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Abstract

Background Hepatocyte growth factor (HGF) is essential

for epithelial restitution, a process in which epithelial cells

rapidly migrate to cover desquamated epithelium after

mucosal injury in the gastrointestinal tract. In this study,

we aimed to elucidate the molecular mechanisms of the

HGF-mediated reconstitution of gastric epithelial structures

by analyzing the expression and subcellular dynamics of

tight junction proteins.

Methods We treated human gastric epithelial MKN74

cells with HGF, and examined the effects of HGF on cell

migration and proliferation, and the expression and sub-

cellular dynamics of tight junction proteins; as well, we

investigated the effect of HGF on paracellular permeability

to macromolecules (using fluorescein isothiocyanate

[FITC]-dextran).

Results HGF significantly stimulated the migration of

MKN74 cells, but not their proliferation, in a dose-dependent

manner. HGF did not affect the expression of tight junction

proteins, including claudin-1, -3, -4 and -7; occludin; and

zonula occludens (ZO)-1. However, fluorescence immuno-

staining revealed that, in the cell membrane, the levels of

ZO-1, but not those of occludin or claudin-4, were transiently

decreased 1 h after HGF treatment. The results were further

confirmed by western blotting: HGF reduced the amount of

ZO-1 protein in the cell membrane fraction concomitantly

with an increase in cytoplasmic ZO-1. Furthermore, HGF

reduced the interaction between ZO-1 and occludin, and

induced the tyrosine phosphorylation of occludin, whereas

the phosphorylation status of ZO-1 was not affected by

exposure to HGF. Despite a decrease in the ZO-1/occludin

interaction, HGF did not affect paracellular permeability to

macromolecules.

Conclusions HGF alters the subcellular localization of

ZO-1, probably through the tyrosine phosphorylation of

occludin, which may induce cell dispersion during epi-

thelial restitution.
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Introduction

The repair of gastric ulcers occurs immediately after

mucosal injury, and requires the reconstitution of epithelial

structures and underlying connective tissues. The recon-

stitution of the surface of the epithelium is achieved by the

proliferation of undifferentiated epithelial precursors,

which migrate from the ulcer margin onto the granulation

tissue to cover the ulcer bed.

Hepatocyte growth factor (HGF) was first purified as a

potent hepatocyte mitogen from the plasma of patients with

fulminant hepatic failure [1]. HGF is a multifunctional

polypeptide factor secreted by mesenchymal cells; through

its specific receptor, c-Met, it functions as a mitogen,

morphogen, and/or motogen for multiple subsets of

epithelial cells, including gastrointestinal epithelial cells

[1–5]. Among several growth factors that act on gastric

epithelial cells in vitro, including epidermal growth factor,

transforming growth factor-b, and trefoil factors, HGF is

one of the most potent mitogens; in vivo, it is involved in
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gastric mucosal repair [6, 7]. When the surface epithelium

is injured, epithelial cells bordering the zone of injury

migrate into the wound to cover the denuded area. This

process, termed epithelial restitution, does not require cell

proliferation [8, 9]. HGF plays an essential role in epithe-

lial restitution [10, 11].

Tight junctions, which are localized to the border

between the apical and basolateral domains of the epithelial

cell plasma membranes, play key roles in regulating para-

cellular permeability and maintaining the apico-basal

polarity of epithelial cells [12, 13]. A number of tight

junction proteins have been identified [14–16], and these

can be divided into two groups. The first group is the

integral membrane tight junction proteins, including

occludins, claudins, and junctional adhesion molecules,

which bridge apical intercellular spaces and form physical

barriers [17–19]. Occludin and claudin are tetraspan

membrane proteins that extend their extracellular loops

across neighboring cells. Occludin associates with signal

transduction molecules, and regulates the organization of

actin, suggesting that it may be involved in a broad spec-

trum of biological roles [20–22]. The claudins, on the other

hand, are a large family of 27 proteins that form homo- and

heterotypic associations with each other [23]. The various

claudin family members can alter the paracellular perme-

ability of epithelial cells in specific ways, and they account

for some of the selective variability of different barriers. In

addition, claudins regulate cell proliferation and differen-

tiation [24]. The second group of tight junction proteins are

the plaque proteins, which serve as scaffolds for the

assembly of integral membrane proteins, actin cytoskele-

tons, and cytosolic proteins in tight junctions [25, 26].

Zonnula occludens (ZO)-1 was the first tight junction pro-

tein to be identified [27], followed by ZO-2 [28], and ZO-3

[29]. The ZO proteins belong to the membrane-associated

guanylate kinase (MAGUK) family of scaffold proteins.

Each ZO protein contains three PDZ domains, which

directly bind to the carboxyl tails of claudins, and one

guanylyl kinase-like (GuK) domain, which interacts with

occludins [29–31]. Based on these properties, ZO proteins

have long been assumed to play essential roles in tight

junction formation and epithelial polarity maintenance.

In addition to their well-accepted roles in mediating

cell–cell adhesion in organized tissues, tight junction pro-

teins also play an active role in cell migration and invasion

[32–37]. However, the effect of HGF on tight junction

protein sub-complexes, and its influence on cell spreading

during gastric epithelial restitution, remain obscure. Here,

we show that HGF stimulates the migration, but not the

proliferation, of MKN74 gastric epithelial cells, and tran-

siently relocates ZO-1 from the cell membrane to the

cytoplasm. HGF also induces the tyrosine phosphorylation

of occludin, leading to the dissociation of ZO-1 and

occludin; however, paracellular permeability to macro-

molecules is not affected by exposure to HGF. Our studies

reveal that, despite their primary function as barriers and

fences, tight junction proteins play an important role in the

HGF-mediated migration of gastric epithelial cells.

Materials and methods

Cell lines

The human gastric adenocarcinoma cell line MKN74 was

obtained from the Health Science Research Resources Bank

(Osaka, Japan). Cells were grown in RPMI 1640 medium

containing 10 % fetal bovine serum, 100 U/ml penicillin, and

100 lg/ml streptomycin (Invitrogen, Carlsbad, CA, USA) in

a humidified atmosphere containing 5 % CO2 at 37 �C. The

culture medium was changed every 48 h.

Cell migration assays

The trans-well migration of cells in response to a gradient of

HGF was measured in a modified Boyden chamber, as

described previously [38]. In brief, a polyethylene tere-

phthalate membrane with 8-lm pores (BD Biosciences,

Billerica, MA, USA), coated with 100 lg/ml collagen type

IV (Nitta Gelatin, Osaka, Japan), was placed on a 24-well

chamber containing varying concentrations of HGF (0, 1, 10,

or 100 ng/ml). The MKN74 cells (2 9 105 cells in 0.5 ml/

well) were loaded into the upper chamber in RPMI 1640

containing 0.1 % bovine serum albumin (BSA; Sigma-

Aldrich, St. Louis, MO, USA), and allowed to migrate across

the membrane for 24 h. The numbers of migrated cells on the

lower surface were counted in at least nine different fields

(original magnification, 1009), following staining with a

Diff-Quick staining kit (Sysmex, Kobe, Japan).

Wound healing in response to a gradient of HGF was

measured using an Oris migration assay kit (Platypus

Technologies, Madison, WI, USA), which is an in vitro

ulcer restoration model. The assay involves image analysis

of cells migrating into the wells of a 96-well plate. Briefly,

MKN74 cells were cultured in collagen IV-coated 96-well

multiplates with stopper tips. After the cells became con-

fluent, the stoppers were removed, exposing unseeded

regions 2 mm in diameter. Cells were treated with 0, 1, 10,

or 100 ng/ml of HGF for 24 or 48 h. Wound closure was

monitored by measuring the exposed areas over time, using

ImageJ software (NIH, Bethesda, MD, USA).

Cell proliferation assay

Cells were seeded in a 96-well multiplate at 2 9 103 cells/

well, and medium containing HGF (0, 1, 10, or 100 ng/ml)
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was replaced every 48 h. The viable cell number was

determined using TetraColor ONE (Seikagaku, Tokyo,

Japan), and a Cell Proliferation BrdU ELISA (colorimetric)

(Roche Diagnostics, Mannheim, Germany).

Reverse-transcription polymerase chain reaction

(RT-PCR)

Total RNA was isolated using ISOGEN (Nippon Gene,

Toyama, Japan). One microgram of RNA was reverse-

transcribed using the One Step PrimeScript RT-PCR Kit

(Takara Bio, Otsu, Japan), and PCR was performed using

the primer sets shown in Table 1.

Western blotting

To isolate whole cell lysates, cells were washed with

phosphate-buffered saline (PBS), and lysed in ice-cold

lysis buffer (1 % NP-40, 0.5 % sodium deoxycholate,

150 mM NaCl, 10 mM Tris pH 7.5) containing 1 mM

Na3VaO4, 10 mM NaF (Wako Pure Chemical Industries,

Osaka, Japan), and 19 Complete Protease Inhibitor

Cocktail (Roche Diagnostics). Cell suspensions were

homogenized through a 21-gauge needle and centrifuged at

14,000 rpm for 15 min at 4 �C. Cytosolic (soluble) and

membrane (insoluble) fractions were isolated using a Pro-

teoExtract Transmembrane Protein Extraction Kit (Merck,

Darmstadt, Germany). Protein concentrations were mea-

sured, and equal quantities of protein (30 lg) were sub-

mitted to sodium dodecylsulfate polyacrylamide gel

electrophoresis (SDS-PAGE).

For immunoprecipitations, protein lysate (0.5 mg) was

precipitated by anti-occludin, anti-ZO-1 rabbit antibody

(Zymed Laboratories, San Francisco, CA, USA), or non-

specific rabbit IgG (Sigma-Aldrich) on spin columns

overnight at 4 �C. The immunoprecipitated proteins were

eluted from the columns, submitted to SDS-PAGE, and

blotted onto polyvinylidene difluoride (PVDF) membranes.

After blotting, the membranes were exposed to one or more

of the following primary antibodies. Rabbit polyclonal

antibodies: phospho-c-Met (Millipore); c-Met (Immuno-

Biological Laboratories, Gunma, Japan); and ZO-1, occlu-

din, and claudin-1, -3, and -7 (Zymed Laboratories). Mouse

monoclonal antibodies: ZO-1, occludin, and claudin-4

(Zymed Laboratories); phosphotyrosine (Millipore); phos-

phoserine; and phosphothreonine (Santa Cruz Biotechnol-

ogy, Santa Cruz, CA, USA). The membranes were then

incubated with appropriate horseradish peroxidase-conju-

gated secondary antibodies and submitted to enhanced

chemiluminescence (ECL) Plus Western Blotting Detection

(Amersham Life Science, Buckinghamshire, England).

Fluorescence immunostaining

MKN74 cells were fixed in 3.7 % formaldehyde and per-

meabilized in 0.2 % Triton X-100. Image-iTTM FX signal

enhancer (Molecular Probes, Inc. Eugune, OR, USA) was

added to each section, followed by incubation with the pri-

mary antibodies (anti-ZO-1, anti-occludin, or anti-claudin-4;

Zymed Laboratories). After washing, cells were incubated

with Alexa Fluor 488-conjugated goat anti-mouse or anti-

rabbit antibodies (Invitrogen). The slides were mounted with

ProLong Gold antifade reagent (Molecular Probes, Inc.

Eugune, OR, USA), and examined with an FV500 confocal

microscope (OLYMPUS, Tokyo, Japan).

Paracellular permeability assay

Epithelial permeability to macromolecules was determined

using fluorescein isothiocyanate (FITC)-dextran (molecular

weight 40 kDa). MKN74 cells were seeded into an insert

with 8-lm pores (upper chamber) and allowed to reach full

confluence, resulting in a monolayer. The cells in the upper

chamber were exposed to HGF (1.0, 10, or 100 ng/ml),

followed by incubation with FITC-dextran (5 mg/ml). The

fluorescence of FITC-dextran in the lower chambers was

measured at various time points. Data are expressed as

follows:

Permeability index (%) = [(experimental clearance) -

(spontaneous clearance)]/[(clearance of filter alone) -

(spontaneous clearance)] 9 100.

Statistical analysis

Unless specified, data are expressed as means ± SD. Sta-

tistical parameters were ascertained with StatView 5.0

Table 1 Primers for reverse transcription polymerase chain reaction

(RT-PCR)

Claudin-1 Forward 50-CCGTTGGCATGAAGTGTATG-30

Reverse 50-CCAGTGAAGAGAGCCTGACC-30

Claudin-3 Forward 50-AAGGTGTACGACTCGCTGCT-30

Reverse 50-CACCACGGGGTTGTAGAAGT-30

Claudin-4 Forward 50-CTCCATGGGGCTACAGGTAA-30

Reverse 50-AGCAGCGAGTCGTACACCTT-30

Claudin-7 Forward 50-CATGTACAAGGGGCTGTGG-30

Reverse 50-CACAAACATGGCCAGGAAG-30

Occludin Forward 50-TCCAATGGCAAAGTGAATGA-30

Reverse 50-GCAGGTGCTCTTTTTGAAGG-30

ZO-1 Forward 50-TGAGGCAGCTCACATAATGC-30

Reverse 50-GGTCTCTGCTGGCTTGTTTC-30

GAPDH Forward 50-GAGTCAACGGATTTGGTCGT-30

Reverse 50-TTGATTTTGGAGGGATCTCG-30

GAPDH glyceraldehyde 3-phosphate dehydrogenase, ZO zonula

occludens
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software (SAS Institute, Cary, NC, USA). Differences

between means were assessed using the Mann–Whitney

U-test. The significance level was set at p \ 0.05.

Results

HGF stimulated the migration, but not the proliferation,

of gastric epithelial cells

We first examined the Transwell migration of MKN74

cells in response to a gradient of HGF. Exposure to HGF

at 10 and 100 ng/ml significantly increased the migration

of MKN74 cells, approximately 2-fold in comparison to

that of cells without HGF (p \ 0.05) (Fig. 1a, b). The

effect of HGF on cell migration was further investigated

using a wound-healing assay. Treatment with HGF (1, 10,

and 100 ng/ml) significantly facilitated ulcer restoration,

with a maximum effect of 1.75-fold as compared to the

negative control at 10 ng/ml of HGF (p \ 0.05) (Fig. 1c,

d). We next examined the expression and tyrosine phos-

phorylation of c-Met, a specific receptor for HGF

(Fig. 2a). MKN74 cells endogenously express c-Met;

treatment with HGF induced the tyrosine phosphorylation

of c-Met within 5 min, followed by maximal stimulation

between 15 and 60 min. Because HGF also stimulates the

proliferation of gastric epithelial cells in vitro [7], we

examined the effect of HGF on the growth of MKN74

cells, using two different methods. Despite the activation

of c-Met, the proliferation of MKN74 cells was not

affected by exposure to HGF at any concentration

(Fig. 2b, c). These results indicate that the HGF/c-Met

signaling pathway primarily stimulates the migration, but

not the proliferation, of MKN74 cells, leading to

enhanced ulcer restoration. The findings also suggest that

HGF is a potent mitogen, but only for a subset of cell

types. Therefore, MKN74 cells are a suitable model in

which to examine the precise mechanisms that regulate

the HGF-induced migration of gastric epithelial cells.

ZO-1, but not occludin or claudin-4, transiently shifts

from cell membrane to cytoplasm upon exposure

to HGF

We examined the expression of tight junction proteins, and

the effect of HGF on their expression. MKN74 cells

endogenously expressed ZO-1; occludin; and claudin-1, -3,

-4, and -7 (Fig. 3), whereas the expression of neither ZO-2

nor claudin-18, the most dominant claudin in the stomach

[39], was detected (Nasu et al. 2008, data not shown).

When the cells were treated with HGF, the expression of

tight junction proteins was not affected at either the mRNA

Fig. 1 Hepatocyte growth

factor (HGF) stimulated the

migration of gastric epithelial

cells. The effect of HGF on

migration was examined using

the Boyden chamber method (a,

b) and an in vitro ulcer

restoration model (c, d).

a Exposure to HGF, (a) 0, (b) 1,

(c) 10, and (d) 100 ng/ml,

stimulated the migration of

MKN74 cells. The

magnification is x100. b The

migration of cells was

significantly stimulated by HGF

exposure (*p \ 0.05), and

maximum stimulation

(2.03 ± 0.19-fold as compared

to the negative control) was

observed at 10 and 100 ng/ml of

HGF. c Exposure to HGF

stimulated closure of the

unseeded regions. d Ulcer

restoration was significantly

stimulated by HGF (*p \ 0.05),

and, maximum effect (1.75-fold

as compared to the negative

control) was observed

at 10 ng/ml of HGF
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or protein level. Therefore, we further examined the effect

of HGF on the subcellular localization of tight junction

proteins. In fluorescence immunostaining experiments, the

expression of ZO-1, occludin, and claudin-4 was observed

in the membrane of MKN74 cells. When cells were treated

with HGF, the expression of ZO-1 in the cell membranes

transiently decreased 1 h after exposure, whereas the sub-

cellular localization of neither occludin nor claudin-4 was

affected by HGF treatment (Fig. 4a). To confirm the effect

of HGF on the subcellular localization of tight junction

proteins, we compared the levels of tight junction proteins

in cell membrane and cytoplasmic fractions. HGF treat-

ment reduced the amount of ZO-1 protein in the cell

membrane (insoluble) fraction concomitantly with an

increase in cytoplasmic ZO-1 (Fig. 4b). Although a con-

siderable amount of occludin was detected in the soluble

fraction, as observed in previous studies [40–42], the

subcellular distribution of neither occludin nor claudin-4

was affected by HGF treatment.

HGF inhibits interaction between ZO-1 and occludin,

and induces phosphorylation of occludin

ZO-1 is the major tight junction protein; it binds to a

subcellular domain of occludin [31, 43]. Therefore, we

examined the effect of HGF on the interaction between

ZO-1 and occludin. When MKN74 cells were treated with

100 ng/ml of HGF for 1 h, the interaction between ZO-1

and occludin was significantly inhibited (Fig. 5a). Because

the tyrosine or serine/threonine phosphorylation of ZO-1 or

occludin is known to be involved in the reduction of

affinity of these proteins for one another, we examined the

phosphorylation status of ZO-1 and occludin both before

and after HGF treatment (Fig. 5b). ZO-1 was highly

phosphorylated on threonine residues in the absence of

HGF, but treatment with HGF did not affect the threonine

phosphorylation of ZO-1; the serine or tyrosine phos-

phorylation of ZO-1 was likewise unaffected. Conversely,

occludin was phosphorylated on tyrosine residues, but not

on threonine or serine residues, following treatment with

HGF.

Paracellular permeability of gastric epithelial cells

to macromolecules is not affected by treatment

with HGF

Tight junction proteins primarily function as barriers.

Therefore, we examined the effect of HGF on paracellular

permeability to macromolecules. MKN74 cells were

exposed to HGF at various concentrations (0, 1.0, 10, or

100 ng/ml) for 1 h, or to 100 ng/ml of HGF for various

time periods (0, 0.5, 1, 6, 12, and 24 h). Paracellular

permeability was not affected by HGF treatment at any

concentration (Fig. 6a), or after any length of exposure

(Fig. 6b).

Fig. 2 HGF induced the tyrosine phosphorylation of c-Met, but did

not stimulate the proliferation of gastric epithelial cells. The

expression and phosphorylation status of c-Met were examined by

western blotting (a). MKN74 cells endogenously expressed c-Met

protein; upon treatment with HGF (100 ng/ml), they rapidly induced

the tyrosine phosphorylation of c-Met. The proliferation of MKN74

cells was examined using TetraColor ONE (b) and the Cell

Proliferation BrdU ELISA (colorimetric) (c). The growth of

MKN74 cells was not affected by HGF (0, 1, 10, or 100 ng/ml).

These experiments were repeated three times
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Discussion

Wound healing proceeds via a series of events that overlap

in time, including cell proliferation and migration across

the wound bed to cover it. HGF affects the proliferation as

well as the motility of a wide range of cells, stimulating or

suppressing their growth through its mitogenic, anti-apop-

totic, or pro-apoptotic activity. Therefore, we first exam-

ined the effect of HGF on the migration and growth of

MKN74 cells, and observed that treatment with HGF

induced an increase in migration, but no effect on prolif-

eration, through the tyrosine phosphorylation of c-Met.

Therefore, MKN74 cells, despite being a gastric cancer cell

line, are a suitable model for analysis of the precise

mechanisms of HGF-induced migration of gastric epithe-

lial cells, a process that is required for the rapid repair

process following mucosal injury.

Functional cell–cell adhesion and junction assembly are

mediated by tight junction proteins. In human vascular

endothelial cells, HGF decreases the expression of occlu-

din, resulting in functional changes in tight junctions [44].

However, little is yet known about the effect of HGF on the

organization of tight junction proteins in epithelial cells. In

MKN74 cells, we observed the expression of ZO-1;

occludin; and claudin-1, -3, -4, and -7 (Fig. 3), but no

expression of ZO-2 or claudin-18 (Nasu et al. 2008, data

not shown). The claudin family consists of 27 proteins, of

which claudin-18 is the most dominant claudin in the

stomach [39]; the expression of claudin-18 is down-regu-

lated in gastric cancer with an intestinal phenotype [45].

Most tissues express multiple claudins, and the specific

combination of claudin proteins within a cell is thought to

determine the selectivity and strength of the tight junctions.

In other words, the expression pattern of tight junction

Fig. 3 HGF did not affect the

expression of tight junction

proteins at either the mRNA or

protein level. The expression of

tight junction proteins,

including claudin-1, -3, -4

and -7; occludin; and zonula

occludens (ZO)-1, was

examined by reverse

transcription polymerase chain

reaction (RT-PCR) (a) and

western blotting (b). Treatment

with HGF did not affect the

expression of any tight junction

protein. These experiments were

repeated three times. GAPDH
glyceraldehyde 3-phosphate

dehydrogenase

Fig. 4 ZO-1, but not occludin or claudin-4, transiently moved from

the cell membrane to the cytoplasm when cells were exposed to HGF.

a Immunofluorescence staining of tight junction proteins was

evaluated by confocal laser scanning microscopy. ZO-1, but neither

claudin-4 nor occludin, transiently disappeared from cell membranes

1 h after exposure to HGF (100 ng/ml). The magnification is x400.

b The levels of ZO-1, occludin, and claudin-4 in the cell membrane

(insoluble) and cytoplasmic (soluble) fractions were separately

examined by western blotting. HGF reduced the level of ZO-1 in

the cell membrane fraction concomitantly with an increase in

cytoplasmic ZO-1. The findings were confirmed by experiments

repeated three times
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proteins, and the resulting properties of tight junctions, are

regulated in a cell type-specific manner.

In the present study, HGF did not affect the expression

of the tight junction proteins, ZO-1, occludin, or claudins,

at either the mRNA or protein level. However, we dem-

onstrated, by fluorescence immunostaining, the transient

movement of ZO-1, but no movement of either occludin or

claudin-4, from the cell membrane to the cytoplasm in

HGF-treated MKN74 cells. We also confirmed this finding

using western blotting; HGF reduced the amount of ZO-1,

but not occludin, in the cell membrane fraction, concomi-

tantly with an increase in cytoplasmic ZO-1 (Fig. 4b).

Occludin could be detected in the soluble as well as

insoluble fractions, consistent with a previous report

[40–42]; however, the function of cytoplasmic occludin

remains obscure. The classical junctional scaffold protein

ZO-1 is widely recognized for its vital role in the assembly

of cell–cell adhesion complexes, which are critical for the

formation of intercellular connections in a variety of tissues

[30, 46]. ZO-1 binds directly to the C-terminus of occludin

through its GuK domain, and may thus function at the

cytoplasmic surface of the tight junction as an adaptor that

recruits other proteins, including cytoskeletal and signaling

molecules [47]. Although tight junctions function primarily

as a barrier, several investigations have recently demon-

strated that a5-integrin and ZO-1 physically interact with

each other at the leading edge of migrating cells [33]; a role

for ZO-1 in cell migration could also explain the inhibition

of angiogenesis in the yolk sacs of mice lacking ZO-1 [48].

Recently, Krueger et al. [49] showed that Helicobacter

pylori altered the distribution of ZO-1 and p120 catenin, a

catenin that directly binds to E-cadherin, in primary human

gastric epithelial cells, leading to an increase in migration.

Fig. 5 HGF inhibited interaction between ZO-1 and occludin by

inducing the tyrosine (Tyr) phosphorylation of occludin. The inter-

action between ZO-1 and occludin (a), and their phosphorylation

status (b), were examined by immunoprecipitation and western

blotting. a Exposure to HGF (100 ng/ml) reduced the interaction

between ZO-1 and occludin. b The tyrosine phosphorylation of

occludin was induced by HGF treatment. ZO-1 was highly phos-

phorylated on threonine (Thr) residues in the absence of HGF,

whereas exposure to HGF did not affect ZO-1 phosphorylation status.

The results were confirmed by experiments repeated three times

Fig. 6 Paracellular permeability to macromolecules was not affected

by HGF treatment. MKN74 cells were seeded into an insert with

8-lm pores, allowed to reach full confluence, and then exposed to

either 0, 1, 10, or 100 ng/ml HGF for 1 h (a), or to 100 ng/ml HGF

for various time periods (0, 0.5, 1, 6, 12, and 24 h) (b). Paracellular

permeability to macromolecules was not affected by HGF treatment.

These experiments were repeated three times
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Additionally, Cdc42-dependent formation of the ZO-1/

MRCKb complex at the leading edge controls cell migra-

tion [32]; Cdc42 also plays a critical role in HGF-induced

reorganization of the actin cytoskeleton and in the dispersal

of sheets of Madin Darby canine kidney (MDCK) epithelial

cells [50]. On the other hand, occludin has a role in tight

junction barrier and defense functions, and associates with

many signal transduction molecules, suggesting that it is

involved in a wider spectrum of biological roles [20, 21].

Du et al. [34] have recently reported that occludin is

localized at the leading edge of migrating cells, and regu-

lates directional cell migration. Occludin also regulates the

organization of actin, and is required for the translocation

of p85a to tight junctions, where it modulates actin orga-

nization, after oxidative stress [22]. Furthermore, overex-

pression of occludin in AC2M2 cells induces cell spreading

[51]. ZO-1 binds to the subcellular C-terminal tail of

occludin; this interaction between these proteins is crucial

for the assembly and maintenance of occludin at tight

junctions [31, 43]. Therefore, the findings presented here

indicate that the movement of ZO-1 from the plasma

membrane toward the cytoplasm may be involved in the

HGF-induced migration of MKN74 cells, via alterations

in the protein organization of the tight and adherens junc-

tions (including claudin/occludin/ZO and cadherin/catenin,

respectively), or in the recruitment of cytoskeletal and/or

signaling molecules.

Occludin is a phosphoprotein; to date, several phos-

phorylation sites on tyrosine, serine, and threonine residues

have been identified [20, 52, 53]. In the intact epithelium,

occludin is highly phosphorylated on serine and threonine

residues, whereas tyrosine phosphorylation is undetectable

[53]. In the present study, treatment with HGF reduced the

ZO-1/occludin interaction, and induced tyrosine phos-

phorylation of occludin in MKN74 gastric epithelial cells

(Fig. 5). However, HGF did not induce either serine or

threonine phosphorylation of occludin. Conversely,

although threonine phosphorylation of ZO-1 was detected

in the absence of HGF, ZO-1 phosphorylation status was

not affected by HGF treatment (Fig. 5b). Although ZO-1

undergoes tyrosine phosphorylation during the disruption

of tight junctions in colonic epithelial cells [54], tyrosine

phosphorylation of the C-terminal region of occludin also

reduces its ability to interact with ZO-1 in vitro [55].

Additionally, Elias et al. [52] have recently reported that

the deletion of a highly conserved motif of the C-terminal

domain of occludin results in a significant reduction in

binding to ZO-1, and that Tyr-398 and Tyr-402 are

important for the regulation of ZO-1 binding by human

occludin. Recently, Du et al. [34] have shown that the

phosphorylation of Tyr-473 recruits p85a to the leading

edge, and promotes phosphatidylinositol 3 (PI3)-kinase

activation, leading to the formation of lamellipodia during

cell migration. Thus, the tyrosine phosphorylation of the

C-terminal region of occludin plays an important role in

cell migration, not only through interference with its

interaction with ZO-1, but also via the activation of other

signaling molecules.

Hepatocyte growth factor (HGF) is able to regulate the

function of tight junctions by altering the phosphorylation

states of tight junction proteins in epithelial and endothe-

lial cells. Grisendi et al. [56] have reported that HGF

reduces ZO-1 levels at lateral sites, and concomitantly

increases ZO-1 levels in the cytoplasm, suggesting that the

effect of HGF on assembly of tight junction proteins may

be important for the loosening of intercellular junctions

and the migration of MDCK cells. When bovine retinal

pigment epithelial cells are treated with HGF, the tyrosine

phosphorylation of occludin, ZO-1, and b-catenin is

induced within 20 min, resulting in a marked loss of ZO-1

protein from the membrane within 1 h [42]. In vascular

endothelial cells, HGF treatment results in the phosphor-

ylation of occludin rather than ZO-1, leading to a decrease

in transendothelial resistance and an increase in paracel-

lular permeability; serine and threonine, as well as the

tyrosine residues of occludin, are also phosphorylated upon

HGF treatment [44]. Recently, Hollande et al. [57] have

established a nontumorigenic gastric cell line, IMGE-5,

and examined the effect of HGF on gastric epithelial cell

differentiation in this system. During the differentiation of

IMGE-5 cells, HGF treatment largely prevents the target-

ing of ZO-1 to the tight junction, and induces a significant

decrease in paracellular permeability. These effects, which

are mediated by PI3-kinase, are partly correlated with an

increase in the tyrosine phosphorylation of ZO-1 and a

decrease in its association with occludin. In the present

study, HGF reduced the ZO-1/occludin interaction in

MKN74 cells, probably due to the tyrosine phosphoryla-

tion of occludin, but not that of ZO-1. Additionally,

although PI3-kinase plays a pivotal role in the HGF-

induced dissociation and scattering of MDCK cells [58],

the pharmacological inhibition of PI3-kinase, ERK, and

p38 mitogen-activated protein kinase has revealed that the

both pathways are involved in the HGF-induced stimula-

tion of cell motility (Nasu et al. 2008, data not shown).

IMGE-5 cells retain the ability to proliferate in response to

HGF, even after differentiation has been induced, whereas

the growth of MKN74 cells is not affected by HGF

treatment (Fig. 1d). Additionally, HGF does not affect the

paracellular permeability of MKN74 monolayers to mac-

romolecules (Fig. 6). Therefore, the regulation of tight

junctions by HGF might be cell-type specific, to a certain

degree; further investigations will be needed in order to

clarify the mechanisms regulating HGF-induced cell

migration via alteration of the organization of tight junc-

tion proteins.
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In summary, using MKN74 gastric epithelial cells, in

which HGF stimulates cell migration but neither prolifer-

ation nor paracellular permeability to macromolecules, we

have shown that HGF induces the tyrosine phosphorylation

of occludin and reduces the interaction between ZO-1 and

occludin. Gastrointestinal epithelial barrier function is

maintained by subcellular junctional complexes, including

tight junction proteins, and HGF plays an important role in

regenerative processes such as wound healing in the gastric

mucosa. Therefore, study of the role of HGF in regulating

tight junctions will be of continuing value in efforts to

understand the mechanisms of the repair of injured gas-

trointestinal mucosa.
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