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Fig. 1. Ultrasonic thrombus imaging is apparently enhanced by targeted BL in vitro
when compared to control and non-targeted BL (A). Video intensity levels of the
thrombi in the targeted BL group were significantly higher than in the control and non-
targeted BL groups (B). BL: bubble liposomes.
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mean pixel gray-scale level of the thrombus at 1 min (25.54-4.8 vs.
26.4+ 5.3, p==0.3329, n=10) (Fig. 3B and C).

4. Discussion

In our in vitro and in vivo studies, we confirmed that ultrasound
imaging of thrombi is markedly enhanced by targeted BL, even via
intravenous administration using a conventional diagnostic ultra-
sound machine. This is also the first study to show the feasibility of
perfluorocarbon gas-containing liposomes, rather than a phospholip-
id mono-layer, as a targeted ultrasound contrast agent, in addition to a
carrier for gene delivery [11-13].

In clinical settings, various ultrasound contrast agents with lipid-
based or non-lipid-based shells are commercially available for diagnos-
tic use. These agents are prepared to enhance blood flow or tissue
perfusion. Some of these agents are capable of passively imaging
inflammation using the inherent chemical properties of the shell
components [22]. However, they have no specific ligands on their
surface for actively targeting pathophysiological molecules.

Lanza et al. first reported a fibrin-targeting ultrasonic contrast agent.
They used lipid-encapsulated, nongaseous perfluorocarbon emulsion
and an antifibrin monoclonal antibody as a targeting ligand, incorpo-
rating avidin-biotin triphasic interaction steps to demonstrate excellent
thrombus enhancement [4]. However, this technique has limited
applications in humans due to the complexity of targeting interactions
and immunogenicity of avidin [23]. Unger et al. developed thrombus-
targeting perfluorocarbon gas-containing microbubbles with lipid
mono-layer shells incorporating small peptides as ligands for activated
platelets [5-7]. This agent was able to enhance ultrasonic thrombus
imaging both in vitro and in vivo during continuous intravenous
infusion. Demos and Hamilton reported thrombus-targeting nongas-
eous echogenic immuno-liposomes, which enhanced ultrasonic imag-
ing of both intravascular and intracardiac thrombi [8,9]. In this study,
anti-fibrinogen antibody was used as the targeting ligand, which may
cause systemic adverse effects due to secondary immunoreactions.
Alonso et al. developed abciximab, an antibody fragment specific for the
glycoprotein IIb/Illa receptor, bearing immunobubbles with phospho-
lopid mono-layer shells. These immunobubbles improved visualization
of human clots both in vitro and in an in vivo model of acute arterial
thrombotic occlusion [10].

Targeted BL shows some advantages over these previously reported
thrombus-targeting ultrasound contrast agents [4-10]. We used
liposomes as a basic structure, as a lipid bi-layer shell increases the
stability of BL and works as a barrier against gas diffusion [12], and the
liposomal surface can be modified for the conjugation of various
targeted ligands, as well as for achieving longer circulation times.
Polyethylene glycol was attached to the surface lipid layer in order to

C Targeted BL and thrombus

10000x

Fig. 2. Scanning electron microscopy revealed large amounts of BL attached to the thrombi in the targeted BL group (C), which were not observed in the non-targeted BL (B) and

control groups (A). BL: bubble liposomes.
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Fig. 3. Ultrasound image of in vivo thrombi is significantly enhanced after administration of targeted BL via an ear vein. (A) NIH image quantitative analysis shows significant
increases on in vivo thrombus echo intensity by intravenous administration of targeted BL; (B) however, similar changes are not seen after administration of non-targeted BL (C). BL:

bubble liposomes.

increase hydrophilicity, thereby offering a stealth effect with respect to
reticulo-endothelial capture and allowing longer circulation times
[24,25]. Moreover, a BL size of less than a micron (nano-size) permits
deeper penetration into thrombi.

The targets of ultrasonic thrombus imaging have been fibrin [4,8,9]
or activated platelets [5-7,10]. Fibrin is typically present in all types
of thrombi (arterial and venous, acute and chronic). In contrast,
activated platelets are found in fresh thrombi in cases of acute coronary
syndrome and stroke. The RGD sequence-containing peptide is a ligand
for the activated platelet membrane glycoprotein IIb/Illa complex. The
RGD peptide is chemically stable and easily conjugated to the lipid
surface layer, as it is composed of a small number of amino acids and
binds strongly to phospholipids via a thio-ether bond without the need
for complex chemical synthesis [14,15]. In contrast to antibodies,
peptides are generally smaller in size and simpler in structure, resulting
in less immunoreactivity [26,27]. Among the various types of RGD
peptides, we used an octapeptide (CGGGRGDF) in this study. The initial
C of this peptide was used for coupling and GGG served as an “arm” to
distance the active RGD binding site from thiol-coupling to maleimide
on the liposomal surface [17]. Moreover, this peptide has been reported
to be a potent inhibitor of platelet agglutination through the
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Fig. 4. Representative time-intensity curves of thrombi video intensity immediately
before and after targeted and non-targeted BL injection measured using NIH image.
Targeted BL significantly increased the mean pixel gray-scale level of the thrombus
from 1 to 10 min after injection; however, no significant increases were observed after
non-targeted BL injection. BL: bubble liposomes.

glycoprotein [Ib/llla receptor, and to be uniquely sensitive to the
activation state of this receptor, even after incorporation into liposomes
with polyethylene glycol modification [14,17].

The mean diameter of this targeted BL was 0.18 um. Theoretically, a
single BL of this size is out of the diagnostic range of conventional
ultrasound imaging. However, BL are apparently echogenic and are
clearly visualized with high echo-intensity using conventional ultra-
sound machines [11]. As shown in the scanning electron microscopic
section of this study, the targeted BL accumulated deep within the inner
portions of the thrombi, as well as on the surface. This may have been
due to the apparently smaller size of BL relative to the space between
fibrin nets, and could also explain the strong enhancement on ultrasonic
imaging both in vitro and in vivo. Non-targeted BL were unable to
enhance thrombus imaging, probably due to the insufficient amount of
BL passively retained around and within the thrombi required for
echogenicity.

Liposomes are usually considered nontoxic unless administered at
very high doses [28]. Liposomal drugs are already commercially
available and are safely used in humans {29-31]. Polyethylene glycol
is also considered nentoxic and is excreted unmetabolized in the urine
[32]. The RGD peptide is an octapeptide and is considered to be non-
toxic and non-immunogenic [26,27]. Perfluoropropane is an inert gas,
used as a constituent of commercially available echo contrast agents
such as Optison and Definity [33], and is exhaled from the lungs [34].
Therefore, this echo contrast agent is generally considered nontoxic,
although safety in humans remains to be demonstrated. Other potential
barriers for clinical use are related to the specificity of the RGD peptide.
This ligand is highly specific to activated platelet glycoprotein Ilb/Illa
receptor [14,17]. However, the specificity is limited and this ligand may
also bind to sites of angiogenesis, inflammation, osteoporosis and cancer
[35]. In contrast, the relatively high specificity of this ligand to activated
platelets may prevent the attachment of the targeted BL to organized
chronic thrombi, although this hypothesis was not examined in the
present experiment. Therefore, this agent may only enhance fresh
thrombi on imaging and may provide a unique opportunity to
distinguish fresh thrombi from old organized thrombi. Another
limitation of this study is that we did not use the harmonic imaging
technique, which is considered to improve ultrasound image quality,
particularly when used with echo contrast agents. With the use of
harmonic imaging, more distinct enhancement of thrombi can be
expected in larger animals or humans.
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In conclusion, perfluorocarbon gas-containing liposomal bubbles
with RGD peptides are a novel echo contrast agent that can markedly
enhance fresh thrombi on ultrasonic imaging in vitro and in vivo, and
may be useful for noninvasive diagnosis of acute thrombotic vessel
occlusion.
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Epithelial cells are pivotal in the separation of the body from the outside environment. Orally
administered drugs must pass across epithelial cell sheets, and most pathological organisms invade the
body through epithelial cells. Tight junctions (IJs) are sealing complexes between adjacent epithelial
cells. Modulation of T] components is a potent strategy for increasing absorption. Inflammation often
causes disruption of the TJ barrier. Molecular imaging technology has enabled elucidation of the
dynamics of TJs. Molecular pathological analysis has shown the relationship between T] components
and molecular pathological conditions. In this article, we discuss TJ-targeted drug development over the

past 2 years.

During evolution from single-celled to multi-celled organisms, a
compartment system developed to separate the inside of the body
from the outside environment. This compartment system is made
up of epithelial and endothelial cell sheets. Sealing of the inter-
cellular space between individual epithelial or endothelial cells is
crucial for compartmentalization.

Tight junctions (TJs) are the apical-most component of inter-
cellular seals. TJs are directly involved both in the sealing of
paracellular spaces and in two major functions of membranes:
the barrier function and the fence function [1,2]. The barrier
function is the first line of defense against pathogenic microorgan-
isms and xenobiotics, and the fence function regulates cellular
polarity. Deregulation of these functions is often observed in
infectious diseases, inflammation and carcinogenesis.

Freeze-fracture electron microscopy analysis has shown that TJs
are a set of continuous and anastomosing strands [3]. A series of
analyses revealed that Tj-seals contain integral membrane pro-
teins, such as occludin, claudins and junctional adhesion mole-
cules (Fig. 1) [4-6]. The claudin protein family comprises 27
members and the junctional adhesion molecule (JAM) family
comprises 3 members [4,7]. A tricellular junction-sealing compo-
nent, tricellulin, has also been identified in epithelial cell sheets
[8]. Occludin and tricellulin contain the tetra-spanning and other
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related proteins for vesicle trafficking and membrane line (MAR-
VEL) domain. Occludin and tricellulin are members of the MAR-
VEL protein family [9]. MarvelD3, another member of the
MARVEL protein family, has been identified as a component of
TJs [10]. The intracellular constituents of TJs, ZO-1 and ZO-2,
determine where the claudin-based strands are formed [11]. Lipo-
lysis-stimulated lipoprotein receptors define where tricellular
junctions are formed [12]. These biochemical components of TJ-
seals were all clarified within a single decade [5,6,13]. Our under-
standing of TJ-components has provided us with a new perspective
on drug delivery and drug discovery for infectious diseases, inflam-
mations and cancers [14-16].

There have been two main progressions in our understanding of
the biology of TJs within the past 2 years: mucosal barrier home-
ostasis and TJ barrier homeostasis. Proof-of-concepts for TJ-tar-
geted drug delivery have been demonstrated. In this article, we
discuss recent topics in TJ biology and TJ-targeted therapy.

Biology of the epithelial barrier

Tight junctions

Epithelium is central to the construction of multicellular animals.
More than 60% of the cell types in the vertebrate body are
epithelial cells. Epithelia enclose and partition the animal body,
line all of its surfaces and cavities, and create internal compart-
ments. Epithelial cells are structurally polarized into a basal
side that is anchored to other tissue, and an apical side that is

1359-6446/06/$ - see front matter © 2012 Published by Elsevier Ltd. doi:10.1016/j.drudis.2012.
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FIGURE1 S . i
The epithelial barrier. Occludin, a tetra-transmembrane protein, was the first
TJ-constituting protein identified [19]. Claudin was the second [21]. Claudins
comprise a tetra-transmembrane protein family of 27 members. JAMs are
glycosylated transmembrane proteins that belong to the immunoglobulin
superfamily [4]. ZO-1, ZO-2 and ZO-3 are membrane-associated guanylate
kinase proteins composed of a PSD95/Dlg/Z0-1 domain, an SH3 domain, a
guanylate kinase domain, an acidic domain and an actin-binding region [68].
Abbreviations: JAMs: junctional adhesion molecules; TJ: tight junction;

unanchored. Adjacent epithelial cells are joined by occluding
junctions called TJs. TJs have pivotal roles in separating the inside
of the body from the outside environment, and in separating the
inside and outside of tissues. TJs also function as a fence by
preventing the free movement of apical membrane components
and basal membrane components in epithelial cells.

TJs are intercellular sealing components located at the apical-
most part of lateral membranes between adjacent epithelial cells
and endothelial cells [17]. Adjacent TJ strands laterally associate
with each other to form a paired strand thereby eliminating the
intercellular space. Freeze fracture electron microscopy analysis
revealed that TJs are continuous anastomosing intramembranous
particle strands or fibrils with complementary grooves [3]. T]s are
composed of transmembrane proteins, such as claudins, occludin
and JAMs, in addition to cytoplasmic plaque proteins, including
Z0-1, Z0-2, ZO-3 and cingulin [18].

Integral membrane proteins

Occludin was the first integral membrane protein identified in TJs
[19]. Occludin has four transmembrane domains and has a mole-
cular mass of approximately 65 kDa. Deletion of occludin does not
affect the structure and function of TJs [20]. Claudins were the
second integral membrane proteins identified in TJs [21]. Claudins

comprise a multigene family with at least 27 members [7]. Clau-
dins are 21-28-kDa proteins with tetratransmembrane domains.
Claudins are key components in the structure and function of TJs
[5,6]. A series of cellular analysis and knockout mouse analysis has
clarified the roles of claudins in TJs [5,22].

Cytoplasmic proteins

Z0-1 was the first identified TJ-associated protein [23]. ZO-1, ZO-2
and ZO-3 contain PDZ-domains and the membrane-associated
guanylate kinase domain. ZO-1, ZO-2 and ZO-3 are involved in
formation of the Tj seal; they bind to the C-terminal cytoplasmic
domain of occludin and claudins through the ZO PDZ domains
[13].ZO-1 and ZO-2 are crucial components for the definition of TJ
formation [11].

Tricellular tight junctions

There are two types of TJs in epithelial cell sheets: bicellular and
tricellular [2,24,25]. Occludin, claudins and JAMs are components
of bicellular TJs. Tricellulin (approximately 65 kDa) is the only
integral membrane component in tricellular TJs [8]. Tricellulin
contains four transmembrane domains and shows structural simi-
larity with occludin. Tricellulin is highly concentrated in tricel-
lular TJs, but it is also localized in bicellular TJs [8,26]. Lipolysis-
stimulated lipoprotein, a tricellular TJ-associated protein, defines
tricellular contacts in epithelial cell sheets [12].

Mucosal barrier

The intestinal epithelium is where nutrients derived from food are
absorbed, and it is also the first line of defense against microorgan-
isms and xenobiotics. Regulation of the epithelial barrier is crucial
for mucosal homeostasis. Recently, two intestinal epithelium
proteins that regulate the intestinal barrier were identified.

The first protein is guanylyl cyclase C (GCC), which is a trans-
membrane receptor for the endogenous peptides guanylin and
uroguanylin and for bacterial heat-stable enterotoxins [27]. GCC
signaling has a pivotal role in the regulation of intestinal fluid and
electrolyte homeostasis [28]. GCC-knockout mice show increased
intestinal permeability, and GCC-knockdown in Caco-2 cells dis-
rupts TJ integrity. This disruption of the TJ barrier is accompanied
by phosphorylation of myosin II regulatory light chains, which
induces TJ disassembly. GCC signaling is therefore involved in
regulation of the TJ barrier [29].

The second intestinal membrane protein is matriptase. Matrip-
tase is an integral membrane protein with trypsin-like serine
protease activity and is a member of the type II transmembrane
serine protease family [30]. It is widely expressed in all epithelia,
and it is expressed in epithelial cells in the gastrointestinal tract
{30]. Loss of matriptase reduces epithelial barrier integrity and
enhances paracellular permeability. Matriptase facilitates claudin-
2 loss from TJ complexes by indirect regulation of claudin-2
protein turnover by atypical protein kinase C zeta. Interestingly,
matriptase does not affect some of the other T] components, such
as claudin-1, claudin-3, claudin-4, claudin-8, ZO-1, or E-cadherin
[31].

These findings indicate that GCC signaling and matriptase
might be potent targets for the treatment of intestinal disorders
whose pathogenesis is disruption of the intestinal barrier function
leading to mucosal inflammation and immune activation.
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TJ dynamics

TJs are complexes of transmembrane and peripheral membrane
proteins, including occludin, claudins, ZO-1 and ZO-2 [6]. The TJ
structure is highly dynamic and undergoes continuous remodel-
ing through unique kinetics {32]. The properties of TJs are deter-
mined by these dynamics [33].

Occludin S408 dephosphorylation reduces paracellular cation
influx by stabilizing the occludin-ZO-1 interaction, leading to
enhancement of claudin-1 and claudin-2 exchange and reduction
of their pore formation at the TJ. By contrast, occludin S408
phosphorylation enhances homotypic occludin-occludin interac-
tions, leading to the release of ZO-1 and formation of claudin-1-
and claudin-2-based pores. Therefore, occludin $408 phosphoryla-
tion is a key factor in the remodeling of the claudin-occludin-ZO-
1 interaction [34].

Claudin-1 is stably localized in TJs [35]. Most occludin is mobile
and diffused within the junctional membrane. By contrast, most
ZO-1 is continuously exchanged between the membrane and
cytosol pools [34]. Fluorescence recovery after photo-bleaching
(FRAP) analysis provided new insights into the dynamics of TJs.
The perijunctional actomyosin ring contributes to myosin light
chain kinase (MLCK)-dependent TJ regulation. FRAP analysis
showed that TJ-associated ZO-1 exists in three pools: a fixed pool,
a fast exchangeable pool associated with the cytosolic pool, and a
slow exchangeable pool associated with the cytosolic pool. The
exchange between the TJ pools and the cytosolic pool is regulated
by MLCK [36]. Claudin dynamics differ depending on the parti-
cular claudin. Claudins forming TJ strands showed slower
dynamics than those not forming TJ strands. Distinct claudin
stabilities might affect how TJs regulate paracellular permeability
by altering paracellular flux and paracellular ion permeability [37].

These insights into the dynamics of TJs address the molecular
mechanism of paracellular homeostasis and will hopefully lead to
the development of TJ-targeted tissue-specific and solute-specific
drug delivery systems.

Epithelial barrier as the first line of defense against
pathological microorganisms

The human mucosa has a surface area equivalent to 1.5 tennis
courts. This large surface area means that there is significant risk of
infection by pathological microorganisms; therefore, homeostasis
of the epithelial barrier is important. Indeed, some pathogens
modulate the epithelial barrier to facilitate easy and widespread
infection (Fig. 2a).

Modulation of the epithelial barrier by pathogens

Human immunodeficiency virus-1 (HIV-1) infection is often asso-
ciated with increased permeability of mucosal epithelial cells. Viral
envelope glycoprotein (gp)120 is a crucial viral protein that
increases the permeability of the epithelial barrier. When HIV-1
binds to cells it induces production of TNF-«, leading to a decrease
in mucosal epithelial barrier integrity and spread of HIV-1 infec-
tion [38].

Atopic dermatitis (AD) is the most common inflammatory skin
disease [39], and susceptibility to cutaneous infections is increased
in AD patients. Widespread skin infection by the herpes simplex
virus (HSV) causes severe viral complications, such as eczema
herpeticum in AD patients. Defects in the epidermal TJ barrier

EHEC

@ Hve EAEC

Down Up
Barrier-integrity Barrier-integrity

Apical side

Up

Drug Discovery Today

Regulation of the first line of defense, the epithelial barrier. (a) Pathological
microorganism-epithelial barrier interaction. Infection of epithelial cells by
HIV-1, EHEC, or EAEC decreased epithelial barrier integrity [38,41,42]. By
contrast, RSV infection increased the barrier function [44]. (b) Lymphocyte—
epithelial barrier interaction. LPLs regulate the integrity of the epithelial
barrier via direct interaction with epithelial cells through notch signaling [49].
Abbreviations: EAEC: enteroaggregative Escherichia coli; EHEC:
enterohemorrhagic Escherichia coli; HIV-1: human immunodeficiency virus-1;
LPLs: lamina propria lymphocytes; RSV: respiratory syncytial virus.

increase the susceptibility of patients with AD to widespread
subcutaneous infection with HSV or other viral pathogens [40].
In the early stage of infection with enterohemorrhagic Escherichia
coli (EHEC), non-bloody diarrhea occurs in the absence of shiga
toxin. EHEC infection increases expression of claudin-2 and redis-
tribution of claudin-3 and occludin. These changes correlate with
increased intestinal permeability [41]. Infection by enteroaggre-
gative Escherichia coli (EAEC) causes dissociation of claudin-1 from
the TJs between epithelial cells, leading to disruption of the TJ
barrier [42]. By contrast, respiratory syncytial virus (RSV) increases
TJ integrity. RSV is the major cause of bronchitis, asthma and
severe lower respiratory tract diseases in infants and young chil-
dren [43]. RSV infection induces expression of claudin-4 and
occludin in human nasal epithelial cells. Induction of TJ compo-
nents has a crucial role in epithelial cellular polarity, leading to
budding of the virus from the epithelial apical surface [44]. There-
fore, prevention of TJ barrier modulation by pathogens might be a
viable therapeutic strategy.

Lymphoepithelial cross talk in the epithelial barrier

Mucosa-associated lymphoid tissues (MALTs) are lymphoid
immune tissues that are located in the mucosal epithelium. By
activating mucosal immune responses, they function as the first
line of defense against pathogens invading the body through the
epithelium [45]. MALTs comprise gut-associated lymphoid tissues,
nasopharynx-associated lymphoid tissues and bronchus-asso-
ciated lymphoid tissues. MALTs contain lymphocytes, M cells, T
cells, B cells and antigen-presenting cells. Recently, lamina propria
lymphocytes (LPLs) underlying the intestinal epithelium have

www.drugdiscoverytoday.com 3




REVIEWS

Drug Discovery Today * Volume 00, Number 00+ March 2012

been shown to have a crucial role in the homeostasis of the
epithelial barrier (Fig. 2b). Direct interaction of LPLs with intest-
inal epithelial cells is essential for the barrier function of the
intestinal epithelium [46]. The notch signaling pathway regulates
cell fate decisions through cell-cell interactions [47]. Notch sig-
naling determines the differentiation of intestinal stem cells into
secretory cells, absorptive cells, or enterocytes [47,48]. The absence
of LPLs in mice causes increased intestinal permeability and a lack
of activation of notch in colonocytes [49]. Transfer of LPLs to LPL-
deficient mice decreased intestinal permeability and activated
notch signaling in colonocytes. In Caco-2 cells, knockdown of
notch mRNA reduced the epithelial barrier function, and was
accompanied by upregulation of claudin-2 proteins, reduction
of occludin and cytoplasmic localization of claudin-5 [49]. There-
fore, lymphoepithelial cross talk might regulate epithelial differ-
entiation and barrier integrity. Notch signaling is highly activated
in the mucosa of patients with Crohn'’s disease, leading to dysre-
gulation of the differentiation of epithelial cells [49]. Normal-
ization of disruption of this cross talk might be a potent
strategy for treating immune-mediated intestinal disorders.

Proof-of-concept for TJ-targeted drug development

As mentioned in the introduction, epithelial cells are a potent
target for drug development. TJ-targeted drug development has
been attempted [14,50], and proof-of-concepts for TJ-targeted drug
absorption, cancer targeting and mucosal vaccination have been
established. Recent findings indicate that TJ-targeted therapy for
hepatitis C virus (HCV), diabetes and inflammatory diseases might
be possible.

HCV infection

A total of 170 million people worldwide are infected with the HCV.
Hepatitis C is the leading cause of chronic liver inflammation,
cirrhosis and cancer. Claudin-1 and occludin are co-receptors for
HCV infection, indicating that binders to claudin-1 or occludin
might be potent inhibitors of HCV entry [16]. DNA immunization
enabled successful preparation of monoclonal anti-claudin-1 anti-
bodies against the extracellular loop of claudin-1, and these anti-
claudin-1 antibodies prevented HCV infection. Antibodies effec-
tively blocked cell entry of highly infectious escape variants of
HCV that were resistant to neutralizing antibodies [51]. When
hepatitis C patients reach end-stage liver failure, liver transplanta-
tion is the only choice for curative treatment; however, reinfection
of the transplanted liver by HCV often occurs. There is a significant
correlation between hepatic levels of claudin-1 and occludin and
HCV reinfection after liver transplantation [52]. Inhibition of HCV
reinfection of the transplanted liver by using anti-claudin-1 anti-
bodies might be a potent treatment for patients with liver trans-
plantation.

Diabetic retinopathy

Breakdown of the blood-retinal barrier (BRB) is a hallmark of
diabetic retinopathy [53]. Alterations to the BRB occur early in
the progression of diabetic retinopathy and eventually lead to
macular edema, which is responsible for vision loss [54]. Diabetic
patients show elevated levels of TNF-a in the vitreous humor.
TNF-a increases the permeability of retinal endothelial cells.
TNF-a decreases ZO-1 and claudin-5 expression and alters cellular

localization of ZO-1 and claudin-5 [55]. Thus, regulation of BRB-
integrity might be a potent strategy for treating vision loss owing
to diabetes. Indeed, a chemical already in clinical use for the
treatment of diabetic retinopathy, calcium dobesilate, attenuates
the decrease in occludin and claudin-5 and prevents BRB break-
down [56]. Berberine, a plant alkaloid, has also been used for the
treatment of diabetes. Berberine prevents barrier defects in retinal
epithelial cells [57]. Inducers of occludin and claudin-5 or pro-
moters of TJ integrity could be a potent treatment for diabetic
retinopathy.

Inflammatory diseases

Berberine has been also used in the treatment of gastroenteritis
and diarrhea. TNF-a disrupts TJ integrity in inflammatory bowel
diseases (IBD). Regulation of the TNF-«a-dependent signaling path-
way is a potent strategy for the treatment of IBD. TNF-a removes
claudin-1 from TJs and induces claudin-2 expression, leading to
disruption of the TJ barrier. Attenuation of TNF-a signaling is a
potent strategy for IBD therapy. Berberine also attenuates TNF-a-
induced TJ barrier defects by removing claudin-1 and inducing
claudin-2 expression [58]. Spontaneous colitis was observed in
interleukin (IL)-10—/— mice in which paracellular permeability
was increased in conjunction with decreased expression and redis-
tribution of ZO-1, occludin and claudin-1. Treatment with a
probiotic, Lactobacillus plantarum, restored expression of TJ com-
ponents and TJ] integrity, resulting in prevention of bacterial
translocation and proinflammatory responses in IL-10—/— mice
[59]. Recovery of TJ integrity might be a potent strategy for
inflammatory intestinal diseases. Ouabain, which is an inhibitor
of Na*, K*-ATPase, increased TJ integrity through signaling path-
ways involving c-Src and ERK1/2 and by modulating the expres-
sion of claudin-1, claudin-2 and claudin-4 [60,61]. Several natural
products have been found to be therapeutically useful against
epithelial barrier defects.

Paracellular drug transport

The claudin protein family comprises 27 members [7]. Claudins
form homo- and hetero-type strands in the lateral membrane.
Adjacent claudin-based TJ strands associate with each other, lead-
ing to sealing of the intercellular space. The combination of the
claudin members is a determinant factor for the properties of the
TJ barrier [S]. These findings suggest that optimization of claudin
modulators with narrow-specificity in certain cases, or broad-
specificity in other cases, might regulate solute- and tissue-speci-
ficity in paracellular transport. The most important issue in TJ-
targeted drug absorption is the development of claudin modula-
tors. Claudin is an integral membrane protein with a tetra-trans-
membrane domain. Claudin binders are the first choice for claudin
modulators. The first extracellular loop contains approximately SO
amino acids and the second contains approximately ten amino
acids. Claudins are hydrophobic proteins, and preparation of a
recombinant protein is only currently possible for claudin-4 [62].
Therefore, the development of claudin binders, including anti-
bodies, has been slow. Budded baculoviruses display functional
forms of membrane proteins on their surface [63]. Claudin-dis-
playing budded baculoviruses possess a native form of claudin and
can be used as a screening system for claudin binders [64]. Func-
tional membrane proteins are heterogeneously expressed on
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budded baculoviruses [63]. Functional information using FRAP
analysis will enable development of a screening system for claudin
modulators with narrow- or broad-specificity using the heteroge-
nous claudin-displaying baculoviral system. We predict that, in
the near future, proof-of-concept for tissue- and solute-specific
paracellular transport by modulating the claudin-barrier will be
demonstrated.

Coupling of transcellular and paracellular transport systems con-
trols permeability to solutes [65]. Claudin-based TJs function as
charge-selective paracellular channels [6]. Claudin-1S5 is responsible
for transepithelial permeability to extracellular monovalent cations,
especially Na*. Claudin-15-deficient mice exhibit low luminal Na*
levels and low glucose absorption in the intestine, indicating that
paracellular transport of Na* threugh claudin-15-based TJ strands
might be coupled to transcellular transport of glucose through a
glucose transporter [66]. These findings suggest that modulation of
the claudin-mediated paracellular transport of solutes might regulate
the transcellular transport of drugs through a transporter.

Concluding remarks

To our knowledge, the first report of TJ-targeted drug development
was the discovery in 1961 of enhanced mucosal absorption
of drugs by co-administration of ethylenediaminetetraacetic acid
[67]. TJs were identified in 1963 [17]. Modulation of the TJ-barrier
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Claudin-4, a member of a tetra-transmembrane protein family that comprises 27 members, is a key func-
tional and structural component of the tight junction-seal in mucosal epithelium. Modulation of the clau-
din-4-barrier for drug absorption is now of research interest. Disruption of the claudin-4-seal occurs
during inflammation. Therefore, claudin-4 modulators (repressors and inducers) are promising candi-

KeyW?de-' dates for drug development. However, claudin-4 modulators have never been fully developed. Here,
Claudin we attempted to design a screening system for claudin-4 modulators by using a reporter assay. We pre-
Tight junction pared a plasmid vector coding a claudin-4 promoter-driven luciferase gene and established stable repor-
Reporter assay . i . . . . .

Screening ter gene-expressing cells. We identified thiabendazole, carotene and curcumin as claudin-4 inducers, and

potassium carbonate as a claudin-4 repressor by using the reporter cells. They also increased or
decreased, respectively, the integrity of the tight junction-seal in Caco-2 cells. This simple reporter sys-
tem will be a powerful tool for the development of claudin-4 modulators.

Chemical modulator

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Tight junctions (TJs), the most apical components of intercellu-
lar junctional complexes, function as fences that maintain cellular
polarity and provide a barrier to regulate intercellular permeability
of epithelia [1,2]. Disruption of cellular polarity and the TJ-seal is
frequently observed during carcinogenesis and inflammation [3].
Modulation of T]-seals for drug absorption is now of research inter-
est [4,5]. A series of studies has revealed that TJs are composed of
transmembrane proteins (such as occludin and claudins), junction
adhesion proteins, and cytoplasmic scaffolding proteins, including
Z0-1, ZO-2, and Z0-3 (see reviews [6-8]). Of these, claudins are
thought to be the main structural and functional components of
TJs.

Claudins, tetra-transmembrane proteins with a molecular mass
of approximately 23 kDa, comprise a multigene family containing
over 20 members [8]. The barrier-function and the expression
patterns of claudin members differ among tissues [6,8,9].
Claudin-1-, -5-, and -11-deficient mice show dysfunction of the

Abbreviations: TJs, tight junctions; C-CPE, the carboxyl terminus of Clostridium
perfringens enterotoxin; TGF-B, transforming growth factor-B; EGF, epidermal
growth factor; PMA, phorbol 12-myristate 13-acetate; DMSO, dimethyl sulfoxide;
PCR, polymerase chain reaction; RT-PCR, reverse transcription-PCR; GAPDH,
glyceraldehyde 3-phosphate dehydrogenase; qPCR, quantitative PCR; SDS, sodium
dodecy! sulfate; SDS-PAGE, SDS-polyacrylamide gel electrophoresis; TER, transepi-
thelial electric resistance.
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epidermal barrier, blood-brain barrier, and blood-testis barrier,
respectively [10-12]. The expression levels and the barrier-
functions of claudins are often altered in various cancer cells; they
can be down-regulated or up-regulated, depending on the type of
cancer [13]. Changes in claudin expression have also been observed
in the mucosal epithelium under inflammatory conditions [14].
Claudins are thus potent targets for drug development, such as
drug delivery, anti-cancer agents, and anti-inflammatory agents.

Since claudins play a role in TJ-seals, modulation of the claudin-
barrier is a potent strategy for drug absorption. The carboxyl-ter-
minus of Clostridium perfringens enterotoxin (C-CPE) is a modulator
of the claudin-barrier [15]. Treatment of cells with C-CPE causes a
decrease in claudin-4 proteins in TJs, followed by an enhancement
of the paracellular transport of solutes without causing cytotoxic-
ity [15]. C-CPE also enhances jejunal, nasal, and pulmonary absorp-
tion of drugs [16]. Thus, proof-of-concept for claudin-targeted drug
absorption has been demonstrated. A decrease in claudin-4 in the
intestinal epithelium often occurs in colitis [17]. Down-regulation
of claudin-4 is also observed in some cancer cells [18]. Induction of
claudin-4 is involved in the chemo-preventive effect of nonsteroi-
dal anti-inflammatory drugs [19]. A modulator of claudin-4 expres-
sion would therefore be a potent molecule for claudin-targeted
drug absorption and drug development for some inflammatory dis-
eases and cancers. However, an effective system to screen for clau-
din modulators is lacking.

Here, we developed a simple system to monitor claudin-4
expression using a reporter gene, and we screened chemical clau-
din-4 modulators.



A. Watari et al./ Biochemical and Biophysical Research Communications 426 (2012) 454-460 455

2. Materials and methods
2.1. Reagents and cells

Recombinant human transforming growth factor-p (TGF-B) and
epidermal growth factor (EGF) were purchased from R&D systems
(Minneapolis, MN) and Peprotech Inc. (Rocky Hill, NJ), respectively.
The recombinant proteins were dissolved in water and stored at
—80 °C before use. Phorbol 12-myristate 13-acetate (PMA) were
dissolved in dimethyl sulfoxide (DMSO) and stored at —20 °C be-
fore use. List of the chemicals used in this study for screening for
claudin-4 modulator is shown in Table 1. All reagents were of re-
search grade.

MCF-7, and Caco-2 cells were cultured in Dulbecco’s modified
minimal essential medium supplemented with 10% fetal bovine
serum in 5% CO, at 37 °C. MCF-7 cells were obtained from the RI-
KEN cell bank (Ibaragi, Japan). Caco-2 cells were obtained from
the American Type Culture Collection (Manassas, VA). MCF-7 cells
stably expressing snail or HRasV12 were prepared by infection
with a recombinant retroviral vector coding for snail or HRasV12
gene.

2.2. Preparation of a reporter plasmid

Genomic DNA was extracted from MCF-7 cells by using a geno-
mic DNA isolation kit (Sigma-Aldrich, St. Louis, MO). The claudin-4
promoter region was cloned by polymerase chain reaction (PCR)
using genomic DNA as a template and paired primers (forward pri-
mer, 5-GCGCTAGCGGTTGCCCCCTGGCCTITAAC-3’; reverse primer,
5-CGCTCGAGGTCCACGGGAGTTGAGGACC-3). The resultant frag-
ments (500 bp) were subcloned into the pGV-B2 vector encoding
the luciferase gene (Toyobo, Osaka, Japan). The sequence of the
claudin-4 promoter region was confirmed.

2.3. A transient expression of transfection snail or HRasV12 gene

Transfection was performed with FUGENE HD (Roche, Mann-
heim, Germany) according to the manufacturer’s protocol. Briefly,
cells were seeded onto 24-well plates. When the cells reached to
80% confluent cell density, 20 pul of medium containing 0.6 pl of Fu-
GENE HD and 200 ng of plasmid carrying snail or HRasV12 gene
was added to the wells. After 48 h of transfection, the luciferase
activity of the cell lysates was measured as described below.

2.4. Luciferase assay

Luciferase activity was measured using a commercial available
luciferase assay system (Toyo Ink, Tokyo, Japan). Cells were lysed
with a cell lysis reagent, LCB (Toyo Ink). The cell lysates were then
centrifuged at 18,000g for 5 min. The luciferase activity in the
resulting supernatant was measured using a TriStar LB 941 micro-
plate reader (Berthold, Wildbad, Germany).

2.5, Establishment of a stable reporter cell line

MCF-7 cells were transfected with the reporter plasmid and a
plasmid carrying the puromycin resistance gene. Stable transfec-
tants were selected in the presence of puromycin.

2.6. Screening for claudin-4 modulators

The clone 35 cells were seeded onto 96-well plates at a density
of 4 x 10* cells/well. On the following day, vehicle or compound
was added, and the cells were cultured for an additional 24 h.

The luciferase activity in the cells was then measured as described
above.

2.7. Cytotoxicity assay

Clone 35 cells or Caco-2 cells were seeded onto a 96-well plate
at a density of 4 x 10 or 6 x 10% cells/well, respectively. On the
following day, cells were treated with chemicals at the indicated
periods. The cell viability was measured by using a WST-8 assay
kit (Nacalai, Kyoto, Japan).

2.8. Reverse transcription-PCR (RT-PCR) analysis

RT reaction and PCR amplification were performed with a cDNA
synthesis kit (Roche, Mannheim, Germany) and ExTaqTM (Takara,
Shiga, Japan), respectively, according to the manufacturer’s instruc-
tions. Briefly, total RNA was prepared with TRIzol reagent (Invitro-
gen, Carlsbad, CA). For reverse transcription, 5 pg of total RNA was
used. PCR was performed for 23 cycles for claudin-4 (94 °C for 30 s,
55 °Cfor 15 s, 72 °C for 30 s) and for 20 cycles for GADPH (94 °C for
30s,55°Cfor 15 s, 72 °C for 60 s). The PCR products were separated
by use of agarose gel electrophoresis and stained with ethidium
bromide. The sequences of the primers are as follows: forward pri-
mer for claudin-4, 5'-CAACATTGTCACCTCGCAGACCATC-3'; reverse
primer for claudin-4, 5-TATCACCATAAGGCCGGCCAACAG-3'; for-
ward primer for glyceraldehyde 3-phosphate dehydrogenase (GAP-
DH), 5-TCTTCACCACCATGGAGAAG-3’; reverse primer for GAPDH,
5'-ACCACCTGGTGCTCAGTGTA-3".

2.9. Quantitative PCR (qPCR) analysis

qPCR was performed with SYBR Premix Ex Taq Il (Takara) using
an Applied Biosystems StepOne Plus (Applied Biosystems, Foster
City, CA). Relative quantification was performed against a standard
curve and the values were normalized against the input deter-
mined for the housekeeping gene, GAPDH. The primer sequences
used for qPCR were as follows: forward primer for claudin-4, 5'-
TTGTCACCTCGCAGACCATC-3' and reverse primer for claudin-4,
5'-CAGCGAGTCGTACACCTTG-3'; forward primer for GAPDH, 5'-
GGTGGTCTCCTCTGACTTCAACA-3 and reverse primer for GAPDH,
5'-GTGGTCGTTGAGGGCAATG-3".

2.10. Western blot analysis

Cells were lysed with RIPA buffer (0.15 M NacCl, 50 mM Tris-
HCl, pH 7.4, 1 mM ethylenediaminetetraacetic acid, 1% Triton X-
100, 1% sodium deoxycholate, 0.1% sodium dodecy! sulfate (SDS),
1% protease inhibitor cocktail [Sigma-Aldrich]). The cell lysates
were subjected to 15% SDS-polyacrylamide gel electrophoresis
(SDS-PAGE), followed by blotting onto polyvinylidene difluoride
membrane. The membranes were incubated with anti-claudin-4
mouse monoclonal (Zymed, South San Francisco, CA) and anti-g-
actin mouse monoclonal (Sigma-Aldrich) antibodies, respectively,
and subsequently treated with horseradish peroxidase-conjugated
anti-mouse IgG (Zymed). The reactive bands were detected by
using an enhanced chemiluminescence reagent (GE Healthcare,
Buckinghamshire, UK).

2.11. Transepithelial electric resistance (TER) assay

Caco-2 cells were seeded into Transwell™ chambers (Corning,
NY) at a density of 8 x 10% cellsjwell. On 7 days after the seeding
or when TER values reached a plateau, claudin-4 inducers (thia-
bendazole, carotene, or curcumin) or claudin-4 repressor (potas-
sium carbonate), respectively, was added. The TER values were
then monitored at 0, 24, and 48 h using a Millicell-ERS epithelial
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Chemicals used in this study as screening sources.

Sample number

Sample name

Concentration®

Relative luciferase activity®

CONOY U B W

Tartrazine

Potassium nitrate
Potassium carbonate
Sodium chlorous

Zinc sulfate

New coccine .
Amaranth (Bordeaux S)
Allura red AC

Sunset yellow FCF
Potassium hydroxide
L-ascorbic acid

Sodium nitrite
Propionic acid

Sodium carbonate

Zinc gluconate

Benzoic acid

Sorbic acid

Aspartame
Dibutylhydroxytoluene
Allyl isothiocyanate
Saccharin

1-Ascorbyl palmitate
Hydroxy biphenyl
Aluminium potassium sulfate
1-Lysine

Calcium pantothenate
Carrageenin

Tartaric acid

Sodium acetate
Glycine

Sodium alginate
Ammonium chloride
Magnesium sulfate
5-Ribonucleotide
Calcium chloride
Valine

Erythrosine

Annatto

Maltitol

Sodium dehydroacetate
Nicotinic acid
Isoleucine

Mannitol

Ascorbic acid (Vitamin C)
Phenylalanine

Gallic acid

Erythorbic acid (Sodium isoascorbate)
Magnesium chloride
Cochineal extract
Calcium dihydrogen pyrophosphate
Calcium citrate
Polyvinyl acetate
Fumaric acid

Sodium methyl p-hydroxybenzoate
Tocophenol (Vitamin E)
Rennet

lonone

Isoeugenol

Allyl isosulfocyanate
Propylene glycol

Ethyl isovalerate

Pectin

Cysteine

Tragacanth gum
Thiamin

Gum arabic

Cellulose
Thiabendazole
Isopropy! citrate
y-oryzanol

Calcium carbonate
Propylene glycol alginate
Chlorophyll

Sodium chondroitin sulfate

10 mM
1 mM
10 mM
10 mM
0.1 mM
0.01 mM
1mM
1mM
1mM
1mM
1mM

10 mM
0.0001%
1 mM
0.01%
0.01 mM
1mM

1 mM
0.01 mM
0.0001%
1mM
1mM

0.01 mM
0.1 mM
10 mM

10 mM
0.01 mM
1 mM
10 mM
10 mM
10 mM
10 mM
10 mM
0.001 mM
1mM
10 mM
0.01 mM
0.01 mM
10 mM

1 mM
1mM
1mM
10 mM
10 mM
1mM
0.1 mM
1mM
0.1%
0.1%
1mM
0.01 mM
0.1 mM
0.01 mM
1mM
0.0001%
0.01%
0.01%
0.001%
0.001%
0.1%
0.001%
0.001%
0.01 mM
0.01%
0.1%
0.01%
0.001%
0.1 mM
10 mM
0.01%
0.001%
0.01%
0.1%
0.1%

1.29
0.94
0.56
0.95
0.95
0.98
134
1.49
1.59
0.83
1.02

091
0.82
091
1.76
13

1.51
1.59
1.81
1.72
15

1.21

1.87
0.94
1.42

1.61
1.56
1.01
1.02
1.68
1.52
1.91
1.56
1.15
1.62
1.08
1.22
1.96
1.44
1.98
1.55
1.06
1.29
1.17
095
141
1.03
1.26
1.02

0.92
1.13
1.24
2.04
2.14
0.89
1.15
1.15
1.06
0.87
0.89
0.98
0.76
0.83
1.15
0.91
0.84
3.24
1.04
1.02
0.857
0.87
1.02
1.04
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Table 1 (continued)

Sample number Sample name

Concentration® Relative luciferase activity®

75 Biphenyl

76 Sodium cytidylic acid
77 Stevia rebaudiana

78 Calcium stearoyl lactylate
79 Ferrous sulfate

80 Calcium sulfate

81 Benzayl peroxide

82 Dibenzoyl thiamine
83 Carotene

84 Guar gum

85 Xanthan gum

86 . Curcumin

0.1 mM 0.99
1 mM 0.77
0.01% 0.96
0.01% 0.83
0.1 mM 1.37
0.1 mM 0.93
0.1 mM 1.13
1 mM 0.88
0.1 mM 2.09
0.001% 0.84
0.001% 0.77
0.01 mM 20

# The chemical concentrations were set at the maximum level to show no cytotoxicity. ]
b The relative luciferase activities were calculated as the ratio of that in the chemical-treated cells to that in the vehicle-treated cells. The treatment period was 24 h.

volt-ohmmeter (Millipore Corporation, Billerica, MA). The TER
values were normalized to the area of the Caco-2 cell monolayers,
and the TER value of a blank chamber was subtracted.

3. Results

3.1. Preparation of a reporter plasmid encoding a claudin-4-promoter-
driven luciferase gene '

As a first step toward developing a simple screening system for
claudin-4 modulators, we cloned the promoter region of claudin-4.

A

1.2-

-
v
(=]
i
=

o
®

e
b

Relative luciferase activity
o
i

o
b

(=]

Mock Snail

o
iy

Reldlive luciferase activity
w

Mock HRasV12

We searched for a region that was highly conserved among ani-
mals by using a UCSC Genome Bioinformatics program and cloned
a 500 bp fragment corresponding to —293 to +194 bp of the clau-
din-4 gene. This 500 bp fragment contained various transcription
factor-binding sites: an E-box (-276 to -271, —262 to —257,
—221 to —216, —19 to —14, +10 to +14), a smad-binding element
(SBE; —212 to —209, —103 to —100, —38 to —35), and Sp1 (-66
to —57, —53 to —44) [20,21], indicating that this region is a potent
candidate for a regulatory region of claudin-4 expression. We
constructed a reporter expression vector, in which the 500 bp frag-
ment was inserted upstream of a luciferase gene Suppl. Fig. 1A). To

Cc

1.21
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o
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o
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Reldlive claudin4 expression
o
@

o
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Mock Snail

O

Relative claudin-4 expression
D

0 l I

Mock HRasV12

Fig. 1. Preparation of a reporter system monitoring claudin-4 expression. (A, B) Effects of snail and HRasV12 on the luciferase activity in transiently expressing cells. Snail-
expressing MCF-7 cells (A) or HRasV12-expressing MCF7 cells (B) were transfected with the claudin-4 reporter plasmid. Two days later, the cells were recovered, and the
luciferase activity in the lysates was measured. The data are means + S.D. (n = 3). The results are representative of two independent experiments. (C, D) qPCR analysis of
claudin-4 expression in transiently expressing cells. After 2 days of the transfection with the claudin-4 reporter plasmid, total RNA was extracted from snail-expressing MCF-
7 cells (C) or HRasV12-expressing MCF-7 cells (D). Expression level of claudin-4 of the transfected cells was quantified by qPCR as described in the Section 2. Claudin-4
expression level was shown as ratio to that of the mock cells. The data are means + S.D. (n = 3). The results are representative of two independent experiments.
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Reldlive luciferase activity
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Fig. 2. Effect of PMA on the luciferase activity in clone 35 cells. Clone 35 cells were
treated with PMA at the indicated concentrations for 24 h. Luciferase activity in the
lysates was measured. The relative luciferase activity is shown as the ratio of the
luciferase activity in the treated cells to that of the vehicle-treated cells. The data
are means*S.D. (n=3). The results are representative of two independent
experiments.

evaluate expression of the reporter gene, we checked the endoge-
nous claudin-4 expression level in various cell lines and selected
MCF-7, HaCat, HT1080, and SiHa cells, which have different
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claudin-4 expression levels for our analyses (Suppl. Fig. 1B). We
transiently transfected the reporter plasmid into these cell lines
and found that the luciferase activity of each was correlated with
the endogenous expression level of claudin-4 (Suppl. Fig. 1C). We
also investigated expression of the reporter gene in MCF-7 cells
stably expressing snail or HRasV12, which suppress or induce clau-
din-4 expression, respectively [22,23]. Transfection of snail- or
HRasV12-expressing MCF-7 cells with the reporter plasmid de-
creased or increased, respectively, the luciferase activity compared
to that of mock-transfected MCF-7 cells (Fig. 1A and B). The differ-
ence in luciferase activity paralleled the level of claudin-4 mRNA in
the cells (Fig. 1C and D), suggesting that the cloned promoter
region was functional.

3.2. Preparation of a screening system for claudin-4 modulators

We transfected MCF-7 cells with the claudin-4 reporter plasmid
and isolated stable transfected clones. We investigated the effect of
transient expression of snail and HRasV12 on luciferase activity in
these clones and found that several clones showed altered lucifer-
ase activity when transfected with the claudin-4 suppressor (snail,
Suppl. Fig. 2A) or the claudin-4 inducer (HRasV12, Suppl. Fig. 2B).
TGF-B suppresses claudin-4 expression [23], whereas EGF en-
hances claudin-4 expression [24]. Therefore, we also investigated
the effects of TGF-B and EGF on the luciferase activity in the clones
(Suppl. Fig. 2C and D, respectively). Since clone 35 showed the best

c

[T

: |

Relalive claudin4 expression
@

101 m

Vehide Potassium Thiabendazole Carotene Curcumin
carbonate
Potassium Thiabendazole Curcumin
Vehide carbonate Vehide Carotene
- Claudin-4 - Claudin-4

- p-actin

Fig. 3. Screening claudin-4 modulators using the reporter system. (A, B) Dose-dependent effects of the claudin-4 modulator candidates on luciferase expression. Clone
35 cells were treated with potassium carbonate (A), or thiabendazole, carotene, or curcumin (B) at the indicated concentrations for 24 h. Luciferase activity was measured in
the lysates. Relative luciferase activity is shown as the ratio of the luciferase activity in the chemical-treated cells to that in the vehicle-treated cells. The data are means + S.D.
(n = 3). The results are representative of three independent experiments. (C, D) Effects of the claudin-4 modulator candidates on claudin-4 mRNA expression (C) and claudin-4
protein (D) levels. Clone 35 cells were treated with potassium carbonate (5 mM), thiabendazole (0.1 mM), carotene (0.2 mM), or curcumin (10 uM) for 24 h (C) or 48 h (D).
Total RNA was used for qPCR analysis to detect claudin-4 mRNA (C). The relative mRNA expression of claudin-4 normalized to GAPDH expression. The cell lysates were
subjected to SDS-PAGE, followed by immunoblotting for claudin-4 (D). GAPDH or B-actin served as loading controls. The result is representative of three independent

experiments.
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Fig. 4. Effects of claudin-4 modulator on the T}-barrier in Caco-2 cells. (A) Effect of
claudin-4 inducers on the TJ-barrier. Cells were seeded in Transwell™ chambers.
Seven days after seeding, the cells were treated with thiabendazole (0.05 mM),
carotene (0.2 mM), or curcumin (10 tM). TER values were monitored every 24 h. (B)
Effect of a claudin-4 repressor on the TJ-barrier. Cells were seeded in Transwell™
chambers. When the TER values reached a plateau, the Tj-developed cells were
treated with potassium carbonate (10 mM). After 48 h of treatment, the medium
was replaced with fresh medium. The cells were then cultured for an additional
24 h. TER values were monitored every 24 h. TER values are shown as percentages
of the TER values before treatment relative to those in treated cells, as described in
the Section 2. The data are means + S.D. (n = 3). These results are representative of
three independent experiments.

response to the various claudin-4-modulating treatments, we se-
lected it for further analysis. The clone 35 cells were treated with
PMA, which enhances claudin-4 expression [25]. PMA increased
luciferase activity in a dose-dependent manner (Fig. 2). These re-
sults indicate that clone 35 could be used to screen for modulators
of claudin-4 expression.

3.3. Screening for claudin-4 modulators

When we eat, fragments of partially digested food, which still
have antigenicity, exist in the intestine. This suggests that claudin
modulators that tighten TJ-barriers may be contained in food.
Therefore, we screened 86 chemicals used as food additives for
claudin-4 modulators (Table 1). At first, we checked the cytotoxic-
ity of these compounds in the clone 35 cells (Table 1). Then, we
treated the cells with the compounds at non-toxic concentrations
and identified the following claudin-4 modulator candidates:
potassium carbonate (No. 3), thiabendazole (No. 68), carotene
(No. 83), and curcumin (No. 86) (Suppl. Fig. 3). Each chemical mod-
ulated luciferase activity in a dose-dependent manner (Fig. 3A and
B). gPCR analysis revealed that thiabendazole, carotene, and curcu-
min increased claudin-4 expression in the clone 35 cells (Fig. 3C),
whereas potassium carbonate decreased claudin-4 expression.

Similar results were obtained from Western blot analysis of clau-
din-4 (Fig. 3D).

To test whether the screened compounds also modulated the
TJ-barrier, we investigated the effect of the compounds on the
TER value, a marker of TJ-integrity, in Caco-2 cell monolayers,
which is a popular model for mucosal barrier. Treatment of cells
with thiabendazole, carotene, and curcumin increased the TER val-
ues (Fig. 4A). In contrast, potassium carbonate decreased the TER
value. Moreover, the TER values recovered when the potassium
carbonate was removed (Fig. 4B), and treatment with potassium
carbonate did not cause cytotoxicity (data not shown). Thus, we
successfully identified claudin-4 modulators.

4. Discussion

Claudin-4 inducers have been the focus of attention in drug
development to treat inflammatory diseases and cancers [17-
19]; however, their development has been slow. Some chemicals
that modulate T] integrity have been identified: glutamine, bryost-
atin-1, berberine, quercetin, and butyrate [26~30]. Here, we estab-
lished a simple monitoring system for claudin-4 expression using a
reporter gene, luciferase, and successfully identified chemical clau-
din-4 modulators: one suppressor of claudin-4 expression, potas-
sium carbonate, and three inducers of claudin-4, thiabendazole,
carotene, and curcumin.

Curcumin is an active ingredient of the spice turmeric, which is
used in curry powders and as a food preservative. It is also used in
traditional medicine to treat various inflammatory conditions, such
as arthritis, colitis, and hepatitis [31]. Curcumin has various biolog-
ical activities, such as anti-inflammatory, anti-oxidant, and anti-
cancer effects [32]; however, the underlying mechanisms have
never been fully understood. Here, we found that curcumin in-
duces claudin-4 expression and increases T] integrity. This
enhancement of TJ integrity by curcumin may be associated with
its therapeutic activities.

Carotene is a precursor of vitamin A. Retinoic acid, a metabolite
of vitamin A, enhances TJ integrity in epithelial cells accompanied
by expression of claudin-1, -4, and occludin [33]. These findings
suggest that metabolized B-carotene-activated expression of clau-
dins enhances the epithelial barrier in Caco-2 cells. Retinoic acid is
a biologically active regulator of cell differentiation, proliferation,
and apoptosis in various cell types [34]. The activities of retinoic
acid are mediated by two types of nuclear receptors: retinoic acid
receptors and their heterodimeric counterparts, retinoid X recep-
tors [35]. Specific heterodimer-mediated transcriptional activation
increases T] integrity [36]. The increase in claudin-4 expression
and TJ integrity induced by carotene may be caused by the forma-
tion of the heterodimer, followed by transcriptional activation.

Thiabendazole is used as a broad spectrum anthelmintic in var-
ious animal species and is also used to control parasitic infections
in humans [37]. It is also used as an anti-fungal agent for the treat-
ment of fruits [38]. Here, we found that thiabendazole increases
claudin-4 expression and TJ integrity, but the mechanism for these
activities remains unclear.

Our screening system identified a repressor of intestinal epithe-
lial barrier function as well as three enhancers. We showed that
potassium carbonate reduces claudin-4 expression and epithelial
barrier function in Caco-2 cells without causing cytotoxicity. Potas-
sium carbonate is used as an acidity regulator, and paracellular
permeability is sensitive to pH [39]. Thus, potassium carbonate
might reduce epithelial barrier integrity by changing the pH.

In conclusion, we developed the simple screening system for
claudin-4 modulator, and we identified several claudin-4 modula-
tors, including three inducers and one repressor. The screening sys-
tem will thus be a tool for the development of claudin-4
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modulators, thereby contributing to basic and pharmaceutical
researches,
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ABSTRACT: Recently, we reported the accelerated gene trans-
fection - efficiency of laminin-derived AG73-peptide-labeled poly-
ethylene glycol-modified liposomes (AG73-PEG liposomes) and cell
penetrating TAT-peptide labeled PEG liposomes usmg PEG-
mochﬁed liposomes, ‘which trap echo-contrast gas, “Bubble lip-
osomes™ (BLs), ‘and- ultrasound (US) exposure. BLs and US
exposure were reported to enhance the endosomal escape of
AG73-PEG hposomes, thereby leading to increased gene expression.
However, the mechanism behind the effect of BLs and 'US exposure
on endosomes is not well understood. US exposure was reported to
induce an influx of calcium ions (Ca’*) by enhancing permeabi]ity of
the cell membrane: Therefore, we examined the effect of Ca** on the
endosomal " escape and transfection efficiency of AG73-PEG

AG73-PEG-liposomes Uitrasound

“Involvementof -
Ca*and ATP
in endosomal escape

liposomes, which were previously enhanced by BLs and US exposure. For cells treated with EGTA, the endosomal escape
and gene expression of AG73-PEG liposomes were not enhanced by BLs and US exposure. Similarly, transfection efficiency of
the AG73-PEG liposomes in ATP- -depleted cells was not enhanced. Our results suggest that Ca® and ATP are necessary for the
enhanced endosomal escape and gene expression of AG73-PEG liposomes by BLs and US exposure, These findings may
contribute to the development of useful techniques to improve endosomal escape and achleve efficient gene transfection.

KEYWORDS: AG73 peptlde, atp, Bubble llposomes, calcium ions, gene delivery, endosomal escape, ultrasound

H INTRODUCTION

For successful gene therapy, various nonviral vectors such as
lipid- and polymer-based carriers have been developed.
However, they generally have relatively low transfection
efficiencies, which need to be overcome.’ Recent reports have
emphasized the importance of subcellular and intracellular
trafficking of gene delivery carriers. To achieve efficient gene
transfection, carriers must overcome several steps including
cellular internalization, endosomal escape, nuclear transfer and
intracellular transcription.”® Of these steps, endosomal escape
is considered one of the most important, because most carriers
are internalized into cells via an endocytic pathway. When
escape from endosomes is impossible, the genes are degraded
in lysosomes. Indeed, some groups have developed carriers and
protocols that involve monitoring functions, such as pH
sensitivity, temperature dependence, or photosensitivity, to
deliver genes to the cytosol from endosomes.*””

liposomes and TAT-PEG liposomes, which were Jabeled with a
TAT peptide (a cell penetrating peptide derived from human
immunodeficiency virus trans-acting transcriptional activator),
could be accelerated by PEG-modified liposomes, which trap
echo-contrast gas, “Bubble liposomes” (BLs), and ultrasound
(US) exposure.”’® BLs and US exposure enhanced the
endosomal escape of AG73-PEG liposomes and TAT-PEG
liposomes, leading to increased gene expression. However, the
mechanism behind the effect of BLs and US exposure on
endosomes and the resulting enhanced endosomal escape of
carriers is not well understood. To promote this method as a
more useful gene delivery tool, it is necessary to understand the
detailed interactions at a fundamental level.

US pressure above a certain threshold can cause oscillating
bubbles to undergo a violent collapse known as inertial

cavitation. Microbubbles can be the nuclei of cavitation, and

Previously, we developed laminin-derived AG73 peptide- Received: November 28, 2011
labeled polyethylene glycol (PEG)-modified liposomes (AG73- Revised:  January 26, 2012
PEG liposomes) as tumor targeted gene delivery carriers.® We Accepted: March 2, 2012
also reported that the transfection efficiency of AG73-PEG Published: March 2, 2012
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subsequent US exposure can induce more efficient cavitation.
Inertial cavitation is thought to cause transient disruptions in
cell membranes, which enable the transport of extracellular
molecules into cells.'' ™' However, US exposure has also
induced several biological effects, such as bone fracture healing,
wound healing, and induction of apoptosis.”’~'* Moreover, the
induced influx of calcium ions, the generation of reactive
oxygen species, or the activation of some signals at a cellular
level can be attributed to US exposure.”*™>

Calcium ions (Ca**) have important roles in cells and are
involved in various events such as cell proliferation and cell
death %25 US exposure induces the influx of Ca®* by enhancing
permeability of the cell membrane. Ca** also adjusts endosomal
acidification and vesicle fusion.?®~%° Therefore, we focused on
Ca** and hypothesized that BLs and US enhance the
endosomal escape of gene delivery carriers via Ca** influx.
We also investigated the involvement of ATP in enhanced gene
delivery. In this study, we examined the effect of Ca** and ATP
on the endosomal escape and transfection efficiency of AG73-
PEG liposomes enhanced by BLs and US exposure.

B EXPERIMENTAL SECTION

Materials. The pcDNA3-Luc plasmid, derived from pGL3-
basic (Promega, Madison, WI), is an expression vector
encoding the firefly luciferase gene under the control of a
cytomegalovirus promoter. EGTA (ethylene glycol-bis(2-
aminoethyl ether)-N,N,N',N'-tetraacetic acid) was purchased
from Sigma (St. Louis, MO). NaF and NaNj were purchased
from Wako Pure Chemical Industries, Ltd. (Osaka, Japan).
Antimycin A was purchased from Enzo Life Sciences, Inc. .
(Farmingdale, NY). Alexa Fluor 488-conjugated transferrin was
purchased from Molecular Probes, Inc. (Eugene, OR).

Cell Lines and Cultures. A 293T human embryonic kidney
carcinoma cell line, stably overexpressing syndecan-2 (293T-
Syn2 cell), was cultured in Dulbecco’s modified Eagle’s medium
(DMEM; Kohjin Bio Co. Ltd, Tokyo, Japan), supplemented
with 10% fetal bovine serum (FBS; Equitech Bio Inc., Kerrville,
TX), penicillin (100 U/mL), streptomycin (100 yug/mL), and
puromycin (0.4 pg/mL), at 37 °C in humidified 5% CO,
atmosphere.

Preparation of AG73-PEG Liposomes. The Cys-AG73
peptide (CGG-RKRLQVQLSIRT) was synthesized manually
using the 9-fluorenylmethoxycarbony (Fmoc)-based solid-
phase strategy. The peptide was prepared in the COOH-
terminal amide form and purified by reverse phase high-
performance liquid chromatography. AG73-labeled PEG lip-
osomes were prepared by the hydration method. The pDNA
was diluted to a concentration of 0.1 mg/mL in 10 mM HEPES
buffer (pH 7.4) and was condensed using 0.1 mg/mL poly-L-
lysine (PLL); (SIGMA-Aldrich Co., St. Louis, MO). The
complex of pDNA-PLL was added to a lipid film composed of
1,2-dioleoyl-sn-glycero-3-phospho-rac-1-glycerol (DOPG)
(AVANTI Polar Lipids Inc, Alabaster, AL), 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine (DOPE) (AVANTI Polar
Lipids Inc, Alabaster, AL), and 1,2-distearoyl-sn-glycero-3-
phosphatidylethanolamine-polyethylene glycol-maleimide
(DSPE-PEG,gy-Mal) (NOF Corporation, Tokyo, Japan) in a
molar ratio of 2:9:0.57 followed by incubation for 10 min at
room temperature to hydrate the lipids. The solution was
sonicated for 5 min in a bath-type sonicator (42 kHz, 100 W)
(BRANSONIC 2510J-DTH, Bransoni Ultrasonic Co., Dan-
bury, CT). For coupling, AG73 peptide, at a molar ratio of 5-
fold DSPE-PEG,4-Mal, was added to the PEG liposomes, and
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the mixture was incubated for 6 h at room temperature to
conjugate the cysteine of Cys-AG73 peptide to the maleimide
of the PEG liposomes using a thioether bond. The resulting
AG73-peptide-conjugated PEG liposomes (AG73-PEG lip-
osomes) were dialyzed to remove any excess peptide. AG73-
PEG liposomes were modified with 5 mol % PEG and 3 mol %
peptides.

Preparation of Bubble Liposomes. PEG liposomes
composed of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC) (NOF Corporation, Tokyo, Japan) and 1,2-
distearoyl-sn-glycero-3-phosphatidylethanolamine-polyethylene
glycol (DSPE-PEG,40-OMe) (NOF Corporation, Tokyo,
Japan) in a molar ratio of 94:6 were prepared by a reverse-
phase evaporation method. In brief, all reagents were dissolved
in 1:1 (v/v) chloroform/diisopropyl ether. Phosphate buffered
saline was added to the lipid solution, and the mixture was
sonicated and then evaporated at 47 °C. The organic solvent
was completely removed, and the size of the liposomes was
adjusted to less than 200 nm using extruding equipment and a
sizing filter (pore size: 200 nm) (Nuclepore Track-Etched
Membrane, GE Healthcare, U.K.). The lipid concentration was
measured using a Phospholipid C test Wako (Wako Pure
Chemical Industries, Ltd, Osaka, Japan). BLs were prepared
from liposomes using perfluoropropane gas (Takachio
Chemical Ind. Co. Ltd,, Tokyo, Japan). First, 2 mL sterilized
vials containing 0.8 mL of the liposome suspension (lipid
concentration: 1 mg/mL) were filled with perfluoropropane
gas, capped, and then pressurized with a further 3 mL of
perfluoropropane gas. The vials were placed in a bath-type
sonicator (42 kHz, 100 W) (BRANSONIC 2510j-DTH,
Branson Ultrasonics Co., Danbury, CT) for S min to form BLs.

Gene Transfection by AG73-PEG Liposomes with BLs
and US Exposure. Two days before the experiments, 293T-
Syn2 cells (1 X 10°) were seeded in a 48-well plate. The cells
were treated with AG73-PEG liposomes (encapsulating pDNA:
3 pg/mL) in serum-free medium for 4 h at 37 °C. The cells
were washed twice with Ca**-free DMEM containing 10 mM
EGTA. To deplete ATP, the cells were treated with NaN,
(0.1%), NaF (10 mM), and antimycin A (1 pug/mL) for 30 min,
and then the BLs were added. Within 2 min, US exposure was
applied through a 6 mm diameter probe placed in the well
(frequency, 2 MHz; duty, S0%; burst rate, 2 Hz; intensity, 1.0
W/cm?; time, 10 s). A Sonopore 3000 (NEPA GENE, CO,,
Ltd, Chiba, Japan) was used to generate the US. The cells were
transferred to fresh medium and cultured for 20 h, and then
luciferase activity was determined.

Measurement of Luciferase Expression. Cell lysates
were prepared with lysis buffer (0.1 M Tris-HCI pH 7.8, 0.1%
Triton X-100, and 2 mM EDTA). Luciferase activity was
measured as relative light units (RLU) per mg of protein using
a luciferase assay system (Promega, Madison, WI) and a
luminometer (LB96 V, Belthold Japan Co. Ltd., Tokyo, Japan).

Assessment of Localization of pDNA and Transferrin.
The 293T-Syn2 cells (7 X 10*) were seeded two days before
the experiments. The cells were treated with AG73-PEG
liposomes (Cy3-labeled pDNA: 3 ug/mL) and Alexa Fluor
488-conjugated transferrin (S0 pg/mL) for 4 h at 37 °C. After
incubation, the cells were washed, and the BLs (120 ug/mL)
were added. Then, US exposure was applied (frequency, 2028
kHz; duty, 50%; burst rate, 2.0 Hz; intensity, 1.0 W/cm?; time,
10 s). To assess the involvement of Ca®* and ATP, the cells
were treated as described in the above section. Subsequently,
the cells were incubated for 10 min and then fixed with 4%

dx.doi.org/10.1021/mp200606d | Mol. Pharmaceutics 2012, 9, 1017-1023
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paraformaldehyde for 1 h at 4 °C followed by visualization
using confocal laser scanning microscopy (CLSM). To
differentiate the AG73-PEG liposomes internalized into the
cytoplasm following attachment to the surface of the cell
membrane, the cytoplasm was distinguished from the cell
membrane as shown previously.”'****! The rate of colocaliza-
tion of Cy3-labeled pDNA with Alexa Fluor 488-conjugated
transferrin was quantified as follows: amount of colocalization
(%) = CYS Pixelscoloca]ization/ CY3 pixe]stotal % 100, where CY?’
pixels,qjocalization Tepresents the number of Cy3 pixels colocaliz-
ing with Alexa Fluor 488-conjugated transferrin and Cy3
pixels,,,, represents the total number of Cy3 pixels.

Assessment of Localization of pDNA and lamp-2. The
293T-Syn2 cells were first treated with AG73-PEG liposomes
(Cy3-lableled pDNA: 3 pug/mL) for 4 h at 37 °C and then with
BLs and US exposure. To assess the involvement of Ca® and
ATP, cells were treated as described in the above section.
Subsequently, the cells were incubated for 1 h and then fixed
with 4% paraformaldehyde for 1 h at 4 °C. The cells were
washed with PBS and permeabilized for 5 min in 0.2% saponin,
followed by treatment with 10% goat serum in PBS. Finally, the
cells were incubated with anti-lamp2 Ab (Santa Cruz
Biotechnology, Inc, Santa Cruz, CA) overnight at 4 °C and
treated with Alexa Fluor 488-conjugated secondary Ab
(Invitrogen Co., Carlsbad, CA) for 1 h at room temperature
in the dark. Then, CLSM and analysis was performed as
described in the above section.

B RESULTS AND DISCUSSION

In previous reports, we have showed that BLs and US exposure
could enhance endosomal escape and gene transfection of
AG73-PEG liposomes. We have proposed the mechanism that
the cavitation induced in the outside of cells by US exposure
and BLs could affect endosomes, and then AG73-PEG
liposomes internalized by endocytosis escaped from endo-
somes, leading to enhanced gene expression. It have been also
confirmed that AG73-PEG liposomes could not be introduced
into cytoplasm directly through the cell membrane after the
US-mediated disruption of BLs. However, the exact mechanism
of accelerated endosomal escape of carriers was not clear. US
exposure induces the influx of Ca** by enhancing permeability
of the cell membrane.® In addition, Ca** adjusts endosomal
acidification and vesicle fusion.?6™®° Therefore, to evaluate the
mechanism by which BLs and US exposure could promote the
endosomal escape of AG73-PEG liposomes, we examined the
effect of Ca** on the endosomal escape and transfection
efficiency of AG73-PEG liposomes enhanced by BLs and US
exposure. ATP is involved in various reactions, such as
acidification of endosomes, intracellular trafficking of vesicles
and fusion of vesicles.”® We also investigated the involvement
of ATP-dependent processes in enhanced gene delivery.

First, to evaluate the involvement of Ca*™* and ATP in gene
expression enhanced by BLs and US exposure, we examined the
effect of Ca®* and ATP on gene expression efficiency of AG73-
PEG liposomes using 293T-Syn2 cells. The cells were
incubated with AG73-PEG liposomes containing pcDNA3-
Luc, and then treated with BLs and US exposure. After 20 h
incubation, luciferase activity was assayed. BLs and US exposure
enhanced the luciferase activity of AG73-PEG liposomes by
approximately 60-fold compared to that of AG73-PEG
liposomes alone.” By contrast, when the cells were treated
with 10 mM EGTA before the treatment of BLs and US
exposure, the enhancement ratio of luciferase activity by BLs
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and US exposure was decreased. To examine the effect of ATP
on gene transfection efficiency, the cells were treated with
NaNj, NaF, and antimycin A to deplete ATP. The subsequent
luciferase assay showed insignificant enhancement by BLs and
US exposure. Conversely, when cells were treated with AG73-
PEG liposomes alone, luciferase activity was not affected by
Ca?" and ATP depletion (Figure 1). These results suggest that

1 AG73-PEG liposomes
Ml AG73-PEG liposomes + BLs + US

*
F *
[

AEN|

Ca* () ATP ()

1.E+07

1.E+06

1.E+05

Luciferase activity (RLU/mg protein)

1.E+04

Medium

Figure 1. Effects of Ca®* and ATP on gene expression by AG73-PEG
liposomes with BLs and US exposure. 293T-Syn2 cells were treated
with AG73-PEG liposomes for 4 h at 37 °C, and then cells were
washed twice with Ca®-free DMEM containing 10 mM EGTA for a
depleted Ca*" condition. ATP was depleted by pretreating cells for 30
min before US exposure with 1 yg/mL antimycin A, 10 mM NaF, and
0.1% NaN,. BLs (120 pg/mL) were added to cells followed by
immediate US exposure. After replacement with fresh medium, the
cells were cultured for 20 h and luciferase activity was determined. The
data are shown as the means + SD (n = 4). *p < 0.0S.

Ca** and ATP may be necessary to enhance gene transfection
efficiency of AG73-PEG liposomes by BLs and US exposure.
On the other hand, it is reported that extracellular Ca** plays
important roles to repair the cell membrane disruption and
maintain cell survival®® Therefore, we examined the cell
viability in Ca®*-depleted condition. As a result, in this
condition, the cell viability had almost no difference in the
treatment with or without BLs and US exposure (data not
shown). This result suggested that the decreased enhancement
ratio of luciferase activity by the treatment of BLs and US
exposure in Ca**-depleted condition was not due to a change of
cell viability.

Recent reports have emphasized the importance of
subcellular and intracellular trafficking of gene delivery
carriers.>? Among the several steps involeved, endosomal
escape is considered one of the most important. In previous
study, we have reported that enhanced endosomal escape of
AG73-PEG liposomes by BLs and US exposure could increase
gene expression.” Therefore, we evaluated the involvement of
Ca® and ATP on the endosomal escape of gene delivery
carriers. We examined the effects of Ca** and ATP on
localization of pDNA encapsulated in AG73-PEG liposomes
and transferrin, as an endosome marker,* by confocal
microscopy. BLs and US exposure enhanced the endosomal
escape of AG73-PEG liposomes and decreased the ratio of
colocalization of pDNA and transferrin.’ The 293T-Syn2 cells
were first incubated with AG73-PEG liposomes containing
Cy3-labeled pDNA and Alexa Fluor 488-conjugated transferrin
and then treated with BLs and US exposure. The cells were
observed by confocal microscopy to assess the colocalization of

dx.doi.org/10.1021/mp200606d | Mol. Pharmaceutics 2012, 9, 1017-1023
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Cy3-labeled pDNA and Alexa Fluor 488-conjugated transferrin.
As shown in Figure 2a, the pDNA internalized into cells were
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Figure 2. Bffects of Ca®* and ATP on intracellular localization of
pDNA and endosomes. (a, b) The 293T-Syn2 cells were treated with
AG73-PEG liposomes encapsulating Cy3-labeled pDNA (red) and
Alexa Fluor 488-conjugated transferrin (green) for 4 h at 37 °C and
then washed twice with Ca**-free DMEM containing 10 mM EGTA to
create Ca**-depleted conditions. ATP was depleted by pretreating cells
for 30 min before US exposure with 1 pg/mL antimycin A, 10 mM
NaF, and 0.1% NaNj. BLs (120 pg/mL) were added to cells followed
by immediate US exposure. The cells were incubated for 10 min, fixed
with 4% paraformaldehyde for 1 h at 4 °C and observed by CLSM.
The areas within the dotted square are shown as enlarged images. The
scale bars represent S ym. The ratio of colocalization of Cy3-labeled
pDNA with Alexa Fluor 488-conjugated transferrin was quantified.
The data are shown as means + SE (n = 50). *p < 0.0S compared with
AG73-PEG liposomes alone (Mann—Whitney’s U test).

colocalized with transferrin, whereas BLs and US exposure
decreased the colocalization of the pDNA and transferrin.
However, when cells were treated with 10 mM EGTA, BLs and
US exposure did not affect the intracellular localization of the
pDNA and transferrin. In the ATP-depleted state, BLs and US
exposure had no effect on the intracellular localization of the
pDNA and transferrin. Furthermore, we calculated the ratio of
colocalization of the pDNA and transferrin and found that BLs
and US exposure decreased the ratio of colocalization. By
contrast, when cells were treated with 10 mM EGTA or were
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exposed in an ATP-depleted state, BLs and US exposure did
not affect the ratio of colocalization of pDNA and transferrin
(Figure 2b). These results suggest that Ca®* and ATP may be
required for endosomal escape of AG73-PEG liposomes after
the addition of BLs and US exposure.

Efficient gene transfection requires sufficient delivery of
genes from the endosomes to the cytosol, to avoid the
degradation of genes in lysosomes. Therefore, we assessed the
intracellular localization of pDNA and lysosomes and the
effects of Ca** and ATP on localization of pDNA and
lysosomes. The 293T-Syn2 cells were treated with AG73-
PEG liposomes containing Cy3-labeled pDNA, followed by the
addition of BLs and application of US. The cells were fixed and
stained with antibodies for lamp-2, a lysosome marker.>* As a
result, the pDNA internalized into cells was colocalized with
lamp-2 at 10 or 60 min, whereas BLs and US exposure
decreased the colocalization of pDNA and lamp-2 at 60 min
after US exposure (Figure3). Moreover, when cells were treated
with 10 mM EGTA and depleted of ATP, BLs and US exposure
did not decrease the localization of pDNA and lamp-2 (Figure

a
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Figure 3. Effect of BLs and US exposure on intracellular localization of
pDNA and lysosomes. The 293T-Syn2 cells were treated with AG73-
PEG liposomes encapsulating Cy3-labeled pDNA (red) for 4 h at 37
°C. BLs (120 pg/mL) were added to cells followed by immediate US
exposure. The cells were incubated for 10 or 60 min and then fixed
with 4% paraformaldehyde for 1 h at 4 °C followed by staining with
antibodies for lamp-2 (green), a marker for lysosomes. The cells were
observed by CLSM. The areas within the dotted square are shown as
enlarged images. The scale bars represent S um. The ratio of
colocalization of Cy3-labeled pDNA with lamp-2 was quantified. The
data are shown as means + SE (n = $0). *p < 0.05 (Mann—Whitney's
U test).
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