154-PSIF was not cytotoxic 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. To investigate the in vivo antitumor
activity of C-CPE-PSIF, 4T1 cells (2 x 106 cells) were
inoculated into the right flank of mice on day 0.
Vehicle, C-CPE, C-CPE-PSIF or C-CPEysoearsisa-
PSIF at a dose of 5 pg/kg was intratumorally
injected on days 2, 4, 7, 9, 11, and 14. C-CPE-PSIF
significantly suppressed tumor growth, and the tumor
volume in the C-CPE-PSIF-treated group was 36%
of that in the vehicle-treated group on day 16. In
contrast, C-CPE and C-CPEvysoearsisa-PSIF, which
lacked claudin-4-binding activity, had no effect on
tumor growth, indicating that the antitumor
activity of C-CPE-PSIF may depend on claudin-4
targeting (13).

We previously investigated the functional
domains of C-CPE and found that the 16 C-terminal
amino acids of C-CPE are involved in claudin-4
binding; we also found that the claudin-4 affinities
of the N309A mutant, which contains Ala instead of
Asn at position 309, and the S313A mutant, which
contains Ala instead of Ser at position 313, were
greater than that of C-CPE (14, 15). To improve the
claudin-4-targeting molecule, we prepared C-
CPEs313a-PSIF and C-CPEnsosasssiza-PSIF  (Figure
1A). C-CPEss13a-PSIF and C-CPEnaooasssiza-PSIF
were more cytotoxic than C-CPE-PSIF in CL4/L cells
(Figure 1B). We are currently investigating the
antitumor activity of these mutants and developing
other C-CPEmutant-PSIF constructs with greater
cytotoxicity. To develop novel methods of tumor
diagnosis and therapies that target the initial stage
of malignant transformation, we are also developing
novel claudins binders, in addition to optimizing C-
CPE, the conventional claudin-binder.

Perspective of claudin-targeted tumor therapy

Approximately 7.6 million people worldwide die
from cancer each year, and 90% of malignant tumors
are derived from  epithelial tissues (16)
(http://www.reuters.com/article/healthNews/idUSN1
633064920071217).

Cancer cells grow slowly during the very early
stage of malignant transformation, after which they
grow exponentially and form tumor tissues. Tumors
that reach a mass of 10!2 cancer cells lead to death.
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Figure 1. Cytotoxicity of C-CPE-PSIF fusion proteins (A)
Schematic illustration of C-CPE-PSIF fusion proteins. C-CPE is the
C-terminal fragment of CPE corresponding to amino acids 194-319.
The dark area indicates the putative claudin-4-binding region (15).
Changing Asn to Ala at position of 309 or Ser to Ala at position of
313 improved the affinity of C-CPE to claudin-4 (14). C-CPEsssa OF
C-CPEnsoonssaa-fused PSIF was also prepared. PSIF contains
domain Il (the critical domain for the escape of the toxin from the
endosome to the cytosol) and domain Il (the critical domain for the
inhibition of protein synthesis) of Pseudomonas exotoxin. (B)
Cytotoxicity of C-CPE-PSIF. CL4/L cells were treated with the C-
CPE-PSIF fusion proteins at the indicated concentration for 24 h.
The cellular viability was measured by a WST-8 assay kit, according
to the manufacturer’s instructions (Nacalai Tesque, Kyoto, Japan).
Viability (%) was calculated as a percentage of the vehicle-treated
cells. The data represent the mean + SD of three independent
experiments.

Diagnosable cancer tumors contain at least 109 cells,
and tumors with 109-10!2 cells are subject to cancer
therapy. An important goal in cancer therapy is
improving the ability to detect tumors containing
less than 109 cells so that they can be more
successfully treated.

Epithelial tissues are characterized by specific
cellular  polarity. The  establishment and
maintenance of cell polarity involve many processes,
including signaling cascades, membrane trafficking
events and cytoskeletal dynamics, and relies on the
apical junctional system, Tds (17, 18). Tds seal the
intercellular space between adjacent cells and
regulate the solute movement across epithelial

Mol Cell Pharmacol 2010;2(2):47-51.
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sheets. TJs between neighboring cells allow the
separation of apical and basolateral membrane
domains that vary in protein and lipid contents,
resulting in the maintenance of cell polarity and the
regulation of cellular proliferation (19). An
important hallmark of malignant transformation is
loss of epithelial polarity (20).

In normal polarized epithelial cells, the mitotic
spindles are parallel to the epithelial planar axis,
and cellular proliferation is regulated by
intercellular contact. Cell-cell adhesion provides a
cortical planar cue to orient the mitotic spindle
parallel to the epithelial plane (21-23). In an early
stage of epithelial tumorigenesis, the orientation of
mitotic spindles becomes deregulated, resulting in
out-of-plane division (24) (Figure 2). Cell division is
controlled by cytoskeletal dynamics (i.e., the mitotic
spindle, actin filaments and microtubules), and cell-
cell adhesions and their associated molecules are
thought to be connected to the cytoskeletal
organization and partly control these cytoskeletal
elements (22). Thus, misorientation of the cell
division axis might cause changes in the function
and localization of the cell-cell adhesion system.

Despite the lateral localization of TJs and their
components in normal epithelial cell sheets, Tds and
their components might be exposed on the cellular
surface by the rotation of spindles, indicating that
TJ components might be a therapeutic target during
the early stage of epithelial tumorigenesis. Our goal
is to develop a novel tumor-targeting therapy using
the TJ components that are exposed to the apical
membrane from the lateral membrane by rotation of
the mitotic axis.
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Figure 2. Scheme of malignant transformation in epithelium. In
normal epithelial cells, the cells are divided in parallel with the
epithelial plane. In the early stage of epithelial tumorigenesis, the
orientation of the mitotic spindles is deregulated, and the cells
proliferate by out-of-plane division (24).
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ABSTRACT

Tumor metastasis of epithelium-derived tumors is the major cause
of death from malignant tumors. Overexpression of claudin is
observed frequently in malignant tumors. However, claudin-tar-
geting antimetastasis therapy has never been investigated. We
previously prepared a claudin-4-targeting antitumor molecule that
consisted of the C-terminal fragment of Clostridium perfringens
enterotoxin (C-CPE) fused to protein synthesis inhibitory factor
(PSIF) derived from Pseudomonas exotoxin. In the present study,
we investigated whether claudin CPE receptors can be a target for
tumor metastasis by using the C-CPE-fused PSIF as a claudin-
targeting agent. One of the most popular murine metastasis mod-

els is the lung metastasis of intravenously injected B16 cells.
Therefore, we first investigated the effects of the C-CPE-fused
PSIF on lung metastasis of claudin-4-expressing B16 (CL4-B16)
cells. Intravenous administration of the C-CPE-fused PSIF sup-
pressed lung metastasis of CL4-B16 cells but not B16 cells.
Injection of C-CPE-fused PSIF also inhibited tumor growth and
spontaneous lung metastasis of murine breast cancer 4T1 cells
inoculated into the subcutis. Treatment with C-CPE-fused PSIF
did not show apparent side effects in mice. These findings indi-
cate that claudin targeting may be a novel strategy for inhibiting
some tumor metastases.

Metastasis is the primary cause of death for most cancer pa-
tients (Gupta and Massagué, 2006; Steeg, 2006). Metastasis occurs
during tumor growth and even during the surgical excision of the
primary tumor. A great deal of effort has been made to overcome
tumor metastasis, including the development of several potent
methods for irradiation therapy, chemotherapy, and immunother-
apy. However, 7 million patients worldwide die from malignant
tumors each year, and the majority of malignant tumors are de-
rived from the epithelium (Jemal et al.,, 2008). Thus, the develop-
ment of a novel antitumor strategy against epithelium-derived
cancer metastasis is needed.

The epithelium is located at the border between the outer and
inner body and tissue. Spaces between the adjacent cells in
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epithelium are sealed by tight junctions (TdJs). TJs prevent free
movement of solutes across epithelium through the paracellular
spaces and also maintain cellular polarity by regulating the
localization of cellular membrane proteins, such as transport-
ers, ion channels, and receptors, between the apical and basal
sides of epithelial cells (Mitic and Anderson, 1998; Vermeer et
al., 2003). Moreover, TJs control cell proliferation by regulating
the localization of receptors on the cellular membrane and the
intracellular signal transduction for cellular proliferation and
differentiation (Vermeer et al., 2003; Matter et al., 2005). These
TJ functions are frequently deregulated during tumorigenesis,
and tumor cells often exhibit abnormalities in cellular polarity
and differentiation (Martin and Jiang, 2001; Wodarz and
Nithke, 2007). The loss of the integrity of the TJ seal in tumors
may contribute to the supply of nutrition critical for tumor
growth and the detachment of cancer cells from the primary
tumor tissues, leading to the malignancy of tumors (Mullin,
1997; Martin and Jiang, 2001).

Freeze-fracture replica microscopy analysis revealed that
TJs form a series of continuous strands within plasma mem-
branes (Staehelin, 1973). TJ strands from the membranes of
adjacent cells form a paired strand, and the paired strands
seal the intercellular space between the adjacent cells. The
TJ strands are composed of integral membrane proteins,

ABBREVIATIONS: CPE, Clostridium perfringens enterotoxin; C-CPE, C-terminal fragment of CPE; PSIF, protein synthesis inhibitory factor;
C-CPE-PSIF, C-CPE-fused PSIF; CL4-B16, claudin-4-expressing B16; TJ, tight junction; FBS, fetal bovine serum; DMEM, Dulbecco’s modified

Eagle’s medium; PBS, phosphate-buffered saline; ADR, adriamycin.




AQA

AQ:B

AQ:C

| tapraid3/zpt-pt/zpt-pt/zpt00810/2pt9037d10z | xppws [ S=1 [ 5/15/10 [ 1:17 | Art: 168070 | Input-KAF

2 Saeki et al.

such as occludin and claudin, and among them, claudin is a
key structural and functional component of TJ seals (Furuse
and Tsukita, 2006). Claudin, a tetra-transmembrane protein,
comprises a family consisting of more than 20 members. The
expression profiles and sealing functions of claudins differ
among tissues. Claudin expression is often deregulated in hu-
man cancers such as breast, prostate, ovarian, gastric, and
pancreatic cancers (Morin, 2005; Kominsky, 2006). There is a
relationship between dysregulated claudin and metastasis
(Agarwal et al., 2005; Dhawan et al., 2005). These findings
indicate that claudin can be a potent target for cancer therapy.
Clostridium perfringens enterotoxin (CPE), a 35-kDa
polypeptide, causes food poisoning in humans. CPE binds to
its receptor, and then causes changes in the membrane per-
meability by complex formation on the plasma membrane
followed by the induction of oncosis and apoptosis (McClane
and Chakrabarti, 2004). The local administration of CPE
suppresses solid tumor growth (Michl et al., 2001; Kominsky
et al., 2004; Santin et al., 2005); however, whole CPE had
never been applied into a ligand for claudin CPE receptors
because of its strong cytotoxicity. The receptor-binding re-
gion of CPE (C-CPE) can be used for claudin-targeted cancer
therapy (Saeki et al., 2009). Immunotoxins, consisting of a
protein toxin connected to a binding ligand, such as an anti-
body or growth factor, have been developed and used for
clinical therapy. Protein synthesis inhibitory factor (PSIE)
derived from Pseudomonas exotoxin is a widely used protein
toxin (Kreitman and Pastan, 2006), and intratumoral admin-
istration of the claudin-4-targeting PSIF has been shown to
attenuate solid tumor growth (Saeki et al., 2009). In the
present study, we investigated whether claudin CPE recep-
tors can be a target for tumor metastasis by using the clau-
din-4-targeting PSIF as a claudin-targeting agent.

Materials and Methods

Cell Culture. Mouse melanoma cell line B16-BL6 and mouse
breast cancer cell line 4T1 were cultured in modified Eagle’s medium
supplemented with 10% fetal bovine serum (FBS) and Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% FBS and 10
mmol/ml HEPES, respectively. The cells were maintained in a 5%
CO, atmosphere at 37°C.

Preparation of B16 Cells Stably Expressing Claudin-4.
Mouse claudin-4 cDNA was subcloned into pcDNA3.1 plasmid coding
a neomycin resistance gene. The claudin-4 expression vector was
transfected into B16 cells, and B16 cells stably expressing claudin-4
(CL4-B16 cells) were isolated by geneticin selection.

Immunoblot Analysis. Cells were lysed in lysis buffer [50 mM
Tris (pH 7.4), 8.25 mg/ml NaCl, 1% NP-40, 2 mM SDS, and protease
inhibitor cocktail (Sigma-Aldrich, St. Louis, MO)]. The cell lysates
were subjected to SDS-polyacrylamide gel electrophoresis. The sep-
arated proteins were transferred onto a polyvinylidene difluoride
membrane, followed by immunoblotting with anticlaudin-4 (Zymed
Laboratories, South San Francisco, CA) or anti-B-actin Ab (Sigma-
Aldrich). After incubation with a peroxidase-labeled secondary anti-
body (Millipore Bioscience Research Reagents, Temecula, CA), the
immunoreactive band was visualized by chemiluminescence re-
agents (GE Healthcare, Little Chalfont, Buckinghamshire, UK).

Cell Proliferation Assay. B16 or CL4-Bl6-expressing cells
(CL4-B16 cells) (2 X 10* cells) were seeded into a 24-well plate. At
the indicated time points, the cells were stained with trypan blue,
and the number of viable cells was counted by using a hemocytom-
eter under a microscope.

In Vitro Metastasis Analysis. A cell culture insert with an 8-pm
pore size membrane (BD Biosciences Discovery Labware, Bedford,

MA) was used for the invasion assay. The upper surface of the
chamber was coated with 50 pl of 0.1 mg/ml Matrigel (BD Bio-
sciences, San Jose, CA), and the lower chamber was filled with
DMEM containing 10% FBS. Cells were cultured to approximately
80% confluence and serum-starved overnight (0.5% FBS). Then, cells
(1 x 10° cells) suspended in DMEM with 0.5% FBS were placed into
the upper chamber and incubated at 37°C for 24 h. After incubation,
noninvading cells were removed, and the membrane was stained
with Diff-Quick reagent. The stained cells in five randomly selected
fields were counted under a microscope.

Preparation of C-CPE-PSIF. The C-terminal fragment of CPE
(C-CPE)-fused PSIF (C-CPE-PSIF) was prepared as described pre-
viously (Saeki et al., 2009). In brief, pET-C-CPE-PSIF was trans-
duced into Escherichia coli BL21 (DE3) (Novagen, Darmstadt, Ger-
many), and the production of 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-HCI (pH 8.0),
400 mM NaCl, 5 mM MgCl,, 0.1 mM phenylmethylsulfonyl fluoride,
1 mM 2-mercaptoethanol, and 10% glycerol]. The lysates were cen-
trifuged, and the resultant supernatant was applied to HiTrap Che-
lating HP (GE Healthcare). 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.

In Vitro Cytotoxic Analysis. In the cytotoxic assay, B16 and
CL4-B16 cells were seeded onto a 96-well culture dish at 1 X 10* cells
per well. After 24 h, the cells were treated with C-CPE-PSIF for 24 h
at the indicated concentrations. The cytotoxicity was determined by
a WST-8 kit, according to the manufacturer’s instructions (Nacalai
Tesque, Kyoto, Japan).

In Vivo Antitumor Activity. Female BALB/c mice (7-8 weeks
old) and C57/BL6 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 12-h
light/dark cycle. The animal experiments were performed according
to the guidelines of Osaka University.

For an experimental metastasis model, B16 or CL4-B16 cells (5 x
10% or 1 X 108 cells) in 100 1 of PBS were injected intravenously into
the tails of C57/BL6 mice. Then, mice received intravenously admin-
istered PBS or C-CPE-PSIF three times per week. Two weeks after
the inoculation of the cells, the mice were sacrificed, and the number
of lung metastasis colonies was counted under a microscope. For
antitumor activity in B16 cells, 1 X 10° B16 or CL4-B16 cells were
injected subcutaneously into the right flanks of C57BL/6 mice. Ve-
hicle or C-CPE-PSIF was intravenously administered three times
per week. Calipers were used to measure the minimal and maximal
tumor diameters, and the tumor volume was calculated asa X b X
b/2, where a represents the minimal tumor diameter, and b repre-
sents the maximal tumor diameter. The body weights of mice were
also monitored.

For antitumor activity in 4T1 cells, 4T1 cells (1 X 10°cells) in 50 ul
of PBS were injected subcutaneously into the right flanks of BALB/c
mice. PBS, C-CPE-PSIF, or adriamycin (ADR) was intravenously
administered, and the tumor size and body weight of mice were
monitored. Mice were sacrificed 35 days after tumor inoculation, and
lung metastasis was evaluated by staining with India ink.

Statistical Analysis. Data were analyzed by using Dunnet’s
method. The statistical significance for all comparisons was set at
p < 0.05.

Results

Preparation of Claudin-4-Expressing B16 BL6 Cells.
To investigate the effects of C-CPE-PSIF on tumor metasta-
sis, we selected murine B16 cells, which have a high propensity
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to metastasize to the lung (Saiki, 1997). Western blotting anal-
ysis revealed no expression of claudin-4 in B16 cells (Fig. 1A).
B16 cells were not sensitive to C-CPE-PSIF (Fig. 2A). We
transfected claudin-4 ¢cDNA into B16 cells and established
stable CL4-B16 cells (Fig. 1A). The proliferation rate was not
affected by exogenously expressed claudin-4 (Fig. 1B). Me-
tastasis has multiple processes, including motility and inva-
sion (Steeg, 2006). To investigate the invasion of CL4-B16
cells, we performed a Boyden chamber migration assay. Cells
were seeded onto the cell culture insert of Matrigel-coated
membrane with an 8-um pore size, and the cells that invaded
the apical membrane and reached the basal membrane were
counted. As shown in Fig. 1C, the invasion activity was
increased 17-fold in CL4-B16 cells compared with that in
parental B16 cells. Lung metastasis of CL4-B16 cells was
observed when intravenously injected into mice; however,
the number of lung metastasis colonies of CL4-B16 cells was
smaller than that of the parental B16 cells (Fig. 1D). These
findings indicate that CL4-B16 cells can be used as a metas-
tasis model of claudin-4-expressing cancer cells. We discuss
the elevation of migration activity and lower lung metastasis
in CL4-B16 cells under Discussion.

Antitumor Activity of C-CPE-PSIF in CL4-B16 Cells.
Before in vivo experiments, we investigated the in vitro cy-
totoxicity of C-CPE-PSIF in CL4-B16 cells. As shown in Fig.
2A, C-CPE-PSIF showed dose-dependent cytotoxicity in CL4-
B16 cells, decreasing their viability to 35% at 100 ng/ml. In
contrast, parental B16 cells were not sensitive to C-CPE-
PSIF even at 1 pg/ml, indicating that C-CPE-PSIF may tar-
get claudin-4. Claudin-4 is expressed in the intestines, liver,
and kidney (Morita et al., 1999). To determine a safe dose of
C-CPE-PSIF, we checked serum biochemical markers of liver
(alanine aminotransferase) and kidney (blood urea nitrogen)
injury in mice injected with C-CPE-PSIF. After intravenous
administration of C-CPE-PSIF (5 pg/kg), the mice showed no
signs of injury (data not shown). In the following in vivo
experiments, the doses of C-CPE-PSIF were less than or
equal to 5 pg/kg. B16 or CL4-B16 cells were intravenously
injected into mice, and then C-CPE-PSIF was intravenously
administered every 2 days. Two weeks after the tumor cell
injection, the number of lung metastasis colonies was
counted. As shown in Fig. 2B, C-CPE-PSIF treatment de-
creased the number of lung metastasis colonies from 39 = 17
to 10 = 4 at 5 pg/kg. In contrast, C-CPE-PSIF treatment did
not affect the lung metastasis of B16 cells (Fig. 2B). C-CPE-
PSIF suppressed the growth of CL4-B16 cells but not B16
cells inoculated into the right flank of mice (Fig. 2C). These
data suggest that claudin-4 targeting may be a potent strat-
egy for suppressing tumor metastasis and growth.

Suppression of the Primary Tumors and Metastasis
of 4T1 Cells. To clarify the potency of a claudin-4-targeting
strategy, we investigated the effect of C-CPE-PSIF on a spon-
taneous metastasis model. 4T1 cells are murine cancer cells
that spontaneously metastasize to the lung after being sub-
cutaneously inoculated (Wong et al., 2002). We investigated
whether C-CPE-PSIF suppresses the spontaneous lung me-
tastasis of 4T1 cells. On day 33, the tumor volume was
1801.2 = 848.5 mm® in the vehicle-treated group and 740.5 +
94.6 mm® in the group treated with 5 pg/kg C-CPE-PSIF
(Fig. 3A). The number of lung metastasis colonies was de-
creased to 2 = 1 colonies at 5 pg/kg C-CPE-PSIF (Fig. 3B). A
dose of 2 pg/kg C-CPE-PSIF did not suppress tumor growth

Claudin Targeting and Metastasis 3

A 0\5

g@ o

Claudin-4 [_—:—]
p-actin E

~—p— B16
ol CLE-B16 ;

w
E-Y
i

w
1

Cell number (x 10%)
- n

0 40 80
Time (h)

C
P 1004 *
°
o
: [
H o5
7]
[
>
£ 504
k]
@
a
£
z

0 : !

1

B16 ! CL4-B16

T [ 5x10%celisimouse

] 1x 10¢ cells/imouse

E-N
3

n
[=]
o
1
-

8

Number of lung metastasis O
w
3

(-]

B16 " CL4-B16

Fig. 1. Claudin-4-expressing B16 melanoma (CL4-B16) cells. A, prepara-
tion of CL4-B16 cells. Cell lysates from B16 and CL4-B16 cells were
subjected to SDS-polyacrylamide gel electrophoresis, followed by Western
blotting with claudin-4 and B-actin. B-Actin is a control for an endogenous
protein. B, the effect of claudin-4 on cellular proliferation in B16 cells.
B16 or CL4-B16 cells (2 X 10" cells) were seeded onto a 24-well plate.
Then, the cell numbers were counted by trypan blue dye exclusion assay
at the indicated periods. Data are shown as means * S.D. (n = 4).
C, effect of claudin-4 on invasion in B16 cells. B16 or CL4-B16 cells (1 x
10° cells) were seeded into the upper well of the cell culture insert coated
with Matrigel. After 24 h, the cells that invaded the bottom membrane of
the insert were stained with DiffQuick reagent and counted under a
microscope. Data are shown as means * S.D. (n = 4). *, significantly
different from B16 cells (p < 0.01). D, lung metastasis of CL4-B16 cells.
B16 or CL4-B16 cells (5 X 10° or 1 X 10° cells) were injected into the tail
veins of mice. After 14 days, the mice were sacrificed, the lungs were fixed,
and the colonies on the lung surface were counted. Data are shown as
means = S.D. (n = 5). *, significantly different from B16 cells (p < 0.01).



