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The intestinal tract is considered the most important reservoir of Pseudomonas aeruginosa in intensive care
units (ICUs). Gut colonization by P. aeruginosa underlies the development of invasive infections such as
gut-derived sepsis. Intestinal colonization by P. aeruginosa is associated with higher ICU mortality rates. The
translocation of endogenous P. aeruginosa from the colonized intestinal tract is an important pathogenic
phenomenon. Here we identify bacterial and host proteins associated with bacterial penetration through the
intestinal epithelial barrier. We first show by comparative genomic hybridization analysis that the exoS gene,
encoding the type III effector protein, ExoS, was specifically detected in a clinical isolate that showed higher
virulence in silkworms following midgut injection. We further show using a silkworm oral infection model that
exoS is required both for virulence and for bacterial translocation from the midgut to the hemolymph. Using
a bacterial two-hybrid screen, we show that the mammalian factor FXYD3, which colocalizes with and regulates
the function of Na,K-ATPase, directly binds ExoS. A pulldown assay revealed that ExoS binds to the trans-
membrane domain of FXYD3, which also interacts with Na,K-ATPase. Na,K-ATPase controls the structure and
barrier function of tight junctions in epithelial cells. Collectively, our results suggest that ExoS facilitates P.
aeruginosa penetration through the intestinal epithelial barrier by binding to FXYD3 and thereby impairing the
defense function of tight junctions against bacterial penetration.

Pseudomonas aeruginosa is an opportunistic pathogen that is
a major cause of infection-related mortality among individuals
with compromised immune systems. Fatality rates among pa-
tients infected with P. aeruginosa are higher than those among
patients infected with any other opportunistic Gram-negative
bacterium (48, 51). The lungs are a major site of P. aeruginosa
infection in ill patients; however, a considerable number of
such infections occur through direct contamination of the
lungs by gastrointestinal flora or through hematogenous
spread from the intestine to the lungs (51). In particular, the
presence of highly virulent strains of P. aeruginosa within the
intestinal tract alone is the main source of sepsis and death
among immunocompromised patients, even in the absence of
established extraintestinal infection and bacteremia (34, 41,
51). Furthermore, the lethal effects of intestinal P. aeruginosa
are dependent upon its ability to adhere to and disrupt the
intestinal epithelial barrier (1).

The intestinal tract is considered to be the most important
reservoir of P. aeruginosa (2). The rate of mortality of patients
in intensive care units (ICUs) suffering from intestinal coloni-
zation by P. aeruginosa is significantly higher than that of pa-
tients without such colonization (34). The notion that gut col-
onization by P. aeruginosa sets the stage for the underlying

development of invasive infection is supported by reports dem-
onstrating a reduction in rates of ICU-acquired infection ow-
ing to a decontamination of the digestive tract (5, 31, 46).
Recently, the importance of intestinal P. aeruginosa as a cause
of mortality in critically ill patients was demonstrated in a
randomized prospective study (11). Patients were subjected to
selective antibiotic decontamination of the digestive tract
through the oral administration of nonabsorbable antibiotics.
This resulted in decreased mortality and was associated with a
decrease in fecal P. aeruginosa. The translocation of P. aerugi-
nosa from the colonized intestinal tract, a process whereby
endogenous intestinal P. aeruginosa relocates extraluminally, is
considered an important pathogenic phenomenon.

The importance of the translocation of P. aeruginosa from
the colonized intestinal tract in causing gut-derived septicemia
was determined by exploiting leukopenic mice (35, 38, 48). In
addition, most clinical blood isolates, but not human respira-
tory isolates, have been shown to cause lethal endogenous
bacteremia in leukopenic mice (15, 24). Cytokines such as
tumor necrosis factor alpha (TNF-�) and interleukin-1� have
been implicated in the translocation of P. aeruginosa in gut-
derived sepsis of leukopenic mice (36, 37). Furthermore, mul-
tidrug efflux systems of P. aeruginosa, such as mexAB-oprM,
have been reported to play a key role not only in the invasive-
ness of the bacteria into or transmigration of the bacterium
across Madin-Darby canine kidney (MDCK) cells but also in
the ability of the bacteria to kill leukopenic mice (24). How-
ever, it is still unclear at the molecular level how P. aeruginosa
exploits multidrug efflux systems to penetrate the epithelial cell
barrier.
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P. aeruginosa uses a type III secretion apparatus to inject
effectors into host cells. The P. aeruginosa type III secretion
system seems to have fewer effectors than any other bacterial
type III secretion system: only four effector proteins, ExoS,
ExoT, ExoU, and ExoY, of the P. aeruginosa type III secretion
system have been identified. ExoS is a bifunctional toxin pos-
sessing an N-terminal Rho GTPase-activating protein
(RhoGAP) activity that targets small GTPases (18, 20, 22, 49)
and a highly promiscuous C-terminally encoded ADP-ribosy-
lation activity (ADPRT) toward small GTP-binding proteins
(8, 9, 20, 23). The RhoGAP activity of ExoS causes the dis-
ruption of the host cell actin cytoskeleton through modulating
the switch between an active GTP-bound form and an inactive
GDP-bound form. The ADPRT activity of ExoS has several
effects on the host cell, such as a disruption of the actin cy-
toskeleton, inhibition of DNA synthesis, and cell death. The
eukaryotic cofactor 14-3-3 is required for the activation of the
ADPRT activity of ExoS (20). ExoT is closely related to ExoS
and is also a bifunctional toxin with N-terminal GAP activity
and C-terminal ADPRT activity (20). ExoU is a potent necro-
tizing toxin with phospholipase activity that is able to cause
rapid cell death in eukaryotic cells (20). ExoY is an adenylate
cyclase, and the injection of ExoY into mammalian cells causes
an elevation of intracellular cyclic AMP (cAMP) levels, al-
though the significance of ExoY in infection remains unclear
(20). Recently, it was reported that infection of polarized air-
way epithelial cells with P. aeruginosa expressing type III ef-
fectors (ExoS, ExoT, and ExoY) disrupts intact tight junctions
(TJs) by altering the distribution of the TJ proteins ZO-1 and
occludin (44). However, the precise molecular mechanism by
which the type III effector induces the disruption of TJs re-
mains unknown. Although many binding partners of the P.
aeruginosa type III effectors have been reported (20), it re-
mains unclear how P. aeruginosa penetrates the epithelial cell
barrier on the basis of interactions between type III effectors
and such substrate proteins. Hauser previously suggested that
the disruption of the cytoskeletal structure mediated by ExoS
may contribute to a reduction in cell-cell adherence, which in
turn may facilitate P. aeruginosa penetration through epithelial
barriers, but there is no direct experimental confirmation of
this hypothesis at present (20).

Our aim here was to reveal the precise molecular mecha-
nism by which P. aeruginosa disrupts TJs and penetrates the
epithelial cell barrier.

MATERIALS AND METHODS

Bacterial strains. P. aeruginosa PAO1 is our laboratory stock strain. The �exoS
strain was constructed with suicide vector pEX18Tc as described previously (25).
A 975-bp upstream sequence of the exoS gene was amplified with primers
PA3841FF (5�-GGAATTCGCCCTGGCTCAGCCTGGT-3�) and PA3841FR
(5�-TCGTGACGTCGATGGTTGCCTTCTCCTGATGTTTC-3�). A 945-bp
downstream sequence of the exoS gene was amplified with primers PA3841BF
(5�-GGCAACCATCGACGTCACGAACGGACACCTTG-3�) and PA3841BR
(5�-TATCTAGAATCGCCGGCAGCCCGGAA-3�). These two flanking se-
quences were joined by fusion PCR as described previously (30). The fused gene
was cloned into pEX18Tc (�exoS-pEX18Tc). �exoS-pEX18Tc was mobilized
into PAO1 by conjugation. The �exoS strain was selected from transconjugants
as described previously (25).

To construct the �exoS/exoS strain, a 69-bp DNA fragment containing the tac
promoter region in plasmid pME6032 (21) was prepared by annealing two primers
(5�-AATTCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACAC
ATTATACGAGCCGATGATTAATTGTCAAC-3� and 5�-TCGAGTTGACAAT

TAATCATCGGCTCGTATAATGTGTGGAATTGTGAGCGGATAACAATT
TCACACAGGAAACAG-3�). The fragment was cloned into vector pBBR1MCS5
(29) (pBBR1MCS5-tac). A 1.6-kb fragment containing the exoS gene with its native
promoter (PA3841; region at positions 4302981 to 4304502 of the PAO1 chromo-
some) was amplified by PCR with primers 5�-GTGGGAATTCGGCGTGTTCCG
AGTCACTGG-3� and 5�-AGAGGGATCCTCAGGCCAGATCAAGGCCGCGC
ATCCTCAG-3�. The PCR product was cloned into pBBR1MCS5-tac. The resulting
plasmid was transformed into the �exoS strain.

P. aeruginosa strains PA23, PA46, PA71, PA73, and PA85 are clinical isolates
derived from patient blood samples. The institutional review board at Kyoto
Pharmaceutical University reviewed and approved this research using these
human isolates.

Escherichia coli K-12 strain W3110 is a standard strain used for the genome
analysis project in Japan (http://ecoli.aist-nara.ac.jp/GB5/search.jsp) and was
used as a control strain that does not penetrate epithelial cell monolayers.

Comparative genomic hybridization (CGH) analysis. Total DNA (3 to 7 �g)
isolated from cultures of P. aeruginosa strains PA23, PA46, PA71, PA73, and
PA85 grown overnight was fragmented in 50 �l by adding 5 �l of 10� One-
Phor-All buffer and DNase I (0.6 U/�g DNA). Fragmented DNA (ranging from
50 to 200 bp) was labeled with biotin-ddUTP. The resulting DNAs were hybrid-
ized to a P. aeruginosa PAO1 GeneChip (Affymetrix). DNA microarray analysis
using a P. aeruginosa GeneChip was performed according to the manufacturer’s
instructions. The detected genes were identified in the P. aeruginosa PAO1
chromosome (www.pseudomonas.com).

Bacterial infection model using silkworms. The injection of bacteria (106 CFU
per silkworm) into the hemolymph and midgut of 10 silkworms (Hu-Yo �
Tukuba-Ne) at the fifth-instar stage was performed as described previously (19,
26, 28).

We developed an oral infection model using silkworms. Twenty silkworms
at the fifth-instar stage were fed an antibiotic-free artificial food, Silkmate (an
approximately 1.0-cm3 block; Katakura Industries), to which 200 �l of a
culture of P. aeruginosa (1010 CFU/ml) grown overnight had been added. As
a negative control, 200 �l of saline was used. The silkworms were maintained
without food, and survival was monitored for 5 days. The number of bacteria
in the hemolymph at 1 h and 24 h after oral infection of three silkworms with
strain PAO1 and the �exoS strain was measured by spreading 100 �l of
hemolymph fluid onto LB agar. The results are expressed as means � stan-
dard deviations (SD).

Viabilities after the direct injection of strain PAO1 and the �exoS strain into
the hemolymphs of four silkworms were also compared.

Penetration assay. We carried out a penetration assay using MDCK monolayers
at a multiplicity of infection (MOI) of 100 as described previously (24). The assay
was performed in triplicate, and the results are expressed as means � SD.

The bacterial association, invasion, and penetration assay at 3 h after infection
was carried out as described previously (24). The assay was performed in tripli-
cate, and the results are expressed as means � SD.

Caco-2 cell monolayers in Transwell (Corning) plates were prepared at a
density of 5.0 � 104 cells per cm2 as described previously (39). Bacteria were
inoculated at 5.0 � 106 CFU per well. The assay was performed in triplicate, and
the results are expressed as means � SD.

Apoptosis and cytotoxicity assay. Caco-2 cell monolayers in Transwell plates
were infected at an MOI of 100 for 3 h and analyzed with the Cell Death
Detection ELISAPLUS kit (Roche) according to the manufacturer’s instructions.
The enrichment of mono- and oligonucleosomes released into the cytoplasm was
calculated as the ratio of the absorbance of the sample cells to that of the control
cells. The enrichment factor was used as a parameter of apoptosis and is shown
on the y axis as the means � SD from triplicate experiments. An enrichment
factor of 1 represents background or spontaneous apoptosis.

Caco-2 cells in 96-well plates were infected at an MOI of 100 for 3 h and
analyzed with the Cytotoxicity Detection KitPLUS (LDH) (Roche) according to
the manufacturer’s instructions. The assay was performed in triplicate, and the
results are expressed as the means � SD.

Bacterial two-hybrid assay. A BacterioMatch II two-hybrid assay employing a
human colon cDNA library (Stratagene) was carried out according to the man-
ufacturer’s instructions. pBT-exoS was constructed by inserting the full-length
exoS gene amplified by PCR with primers (5�-GAAGGCGGCCGCAATGCAT
ATTCAATCGCTTCAG-3� and 5�-AGAGGAATTCTCAGGCCAGATCAAG
GCCGCGCATCCTCAG-3�) into the pBT vector. Transformants were selected
with a His3 reporter by selective plates containing 3-amino-1,2,4-triazole (3AT).

Pulldown assay. pGST-ExoS was constructed by cloning the full-length exoS
gene, amplified by PCR with primers (5�-GGCCGGATCCATGCAGAAGGTG
ACCCTGGG and 5�-GCGCGAATTCTCAGCTTTGGGCTGAGCCTG), into
pGEX-6P-1 (Amersham Pharmacia Biotech). The glutathione S-transferase
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(GST) fusion (ExoS) protein was purified as described previously (40) and used
for the pulldown assay after removal of the GST tag.

pGST-FXYD3 was constructed by cloning the full-length FXYD3 gene, am-
plified by PCR with primers 5�-GGCCGGATCCATGCAGAAGGTGACCC
TGGG and 5�-AGAGGAATTCTCAGCTTTGGGCTGAGCCTGGGGTGAT
GAG, into pGEX-6P-1. Each deleted FXYD3 gene was amplified by PCR with
primers 5�-CATCGGATCCGCAAAATGCAAATGCAAGTTTGGC and 5�-G
CGCGAATTCTCAGCTTTGGGCTGAGCCTG for GST-FXYD3 (exons 7, 8,
and 9), 5�-GGCCGGATCCATGCAGAAGGTGACCCTGGG and 5�-AGG
CGAATTCTCAATAGTAGAAAGGATCGTTTTTATCTTCTAG for GST-
FXYD3 (signal peptide plus exons 4 and 5), 5�-GGCCGGATCCATGCAGAA
GGTGACCCTGGG and 5�-CAAAGAATTCTCAGCATTTTGCACTCATGA
CGATGATG for GST-FXYD3 (signal peptide plus exons 4, 5, and 6), and
5�-CCTGGGATCCAATGACCTAGAAGATAAAAACAGTCC and 5�-GCGC
GAATTCTCAGCTTTGGGCTGAGCCTG for GST-FXYD3 (exons 4, 5, 6, 7,
8, and 9) and cloned into pGEX-6P-1. GST-FXYD3 and GST-deleted FXYD3
proteins were expressed in E. coli cells as inclusion bodies and purified as
described previously (40). Purified GST-FXYD3 proteins were used for the
pulldown assay.

In Fig. 3A, GST-FXYD3 or GST alone immobilized on glutathione-Sepharose
beads was incubated with the full-length ExoS protein. The pulled-down proteins
were analyzed by Western blotting using an anti-ExoS antibody.

In Fig. 3B, GST-FXYD3, GST-FXYD3 (exons 7, 8, and 9), GST-FXYD3
(signal peptide plus exons 4 and 5), GST-FXYD3 (signal peptide plus exons 4, 5,
and 6), GST-FXYD3 (exons 4, 5, 6, 7, 8, and 9), or the GST protein alone was
immobilized on glutathione-Sepharose beads and incubated with full-length
ExoS. The pulled-down proteins were subjected to Western blot analysis using an
anti-ExoS antibody.

Antibodies. Anti-ExoS polyclonal antibody was prepared by immunizing a
rabbit with a mixture of two synthetic oligopeptides corresponding to amino
acids 75 to 91 (LLGSHARTGPQPSQDAQ) and 428 to 443 (LASKPERSGEV
QEQDV) of the ExoS protein. Anti-FXYD3 rabbit and goat antibodies were
obtained from Santa Cruz Biotechnology. Anti-ZO-1, anti-occludin, anti-E-cad-
herin, and anti-�-catenin antibodies were obtained from Invitrogen. Anti-�-actin
antibody was obtained from Chemicon.

Targeting of FXYD3 with artificial microRNAs. We designed two FXYD3
targeting sequences, 229-miRNA (5�-TGCTGTCTTCTAGGTCATTGG
CGTCCGTTTTGGCCACTGACTGACGGACGCCAGACCTAGAAGA and
5�-CCTGTCTTCTAGGTCTGGCGTCCGTCAGTCAGTGGCCAAAACGG
ACGCCAATGACCTAGAAGAC) and 232-miRNA (5�-TGCTGTTATCTTCT
AGGTCATTGGCGGTTTTGGCCACTGACTGACCGCCAATGCTAGAAG
ATAA and 5�-CCTGTTATCTTCTAGCATTGGCGGTCAGTCAGTGGCCA
AAACCGCCAATGACCTAGAAGATAAC), on the basis of data under
GenBank accession no. NM_005971.2. These double-stranded microRNA
(miRNA) genes were ligated with the Block-iT Pol II miR RNA interference
(RNAi) expression vector (Invitrogen). Plasmids expressing either of the two
FXYD3 miRNAs or the control miRNA (pcDNA6.2-GW/EmGFP-miR-neg
control vector; Invitrogen) were transfected into Caco-2 cells by using the Fu-
Gene HD kit (Roche), and stable transfectants were selected based on green
fluorescent protein (GFP) fluorescence and blasticidin resistance.

Penetration assay using FXYD3-KD-Caco-2 cell monolayers. Caco-2 cells in
which FXYD3 expression had been knocked down following transfection and the
stable expression of either of the two FXYD3-miRNAs (FXYD3-KD-Caco-2) or
Caco-2 cells expressing the control miRNA (control-Caco-2) were seeded onto a
12-well Transwell at a density of 5.0 � 104 cells per cm2 and incubated for �2
weeks until the transepithelial resistance (TER) reached 500 	 � cm2. Both
FXYD3-KD-Caco-2 and control-Caco-2 cells were infected at an MOI of 100,
and the number of bacteria in the basolateral medium was counted. The assay
was performed in triplicate, and the results are expressed as means � SD.

Na,K-ATPase activity. Membrane preparations from FXYD3-KD-Caco-2 and
control-Caco-2 cells were prepared as follows: cells were collected and centrif-
uged at 3,000 � g for 10 min (about 1 ml of packed cells). The cell pellet was
resuspended in 10 ml of 250 mM sucrose buffer containing 10 mM Tris-HCl (pH
7.5) and Complete protease inhibitor cocktail (Roche). The cells were thawed
rapidly, the cell lysate was centrifuged at 800 � g for 5 min, and the pellet was
resuspended in 5 ml of 1 mM Na2CO3 at room temperature. The volume was
brought to 40 ml with 1 mM Na2CO3, and the homogenate was incubated for 5
min at room temperature. The homogenate was centrifuged for 10 min at 800 �
g, and the supernatant was ultracentrifuged at 100,000 � g for 30 min at 4°C.
After resuspending the resultant pellet in 0.5 ml of 10 mM Tris-HCl (pH 7.5),
sucrose solutions (9 ml of 45% sucrose, 9 ml of 31% sucrose, and 6 ml of 9%
sucrose) were added carefully to form separate layers, and sucrose density gra-
dient centrifugation was then carried out at 100,000 � g for 3 h at 4°C. The bands

at the boundaries between 9% and 31% and between 31% and 45% were
collected and ultracentrifuged at 100,000 � g for 30 min at 4°C. The pellet was
resuspended in 10% glycerol, and the resulting membrane suspension was used
as the membrane protein in the Na,K-ATPase assay described below.

The Na,K-ATPase activity was measured as described previously (43). The
Na,K-ATPase activity of the membrane protein was assayed in reaction mixtures
of (i) 30 mM imidazole-HCl, 130 mM NaCl, 20 mM KCl, and 4 mM MgCl2 and
(ii) 30 mM imidazole-HCl, 4 mM MgCl2, and 1 mM ouabain, at pH 7.4, each
containing 20 �g of membrane protein. For complete ouabain binding, the tubes
were preincubated for 1 h at room temperature. The reaction was started by
adding 4 mM Tris-ATP (Sigma) to the mixture, and the mixture was incubated
for 30 min at 37°C. The amount of Pi formed was determined by using Biomol
green reagent (Biomol Research Laboratories) according to the manufacturer’s
instructions. The Na,K-ATPase activity was calculated as the difference in the Pi

content (�M/mg protein/h) between reaction mixtures i and ii. Determination of
Na,K-ATPase activity in the presence of ExoS was carried out by the addition of
purified ExoS (25 �g) to reaction mixtures i and ii.

Expression of ZO-1 and occludin in Caco-2 cell monolayers infected with
PAO1 and the �exoS and �exoS/exoS strains. Caco-2 cell monolayers were used
when their TER values were 
500 	 � cm2. Caco-2 monolayers were infected at
an MOI of 100 and incubated for 4 h at 37°C. The cell lysates prepared with
radioimmunoprecipitation assay (RIPA) buffer (Pierce) were analyzed by West-
ern blotting using anti-ZO-1, anti-occludin, and anti-�-actin antibodies.

Confocal microscopy. FXYD3-KD-Caco-2 and control-Caco-2 cells or Caco-2
cells infected with bacteria were stained with anti-ZO-1 and anti-occludin anti-
bodies. Cells were fixed in 4% paraformaldehyde, treated with NH4Cl, and
permeabilized with 0.2% Triton X-100. Cells were incubated with anti-ZO-1
rabbit and anti-occludin rabbit antibodies. After washing with Tris-buffered sa-
line–Tween (TBS-T), cells were incubated with Alexa Fluor 546 anti-rabbit IgG
(Invitrogen). Cells were examined by using a confocal laser scanning microscope
(LSM510 Meta; Carl Zeiss).

Caco-2 cells infected with PAO1, the �exoS strain, and Escherichia coli strain
W3110 were double stained with anti-ExoS rabbit antibody plus Alexa Fluor 594
anti-rabbit IgG and anti-FXYD3 goat antibody plus Alexa Fluor 488 anti-goat
IgG as described above.

In vivo immunoprecipitation of endogenous FXYD3. Caco-2 cells infected with
PAO1 and the �exoS strain or uninfected Caco-2 cells were treated with 2.5 mM
DSP [dithiobis(succinimidylpropionate)]. The cells were lysed by using a Mem-
PER kit (Pierce), and the cell lysates were diluted with M-PER buffer (Pierce)
and treated with either anti-FXYD3 rabbit antibody or normal rabbit serum. The
immune complexes were trapped by using PureProteome protein A magnetic
beads (Millipore) and analyzed by Western blotting using anti-ExoS and anti-
FXYD3 rabbit antibodies.

Statistical analysis. Statistical analysis was performed by using a two-tailed t
test. In Fig. 1B, the log-rank test was applied for testing the differences between
the survival curves. JMP statistical analysis software, version 7.0 (SAS Institute,
NC), was used.

RESULTS

Comparison of the virulences of clinical blood isolates of P.
aeruginosa toward silkworms. A positive correlation between
the virulences of P. aeruginosa in mammals and insects has
been reported (6, 19, 26, 27, 32, 33). Therefore, we compared
the virulences of five clinical blood isolates by injecting the
bacteria into the midgut and hemolymph of silkworms. The
virulence of strain PA46 was greater than those of the other
four strains following injection into either location. Strain
PA46 killed all silkworms by 54 h following midgut injection
and by 30 h following hemolymph injection, whereas the other
strains required more than 72 h and 63 h, respectively, to do
the same (data not shown). The greater virulence of strain
PA46 particularly following midgut injection suggests that it is
able to more efficiently penetrate the intestinal barrier com-
prising the epithelial cell layer. Penetration through the intes-
tinal barrier is considered a key factor associated with the
ability of the bacterium to initiate gut-derived sepsis (24).
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CGH analysis of clinical blood isolates. To identify genes
associated with bacterial translocation from the midgut to the
hemolymph of silkworms, we performed comparative genomic
hybridization (CGH) analysis on strain PA46, which showed
higher virulence in silkworms following midgut injection, and
on the other strains, which exhibited lower virulence (data not
shown). This analysis identified 61 genes that were specifically
detected in strain PA46 (data not shown). Among these 61
genes, we focused our attention on the exoS gene (PA3841),
since the contribution of the type III effector ExoS to the
ability of P. aeruginosa to penetrate the intestinal epithelial cell
barrier is not well known. We constructed an exoS knockout
strain (designated the �exoS strain) from P. aeruginosa PAO1
(the wild-type strain) and analyzed its virulence using a silk-
worm oral infection model. We generated the �exoS strain
from wild-type strain PAO1 instead of strain PA46 owing to
the difficulty in the genetic manipulation of the latter.

The virulence of the �exoS strain was significantly attenu-
ated compared to the wild type and �exoS-complemented
strain (the �exoS/exoS strain) (Fig. 1A). This result suggests
that ExoS is required for P. aeruginosa virulence in silkworms.
We next evaluated directly the ability of the wild-type, �exoS,
and �exoS/exoS strains to penetrate the midgut barrier after
oral administration. As shown in Fig. 1B, the numbers of wild-
type and �exoS/exoS bacteria identified in the hemolymph at
1 h and 24 h after oral infection were significantly greater than
that of �exoS bacteria. We also compared the abilities of the
wild-type and �exoS strains to grow or survive following direct
injection into the hemolymph. Viabilities following injection
into the hemolymph were similar between the two strains at all
inoculum doses tested (107 to 101 CFU/silkworm) (data not
shown). Therefore, we conclude that the high mortality of
silkworms following oral administration of the wild-type strain
is dependent upon the ability of the bacteria to penetrate
efficiently through the midgut barrier in a manner dependent
upon ExoS and that this effect is independent of the viability of
the bacteria in the hemolymph.

Penetration assay. We next performed a penetration assay
using an in vitro-cultured cell monolayer system (24) to deter-

mine whether the exoS gene is also necessary for the penetra-
tion of P. aeruginosa through an epithelial cell monolayer.
Bacteria were inoculated onto the apical surfaces of MDCK
cell monolayers at an MOI of 100, and the number of bacteria
in the basolateral medium was counted at the indicated times.
The �exoS strain exhibited a reduced ability to penetrate the
MDCK cell monolayer relative to the penetration by the wild-
type strain at all times following infection (P � 0.05) (Fig. 2A).
We observed a good correlation between changes in the trans-
epithelial resistance (TER) (Fig. 2B) and the number of bac-
teria that had penetrated through the MDCK monolayers over
time (Fig. 2A). TER is a sensitive measure of tight junctional
barrier function and reflects the condition of tight junction
formation. There was a steep drop in the TER of MDCK
monolayers infected with the wild-type strain.

We next aimed to distinguish between two possible routes by
which PAO1 penetrates the MDCK cell monolayer: passage
through the paracellular spaces between the cells and invasion
of the cells from the apical side followed by release through the
basolateral side. We observed that 0.03% of the wild-type
bacterial inoculum had invaded the cells, whereas 0.23% of the
bacteria had penetrated through the monolayers (Fig. 2C, D,
E, and F). These results suggest that a greater fraction of
PAO1 bacteria penetrated the MDCK cell monolayers through
the paracellular spaces than by the direct invasion of the cells.

We next performed a penetration assay using Caco-2 colon
epithelial cells, which are of human origin. Bacteria of the
�exoS strain penetrated Caco-2 cell monolayers much less ef-
ficiently than did those of the wild-type strain at either 3 or 4 h
following infection (P � 0.05) (Fig. 2G). The decrease in the
ability of the �exoS strain to penetrate the monolayers was
largely restored in the �exoS/exoS strain (P � 0.05) (Fig. 2G).
There was no significant difference in apoptosis or cytotoxicity
in Caco-2 cells at 3 h after infection with bacteria of either the
wild-type or �exoS strain (Fig. 2H and I).

ExoS binds to FXYD3. TJs seal the paracellular spaces be-
tween epithelial cells and function as an epithelial barrier to
prevent bacterial penetration from the intestine into the blood-
stream. If PAO1 penetrates epithelial cell monolayers predom-

FIG. 1. The type III effector ExoS is essential for P. aeruginosa virulence against silkworms, due to its ability to mediate penetration through
the midgut barrier. (A) Comparison of the virulences of PAO1 and the �exoS and �exoS/exoS strains or saline following oral administration to 20
silkworms. The log-rank test suggested significant differences between the virulence of the wild-type strain and that of the �exoS strain (chi-squared
value of 22.069; P � 0.0001) and between the virulence of the �exoS strain and that of the �exoS/exoS strain (chi-squared value of 11.097; P �
0.0009). Although the multiplicity problem in the log-rank test was considered, we concluded that the differences in these combinations could be
considered significant because of the sufficiently low P values. (B) Numbers of bacteria in the hemolymph at 1 h and 24 h after oral administration
of PAO1 and the �exoS and �exoS/exoS strains to three silkworms. There was a significant difference between numbers of PAO1 and �exoS strain
bacteria detected at 1 h and 24 h after oral infection (P � 0.05 and P � 0.001, respectively). There was also a significant difference between the
numbers of �exoS/exoS and �exoS strain bacteria detected at 1 h and 24 h after oral infection (P � 0.02 and P � 0.001, respectively).
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FIG. 2. ExoS is necessary for penetration of P. aeruginosa through epithelial cell monolayers in vitro. (A) Penetration of PAO1, the �exoS strain,
and E. coli W3110 through MDCK cell monolayers. Bacteria (108 CFU) were inoculated onto the apical surfaces of MDCK cell monolayers (106

cells) at an MOI of 100, and the number of bacteria in the basolateral medium was counted at the indicated times. The assay was performed in
triplicate, and the results are expressed as means � SD. (B) Change in the TER following infection of MDCK cell monolayers with PAO1, the
�exoS strain, and E. coli W3110 at an MOI of 100. The TER was measured at the indicated times in triplicate and is expressed as the average �
SD of the resistance multiplied by the area. (C) Bacterial association with MDCK cell monolayers. Bacterial association was evaluated by the lysis
of MDCK cells infected with PAO1, the �exoS strain, and E. coli W3110 at an MOI of 100 with Triton X-100 at 3 h after infection. The assay was
carried out in triplicate, and results are expressed as means � SD. There was no significant difference between PAO-infected and �exoS
strain-infected MDCK cell monolayers (P 
 0.1). (D) Bacterial invasion into MDCK cell monolayers. Bacterial invasion was evaluated by the lysis
of MDCK cells infected with PAO1, the �exoS strain, and E. coli W3110 at an MOI of 100 with Triton X-100 at 3 h after infection but after
treatment with 200 �g/ml of gentamicin for 2 h to kill extracellular bacteria. The assay was carried out in triplicate, and results are expressed as
means � SD. There was a significant difference between PAO-infected and �exoS strain-infected MDCK cell monolayers (P � 0.001). (E) Bacterial
penetration through MDCK cell monolayers. Bacteria (108 CFU) were inoculated onto the apical surfaces of MDCK cell monolayers (106 cells)
at an MOI of 100, and the number of bacteria in the basolateral medium was counted at 3 h after infection. The assay was carried out in triplicate,
and the results are expressed as means � SD. There was a significant difference between PAO-infected and �exoS strain-infected MDCK cell
monolayers (P � 0.005). (F) Association, invasion, and penetration rates expressed as percentages of the numbers of bacteria added to the
monolayers on the basis of the results shown in C, D, and E. (G) Penetration of PAO1, the �exoS strain, the �exoS/exoS strain, and E. coli W3110
through Caco-2 human colon epithelial cell monolayers. Bacteria were inoculated onto the apical surfaces of Caco-2 cell monolayers at an MOI
of 100, and the number of bacteria in the basolateral medium was counted at the indicated times. The assay was performed in triplicate, and the
results are expressed as means � SD. (H) Apoptosis of Caco-2 cell monolayers infected with PAO1 and the �exoS strain at an MOI of 100 for
3 h. There was no significant difference between PAO-infected and �exoS strain-infected Caco-2 cell monolayers (P 
 0.1). W/O, without infection.
(I) Cytotoxicity assay of Caco-2 cells in 96-well plates infected with PAO1 and the �exoS strain at an MOI of 100 for 3 h. There was no significant
difference between PAO-infected and �exoS strain-infected Caco-2 cell monolayers (P 
 0.1).
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inantly through the paracellular spaces, they likely impair the
function of TJs by some unknown mechanism. Since the ability
of the �exoS strain to penetrate epithelial cell monolayers is
strongly attenuated, we hypothesized that PAO1 injects ExoS
into epithelial cells and that the injected ExoS binds a host
factor associated with TJ formation to disrupt the TJ structure.
To identify the host protein(s) that binds ExoS, we performed
a yeast two-hybrid screen. This effort was unsuccessful due to
the lethal effect of ExoS expression on Saccharomyces cerevi-
siae cells (45). In contrast, a bacterial two-hybrid screen (
5 �
105 clones from a human colon cDNA library) identified 26
positive clones. The cDNA sequences of the 26 positive clones
are listed in the Table 1. Among 26 positive clones, we focused
on FXYD domain-containing ion transport regulator 3
(FXYD3) (GenBank accession no. NM_005971.2), since
FXYD3 is known to be associated with TJ formation (3, 10,
42). The interaction of ExoS with FXYD3 was confirmed by
using a GST pulldown assay (40). GST-FXYD3 bound to ExoS
(Fig. 3A).

The transmembrane domain of FXYD3 interacts with ExoS.
FXYD3 is a member of the FXYD family of membrane pro-
teins, which possess a single transmembrane domain (50). Its
secondary structure was determined by nuclear magnetic res-
onance (NMR) performed on the protein prepared in lipid
micelles, and it was found that its structure comprises four
helical domains (13, 14) (H1 to H4) (Fig. 3C). In addition, an
Na,K-ATPase interaction domain was predicted from the
three-dimensional NMR structure of FXYD1 (13) (Fig. 3C).
We determined which domain of FXYD3 binds to ExoS by
using a GST pulldown assay. As shown in Fig. 3B and C,
neither GST-FXYD3 (signal peptide plus exons 4 and5) nor
GST-FXYD3 (exons 7, 8, and 9) bound ExoS, whereas GST-
FXYD3 (signal peptide plus exons 4, 5, and 6) and GST-
FXYD3 (exons 4, 5, 6, 7, 8, and 9) did, which suggests that the
transmembrane domain of FXYD3 binds to ExoS (H1 and H2
helix region [exon 6] (Fig. 3C). However, we cannot rule out

the possibility that the deletion of the transmembrane domain
of FXYD3 may disrupt the overall folding of this protein and
thereby interfere with the binding of this protein to ExoS.

Proteins of the FXYD family function as tissue-specific
modulators of Na,K-ATPase activity. The inhibition of Na,K-
ATPase activity at TJs is known to induce a rearrangement of
TJ strands and to increase the permeability of TJs to ionic and
nonionic solutes in pancreatic epithelial cells, which suggests
that Na,K-ATPase is essential for controlling TJ gate function
(42). These facts led us to hypothesize that the binding of ExoS
to FXYD3 may lead to the inactivation of FXYD3, thereby
inhibiting Na,K-ATPase activity to impair TJ gate function
against P. aeruginosa penetration. To confirm this hypothesis,
we investigated whether the silencing of FXYD3 expression in
Caco-2 cells could influence the TJ structure and its barrier
function.

Silencing of FXYD3 expression in Caco-2 cells disrupts both
the tight junction structure and its barrier function against
bacterial penetration. The TJs and adherens junctions (AJs)
comprise a complex of proteins that function as a barrier to the
diffusion of macromolecules across epithelial cells. TJs and AJs
are localized on the apical and basolateral sides of the epithe-
lial cells, respectively, where they mediate the barrier function
independent of one another. Whereas TJs constitute the main
physical barrier to the diffusion of molecules through the para-
cellular space, AJs may indirectly regulate the structure and
function of TJs (47). The occludin and ZO-1 proteins are
structural components of the TJs that seal the paracellular
spaces between the cells and function as the epithelial barrier
(7), whereas the main molecular component of AJs is E-cad-
herin, which is connected to the actin cytoskeleton via cyto-
plasmic �-, �-, and -catenins. We performed miRNA-medi-
ated FXYD3 gene silencing in Caco-2 cells, since the
expression of the FXYD3 gene in Caco-2 cells has been con-
firmed (4). In Caco-2 cells, the constitutive expression of either
of two miRNAs (229-miRNA and 232-miRNA) designed to

TABLE 1. Homologs of the cDNAs isolated from positive clones upon bacterial two-hybrid screening

Homolog in database
No. of
clones

isolated

GenBank
accession no.

Expectation
value

Mitochondrion, complete genome 4 NC_001807.4 0.0
Myosin, heavy chain 11, smooth muscle (MYH11), transcript variant SM2A, mRNA 3 NM_022844.2 0.0
FXYD domain-containing ion transport regulator 3 (FXYD3), transcript variant 1, mRNA 2 NM_005971.2 0.0
Proliferation-associated 2G4, 38 kDa (PA2G4), mRNA 1 NM_006191.2 0.0
Hypothetical LOC730415, transcript variant 2 (LOC730415), mRNA 1 XM_001720835.1 0.0
Zinc finger, DHHC-type containing 3 (ZDHHC3), mRNA 1 NM_016598.1 0.0
Vacuolar protein-sorting 28 homolog (S. cerevisiae) (VPS28), transcript variant 1, mRNA 1 NM_016208.2 0.0
Globoside alpha-1,3-N-acetylgalactosaminyltransferase 1 (GBGT1), mRNA 1 NM_021996.4 0.0
Chromosome 12 genomic contig 1 NT_009714.16 0.0
Family with sequence similarity 44, member A, mRNA (cDNA clone IMAGE accession no. 4395670) 1 BC016987.1 0.0
Signal transducer and activator of transcription 6, interleukin-4 induced (STAT6), mRNA 1 NM_003153.3 0.0
Transmembrane protein 103 (TMEM103), mRNA 1 NM_001031703.2 0.0
Actin, gamma 1 (ACTG1), mRNA 1 NM_001614.2 0.0
Major histocompatibility complex class I, E (HLA-E), mRNA 1 NM_005516.4 0.0
Ring finger protein 123 (RNF123), mRNA 1 NM_022064.2 0.0
Myosin IC (MYO1C), transcript variant 2, mRNA 1 NM_001080950.1 0.0
Dynactin 2 (p50) (DCTN2), mRNA 1 NM_006400.3 1E�179
Haplotype H5 mitochondrion, complete genome 1 EU677750.1 4E�166
Xylulokinase homolog (Haemophilus influenzae) (XYLB), mRNA 1 NM_005108.2 2E�119
Creatine kinase, brain (CKB), mRNA 1 XM_510185.2 2E�101
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specifically target different regions of the FXYD3 gene led to
greatly reduced levels of expression of the FXYD3 gene (98%
suppression) compared to that observed for cells expressing a
control miRNA vector (Fig. 4A). In Caco-2 cells in which

FXYD3 expression was knocked down, we observed greatly
reduced expression levels of occludin and ZO-1 (94% and 98%
reductions, respectively) (Fig. 4A). In contrast, there was no
significant difference in the expression levels of �-catenin or

FIG. 3. ExoS binds to FXYD3, a regulator of Na,K-ATPase. (A) Interaction of ExoS with FXYD3 in vitro. GST-FXYD3 or GST alone
immobilized on glutathione-Sepharose beads was incubated with full-length ExoS. The pulled-down proteins were analyzed by Western blotting
using an anti-ExoS antibody (Ab.). The arrow indicates the presence of the ExoS protein on the Western blot. Coomassie brilliant blue staining
of the proteins analyzed by SDS-PAGE is shown at the left. (B) Determination of the region of FXYD3 that mediates binding to ExoS. Coomassie
brilliant blue staining of the various GST-FXDY3 deletion mutants analyzed by SDS-PAGE is shown at the left. sig., signal peptide. GST-FXYD3,
GST-FXYD3 (exons 7, 8, and 9), GST-FXYD3 (signal peptide plus exons 4 and 5), GST-FXYD3 (signal peptide plus exons 4, 5, and 6),
GST-FXYD3 (exons 4, 5, 6, 7, 8, 9), or the GST protein alone was immobilized on glutathione-Sepharose beads and incubated with full-length
ExoS. The pulled-down proteins were subjected to Western blot analysis using an anti-ExoS antibody. The arrows indicate the bound ExoS protein
analyzed by Western blotting. (C) Schematic representation of the structure of FXYD3 (38) and the ExoS-binding domain. ExoS binding is a
summary of the results shown in B and is indicated schematically by minuses and pluses.
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E-cadherin between the FXYD3 knockdown and control cells
(Fig. 4A). Furthermore, confocal microscopy revealed that the
silencing of FXYD3 in Caco-2 cells results in a TJ disruption
due to a reduced level of expression of the TJ-associated pro-
teins occludin and ZO-1 (Fig. 4B).

We next evaluated the effect of the knockdown of FXYD3
expression in Caco-2 cells on bacterial penetration. If PAO1
penetrates Caco-2 cell monolayers mediated by an interaction
of ExoS with FXYD3 that impairs FXYD3 function, then the
silencing of FXYD3 expression should facilitate the penetra-
tion of the �exoS strain through Caco-2 monolayers. First, we
investigated whether FXYD3 knockdown cells form a normal
monolayer by measuring the TER. As described previously

(39), an increase in the TER to more than 300 	 � cm2 indi-
cates the formation of a normal monolayer in Transwell plates.
We observed an increase in the TER in both FXYD3 knock-
down and control Caco-2 cells, although the TER of the
FXYD3 knockdown cells increased more slowly than that of
the control cells (Fig. 4C). However, since the TERs of both
cell lines reached approximately 500 	 � cm2 by 12 days after
seeding, we considered that normal monolayers had formed in
both lines and performed the penetration assay. As shown in
Fig. 4D, whereas only strain PAO1 could penetrate the control
Caco-2 cell monolayers at 3 h and 4 h after infection, in the
FXYD3 knockdown cells, the �exoS strain recovered the abil-
ity to penetrate the monolayers at all time points to an extent

FIG. 4. Knockdown of FXYD3 expression influences the structure and barrier functions of tight junctions against bacterial penetration in
Caco-2 cells. (A) Western blot analysis of cell lysates prepared from Caco-2 cells constitutively expressing either 229-miRNA or 232-miRNA, which
are specific for the FXYD3 gene, or constitutively expressing a control plasmid. Proteins were detected with anti-FXYD3, anti-ZO-1, anti-occludin,
anti-E-cadherin, anti-�-catenin, or anti-�-actin antibodies. Normalized expression ratios were compared between control and FXYD3-KD
(229)-Caco-2 cells. Protein expression was standardized to the level of expression of the �-actin protein. (B) Confocal images of control and
FXYD3 knockdown Caco-2 cells analyzed by immunofluorescence for the expression of occludin and ZO-1. FXYD3-KD-Caco-2 and control-
Caco-2 cells were fixed in 4% paraformaldehyde, treated with NH4Cl, and permeabilized with 0.2% Triton X-100. Cells were incubated with
anti-ZO-1 rabbit and anti-occludin rabbit antibodies. After washing with TBS-T, cells were incubated with Alexa Fluor 546 anti-rabbit IgG. Cells
were examined by using a confocal laser scanning microscope. (C) Changes in the TERs of control and FXYD3 knockdown Caco-2 cells. The TER
was measured on the indicated days in triplicate and is expressed as the average � SD of the resistance multiplied by the area. (D) Penetration
of PAO1, the �exoS strain, and E. coli W3110 through control (left) and FXYD3 knockdown (right) Caco-2 cell monolayers. Both control-Caco-2
and FXYD3-KD-Caco-2 cells were infected at an MOI of 100, and the number of bacteria in the basolateral medium was counted. The assay was
performed in triplicate, and the results are expressed as means � SD. In control monolayers, there was a significant difference between the extents
of penetration by PAO1 and the �exoS strain (P � 0.05 at 3 h and P � 0.002 at 4 h) and between the extents of penetration by PAO1 and E. coli
W3110 (P � 0.05 at 3 h and P � 0.002 at 4 h). In FXYD3 knockdown monolayers, there were similar levels of penetration by bacteria of PAO1
and the �exoS strain at all time points (P 
 0.1) and between bacteria of PAO1 and E. coli W3110 at 2 h, 3 h, and 4 h after infection (P 
 0.1),
although there was a significant difference between the extents of penetration by PAO1 and E. coli W3110 at only 1 h after infection (P � 0.05).
(E) Na,K-ATPase activity in control and FXYD3 knockdown Caco-2 cells in the absence or presence of ExoS (25 �g). The assay was performed
in triplicate, and the results are expressed as means � SD. PI, inorganic phosphate.
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similar to that of PAO1 (P 
 0.1) (Fig. 4D). In addition, E. coli
W3110 cells were also able to penetrate monolayers of FXYD3
knockdown Caco-2 cells to an extent similar to that of PAO1 at
2 h, 3 h, and 4 h after infection (P 
 0.1) (Fig. 4D). These
results suggest that FXYD3 plays a key role in the regulation
of TJ function as a barrier against bacterial penetration and
that the impairment of FXYD3 function facilitates penetration
through the monolayers due to a disruption of the TJs.

FXYD3 silencing and exposure of Caco-2 cells to ExoS both
cause an inactivation of Na,K-ATPase activity. FXYD3 is
known to regulate Na,K-ATPase activity (10). Recently, it was
reported that small interfering RNA (siRNA)-mediated silenc-
ing of FXYD3 in Caco-2 cells inhibits Na,K-ATPase pump
activity by decreasing its turnover (3). Therefore, we examined
whether Na,K-ATPase activity is inhibited in FXYD3 knock-
down Caco-2 cells by using a previously described method (43).
As shown in Fig. 4E, membranes isolated from control Caco-2
cells exhibited Na,K-ATPase activity, whereas membranes iso-
lated from FXYD3 knockdown cells did not (P � 0.02). Fur-
thermore, the exposure of control membranes to recombinant
ExoS also abrogated Na,K-ATPase activity (P � 0.05). These
findings suggest that ExoS inactivates Na,K-ATPase activity
through interactions with FXYD3.

ExoS alters tight junction components. We next studied
whether the infection of Caco-2 cells with the wild-type strain
influences the expression of the TJ-associated proteins occlu-
din and ZO-1, which constitute the initial barrier to bacterial
invasion. Western blot analysis revealed that infection of
Caco-2 cells with the wild-type or �exoS/exoS strain reduced
the levels of expression of ZO-1 (by 65 and 64%, respectively)
and occludin (by 66 and 64%, respectively) relative to that
observed following infection with the �exoS strain (Fig. 5A). In
addition, confocal imaging revealed that infection of Caco-2
cells with the wild-type or �exoS/exoS strain disrupted TJ struc-
ture due to the reduced levels of expression of occludin and
ZO-1 (Fig. 5B). These results are consistent with those of a
previous study that reported that infection of polarized airway
epithelial cells with P. aeruginosa expressing type III effectors
(ExoS, ExoT, and ExoY) disrupts intact TJs by altering the
distribution of the TJ proteins ZO-1 and occludin (44).

Immunoprecipitation of endogenous FXYD3 complexes. En-
dogenous FXYD3 complexes were precipitated by using an
anti-FXYD3 antibody from lysates of Caco-2 cells infected
with either PAO1 or the �exoS strain. ExoS was detected only
in FXYD3 complexes precipitated from PAO1-infected
Caco-2 cell lysates (Fig. 5C). Based on the results, we conclude

FIG. 5. Infection of Caco-2 cells with PAO1 disrupts tight junction structure through binding of ExoS to endogenous FXYD3. (A) Expression
of ZO-1 and occludin in Caco-2 cell monolayers infected with PAO1 and the �exoS and �exoS/exoS strains. Caco-2 monolayers were infected at
an MOI of 100 and incubated for 4 h at 37°C. The cell lysates were analyzed by Western blotting using anti-ZO-1, anti-occludin, and anti-�-actin
antibodies. Normalized expression ratios were compared between PAO1-infected Caco-2 cells and �exoS strain-infected Caco-2 cells or between
�exoS/exoS strain-infected Caco-2 cells and �exoS strain-infected Caco-2 cells. Protein expression was standardized to the expression of �-actin.
(B) Confocal images of Caco-2 cell monolayers infected with PAO1 and the �exoS and �exoS/exoS strains and stained for occludin and ZO-1.
Caco-2 cells infected with bacteria were fixed in 4% paraformaldehyde, treated with NH4Cl, and permeabilized with 0.2% Triton X-100. Cells were
incubated with anti-ZO-1 rabbit and anti-occludin rabbit antibodies. After washing with TBS-T, cells were incubated with Alexa Fluor 546
anti-rabbit IgG. Cells were examined by using a confocal laser scanning microscope. (C) In vivo immunoprecipitation (IP) of endogenous FXYD3
complexes. Caco-2 cells infected with PAO1 and the �exoS strain or uninfected Caco-2 cells were treated with 2.5 mM DSP. The cell lysates were
treated with either anti-FXYD3 rabbit antibody or normal rabbit serum. The immune complexes were trapped by using protein A magnetic beads
and analyzed by Western blotting using anti-ExoS and anti-FXYD3 rabbit antibodies. (D) Colocalization of ExoS and endogenous FXYD3 in
Caco-2 cell monolayers infected with PAO1 but not in Caco-2 cell monolayers infected with the �exoS strain or E. coli W3110. Caco-2 cells infected
with PAO1, the �exoS strain, and E. coli W3110 were double stained with anti-ExoS rabbit antibody plus Alexa Fluor 594 anti-rabbit IgG and
anti-FXYD3 goat antibody plus Alexa Fluor 488 anti-goat IgG.
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that FXYD3 can bind ExoS both in vivo and in vitro. We next
used confocal microscopy to document the colocalization of
endogenous FXYD3 and ExoS in Caco-2 cells infected with
PAO1 (Fig. 5D). As shown in Fig. 5D, the colocalization of
endogenous FXYD3 and ExoS can be seen at Caco-2 cell
membranes infected with PAO1, although there are nonspe-
cific red-staining spots in Caco-2 cells infected with the �exoS
strain and E. coli. On the basis of the results, we suggest that
endogenous FXYD3 and ExoS may be colocalized in some
areas of Caco-2 cells infected with PAO1.

DISCUSSION

In Fig. 6, we propose a model for bacterial penetration
through the epithelial cell barrier on the basis of the interac-
tion between ExoS and FXYD3. In this model, ExoS injected
into the host epithelial cell migrates to the membrane (step 2),
where it binds FXYD3 (step 3). The localization of ExoS after
injection into mammalian cells has been investigated in detail
previously (12, 20). Amino acid residues 51 to 72 of ExoS,
which comprise a leucine-rich motif that forms a membrane
localization domain, are required for localization to the plasma
membrane. This membrane localization of ExoS is consistent
with our model, whereby ExoS binds to FXYD3, since FXYD3
is localized to the apical membrane of polarized epithelial cells
(13).

FXYD3 (Mat-8) regulates Na,K-ATPase and is expressed
largely in the colon and stomach (10, 13). The colocalization of

FXYD3 with Na,K-ATPase in Caco-2 cells was confirmed by
the coimmunoprecipitation of FXYD3 with an Na,K-ATPase
antibody (4). Bibert et al. previously reported that the silencing
of FXYD3 in Caco-2 cells leads to a reduction in the TER and
a decrease in maximal Na,K-ATPase activity owing to a de-
crease in its turnover (3). In the present study, we observed
that the silencing of FXYD3 in Caco-2 cells leads to a slower
increase in the TER and a reduction in Na,K-ATPase activity
(Fig. 4C and E). Furthermore, we have also shown that expo-
sure to recombinant ExoS can lead to a reduction in Na,K-
ATPase activity (Fig. 4E). These results suggest that the bind-
ing of ExoS to FXYD3 causes an inactivation of FXYD3,
followed by a reduction in Na,K-ATPase activity.

Na,K-ATPase is localized to the apical junction in mamma-
lian epithelial cells, and the inhibition of Na,K-ATPase leads to
an increase in tight junction permeability against ionic and
nonionic solutes. These findings suggest that Na,K-ATPase
activity is necessary for tight junction gate function (17, 42),
although it was not clear whether Na,K-ATPase activity also
regulated tight junction gate function against bacterial pene-
tration. We have shown that the knockdown of FXYD3 leads
to both a reduced activity of Na,K-ATPase and a disruption of
tight junction gate function against bacterial penetration.
FXYD3 thus appears to play a key role in forming the intact
tight junction gate function against bacterial penetration by
controlling Na,K-ATPase activity. P. aeruginosa ExoS targets
FXYD3-regulated Na,K-ATPase activity in the apical mem-
brane of epithelial cells to break the tight junction gate func-

FIG. 6. Model for penetration of P. aeruginosa through the intestinal epithelial cell barrier on the basis of the interaction between ExoS and
its binding partner FXYD3. The wild-type strain injects ExoS into the host epithelial cell (step 1), and ExoS migrates to the host cell membrane
(step 2) and binds to FXYD3 (step 3). This binding of ExoS to FXYD3 inactivates FXYD3 (step 3) and subsequently reduces Na,K-ATPase activity
(step 4). This inactivation of Na,K-ATPase inhibits the expression of the TJ proteins ZO-1 and occludin (step 5), leading to a disruption of the
TJ structure, which allows P. aeruginosa to transmigrate effectively through the broken epithelial cell barrier (step 6).
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tion and to achieve effective transmigration through the gate
barrier. However, it is unclear how reduced Na,K-ATPase ac-
tivity through the inactivation of FXYD3 disrupts tight junc-
tion gate function against bacterial penetration, and further
studies will be needed.

We have developed a new model for the penetration of P.
aeruginosa through the intestinal epithelial cell barrier (Fig. 6).
These findings support the notion, based on epidemiological
studies, that gut colonization with P. aeruginosa is a key patho-
genic factor that underlies the development of invasive infec-
tions such as gut-derived sepsis. Since the expression of
FXYD3 is known to be restricted to the colon and stomach, the
prevention of the binding of ExoS to FXYD3 in the host
intestine may be an effective way to interfere with P. aeruginosa
translocation from the gut to the bloodstream, which may lead
to the development of a new antibacterial agent to reduce the
risk of gut-derived sepsis.

This penetration model for P. aeruginosa may be applicable
to other pathogenic bacteria that employ secretion systems
such as type III and type IV secretion systems to inject effector
proteins into host cells. FXYD family proteins are widely dis-
tributed in mammalian tissues, although the expression of
these proteins is tissue specific, and one of their common
functions is interactions with Na,K-ATPase (4, 13, 16). There-
fore, other pathogenic bacteria may use a similar strategy to
penetrate the epithelial barrier in mammalian tissues by inject-
ing effector proteins that can bind to FXYD family proteins.

Various bacterial functions are likely required for P. aerugi-
nosa within the intestinal tract to reach and infect the blood-
stream, including bacterial motility to reach epithelial cells, the
ability to adhere to epithelial cells, the ability to penetrate the
epithelial cell barrier, and resistance to phagocytic killing after
invasion of the bloodstream. In the present study, we revealed
that a type III effector, ExoS, plays an important role in bac-
terial penetration through the human intestinal epithelial cell
barrier. However, this is one of the various steps necessary for
P. aeruginosa to achieve gut-derived sepsis. A number of genes
identified in our CGH analysis are known to encode virulence
factors (data not shown). In addition, Hirakata et al. suggested
previously that genes encoding multidrug efflux systems play an
important role in the invasiveness of P. aeruginosa (24). Fur-
ther studies will be required to clarify the contribution of these
genes to P. aeruginosa virulence through the gut, which should
eventually facilitate a more comprehensive understanding of
the mechanism of bacterial translocation by P. aeruginosa.
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