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In inflammatory bowel diseases (IBD), intestinal barrier func-
tion is impaired as a result of deteriorations in epithelial tight
junction (T7J) structure. IL-6, a pleiotropic cytokine, is elevated
in IBD patients, although the role of IL-6 in barrier function
remains unknown. We present evidence that IL-6 increases TJ
permeability by stimulating the expression of channel-forming
claudin-2, which is required for increased caudal-related ho-
meobox (Cdx) 2 through the MEK/ERK and PI3K pathways in
intestinal epithelial cells. IL-6 increases the cation-selective TJ
permeability without any changes to uncharged dextran flux or
cell viability in Caco-2 cells. IL-6 markedly induces claudin-2
expression, which is associated with increased TJ permeability.
The colonic mucosa of mice injected with IL-6 also exhibits an
increase in claudin-2 expression. The claudin-2 expression and
T] permeability induced by IL-6 are sensitive to the inhibition of
gp130, MEK, and PI3K. Furthermore, expression of WT-MEK1
induces claudin-2 expression in Caco-2 cells. Claudin-2 pro-
moter activity is increased by IL-6 in a MEK/ERK and PI3K-de-
pendent manner, and deletion of Cdx binding sites in the pro-
moter sequence results in a loss of IL-6-induced promoter
activity. IL-6 increases Cdx2 protein expression, which is sup-
pressed by the inhibition of MEK and PI3K. These observations
may reveal an important mechanism by which IL-6 can under-
mine the integrity of the intestinal barrier.

One of the most important functions of gastrointestinal epi-
thelial cells is to provide a physical barrier to the diffusion of
pathogens, toxins, and antigens from the luminal environment
into the circulation. This depends on the coordinated expres-
sion and interaction of proteins in cell-cell junctional com-
plexes, including the tight junction (TJ)? (1). The TJ is a multi-
protein complex, located around the apical end of the lateral
membrane of polarized epithelial cells, which selectively regu-
lates the paracellular passage of ions, molecules and water. Four
types of integral transmembrane proteins, occludin (2), the
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claudins (3), junctional adhesion molecule (JAM) (4), and tri-
cellulin (5), have been identified so far. These transmembrane
proteins interact with intracellular plaque proteins such as
zonula occludens (ZO) proteins and cingluin, which in turn
anchor the transmembrane proteins to the perijunctional actin
cytoskeleton (1). The interaction of T] proteins with the actin
cytoskeleton is vital for maintaining TJ structure and function.
Numerous studies have reported that T] permeability and T]
protein expression/cytoskeletal association are dynamically
regulated by various intracellular signaling molecules, such as
PKC (6, 7), MAPK (8), PI3K (9), and protein phosphatases (10).

Under pathophysiological conditions, the disturbance of the
epithelial barrier allows contact with, or even penetration of,
noxious luminal contents such as antigens or bacteria into the
intestinal immune system resulting in mucosal inflammation,
as is the case in inflammatory bowel diseases (IBD). Although
the pathogenesis of the barrier defect in IBD is still unclear,
studies conducted in cell cultures and animal models demon-
strate that some proinflammatory cytokines such as TNF-«
(11),IFN-y(11,12),1L-1B(13), and IL-13 (14, 15) impair barrier
function by decreasing T protein expression, stimulating cyto-
skeletal contraction, and inducing epithelial apoptosis. How-
ever, changes in cytokine profile in inflammatory conditions
are complicated, and the effects of other cytokines on barrier
function require further investigation.

IL-6 is a pleiotropic cytokine whose expression is important
for the host response to a number of infections, exerts antigen-
specific immune responses, and has both pro- as well as anti-
inflammatory effects (16, 17). In pathological states, excessive
secretion and dysregulation of IL-6 and its signaling pathway
may play a major role in the pathogenesis of many diseases,
including IBD (18 —20). IL-6 is produced in substantially higher
amounts in both the serum and tissues of IBD patients. In mice,
the knock-out and blockade of IL-6 and IL-6 receptor suppress
experimental colitis, indicating an important contribution of
IL-6 and the IL-6 trans-signaling pathways for progression of
IBD (21-24). The major source of IL-6 seen in IBD has been
shown to be intestinal epithelial cells and lamina propria mono-
nuclear cells (18). However, the role of IL-6 in the regulation of
intestinal barrier function remains poorly understood.

The claudin family consists of at least 24 members (1). In
contrast to their structural similarities, the claudins perform
different functions and can roughly be divided into two types,
those involved in barrier formation, and those important in
channel formation (25). For example, claudin-1 is crucial for
tightening the barrier in renal epithelial cells and mammalian
epidermis (26, 27). In contrast, claudin-2 expression decreases
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the tightness of the epithelial barrier, which, it has been sug-
gested, is mediated by a paracellular channel for small cations
(28). It has been reported that claudin-2 expression is markedly
increased in the colons of patients suffering from Crohn disease
and ulcerative colitis, and it seems to have an important role in
the pathogenesis of IBD (29).

In the present study, we provide evidence that IL-6 has a role
in the regulation of intestinal epithelial TJs. Our results dem-
onstrate that IL-6 induces claudin-2 expression through signal-
ing pathways involving MEK/ERK and PI3K, and transcrip-
tional factor Cdx2 expression.

EXPERIMENTAL PROCEDURES

Chemicals—The following antibodies were used in this
study; rabbit polyclonal anti-claudin-1, anti-claudin-2, anti-
claudin-3, anti-JAM-1, anti-ZO-1, and anti-ZO-2, mouse
anti-claudin-4, and HRP-conjugated anti-occludin (Life Tech-
nologies); rabbit polyclonal anti-Cdx2 and rabbit monoclonal
anti-pERK1/2 (Thr-202/Tyr-204), pSTAT3 (Tyr-705), pAkt
(Ser-473), and mouse monoclonal anti-ERK1/2 and HA-Tag
(Cell Signaling Technology); mouse monoclonal anti-gp130
(R&D Systems); mouse anti-3-actin and HRP-conjugated anti-
mouse and -rabbit IgG (Sigma); AlexaFluor 488 conjugated
goat polyclonal anti-rabbit IgG and AlexaFluor 546 conjugated
goat polyclonal anti-mouse IgG (Life Technologies). The fol-
lowing signaling inhibitors were used in this study; U0126 (a
MEK inhibitor), LY294002 (a PI3K inhibitor), PP2 (a Src inhib-
itor), AG490 (a JAK inhibitor), ammonium pyrrolidinedithio-
carbamate (APDC, a NFkB inhibitor) were purchased from
Calbiochem. All other chemicals were obtained from Wako
Pure Chemical Industries.

Cell Culture—Caco-2 (HTB-37) and T84 intestinal epithelial
cells (CCL-248) purchased from American Type Cell Culture
were grown under standard cell culture conditions as described
(6, 7). Cells were grown on polyester membranes in Transwell
and Snapwell inserts (12-mm; Corning) for 14 (Caco-2) or 7
(T84) days prior to experiments.

Treatment with IL-6 and Inhibitors—Recombinant human
IL-6 (0~100 ng/ml; Miltenyie Biotech) was applied to the basal
aspect of cells. Cell monolayers were incubated with anti-gp130
(5 and 10 pug/ml), AG490 (1 and 3 pm), U0126 (5 and 10 um),
LY294002 (12 and 25 um), PP2 (3 and 10 um), and APDC (10
and 30 uMm) 0.5 h before IL-6 administration.

Electrophysiological Measurements—Transepithelial electri-
cal resistance (TER) as an indicator of T] permeability to ionic
solutes, and unidirectional flux of FITC-conjugated dextran
as an indicator of T] permeability to uncharged macromole-
cules were assessed in Caco-2 and T84 cell monolayers. TER
was measured as described previously (6, 7) using a Millicell-
ERS Electrical Resistance System (Millipore) at varying times
during the experiment. Cell monolayers were incubated in the
presence of FITC-dextran (4 kDa, 100 um) in the apical well and
the fluorescence in the basal well was determined using a fluo-
rescence plate reader (ARVO X4, Perkin Elmer).

The NaCl dilution potential in Caco-2 cells on Snapwell
inserts were measured using a vertical diffusion chamber sys-
tem (Harvard Apparatus). Each chamber was filled with 6 ml of
Hanks’ balanced salt solution supplemented with 5.6 mm p-glu-
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cose and 4 mm L-glutamine. The chambers were kept at 37 °C,
and 100% O, was bubbled through the solutions. The transepi-
thelial potential was measured using 3 M-KCl electrode and
voltage-clamping device (CEZ9100, Nihon Kohden). The NaCl
dilution potential was determined from the shift in the reversal
potential after replacing basal solution with one in which 130
mM mannitol was substituted for the 65 mm NaCl (15). The
permeability ratio, PNa™/PCl~, was determined using Godl-
mann-Hodgkin-Katz equation as described previously (30).
Liquid junction potentials measured using empty Snapwell
inserts were <0.1 mV.

Cell Viability—Cell viability was monitored by assaying
mitochondrial dehydrogenase activity (WST-8, Dojindo) after
IL-6 treatment.

Transfection—A MEK1,-HA in pMCL vector was kindly
provided from Dr Natalie Ahn (University of Colorado) (31).
Caco-2 cells were seeded on 6-well plates a day before transfec-
tion. The cells were transfected using 1 ml of antibiotics-free
DMEM containing 10% FBS, 1 ug of DNA plasmid (empty and
MEK1,-HA vectors), 1 ul of Plus reagent, and 3 ul of Lipo-
fectamine-LTX (Life Technologies) for each well. After 20 h,
the cell monolayers were trypsinized and seeded in Transwell
inserts.

Mice—Male BALB/c mice (6-week-old) were purchased
from Clea Japan. Recombinant mouse IL-6 (6 wg/mouse; Bio-
legend) was injected intraperitoneally 16 h prior to tissue har-
vest. PBS was used as the control treatment. The animal study
was approved by the Hiroshima University Animal Committee,
and the mice were maintained in accordance with the Hiro-
shima University guidelines for the care and use of laboratory
animals.

Preparation of Detergent-insoluble Fractions and Whole Cell
Extracts—Detergent-insoluble fractions and whole cell extracts
were prepared as previously described. The detergent insoluble
fraction corresponds to the actin cytoskeleton-associated pro-
teins. For preparations of detergent-insoluble fractions, Caco-2
cell monolayers were washed with ice-cold PBS and incubated
for 5 min at 4 °C with 200 ul of lysis buffer-CS (1% Triton
X-100, 5 mm EGTA in 50 mM Tris containing protease inhibi-
tors (5 mg/liter aprotinin, 3 mg/liter leupeptin hemisulfate, 5
mM benzamidine hydrochloride, and 1 mm PMSF) and phos-
phatase inhibitors (25 mwm glycerol-2-phosphate, 2 mm sodium
orthovanadate, and 10 mm sodium fluoride, pH 7.4). Cell lysates
were centrifuged at 15,600 X g for 10 min at 4 °C to precipitate
the high-density actin-rich fraction. Pellets were resuspended
in 100 pl of lysis buffer D (0.3% SDS, 10 mm Tris, and the
protease and phosphatase inhibitors described above, pH 7.4).
For preparation of the whole Caco-2 cell extracts, 200 ul of lysis
buffer D was used after washing cell monolayers with ice-cold
PBS. Mouse colon tissue (50 mg) was homogenized in 1 ml lysis
buffer D using a polytron-type homogenizer. Protein concen-
trations in the different fractions were measured using the BCA
method (Pierce Biotechnology).

Immunoblot Analysis—Cell extracts were mixed with a half
volume of Laemmli sample buffer (3X concentrated; 6% (w:v)
SDS, 30% (v:v) glycerol, 15% (v:v) 2-B-mercaptoethanol, and
0.02% (w:v) bromphenol blue in 188 mm Tris, pH 6.8) and
heated to 100 °C for 5 min. Proteins (20 ug) were separated by
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SDS-PAGE and transferred to PVDF membranes. Membranes
were blotted for ZO-1, ZO-2, JAM-1, claudin-1, claudin-2,
claudin-3, claudin-4, Cdx2, pSTAT3, pERK1/2, pAkt, and B-ac-
tin, using specific antibodies in combination with HRP-conju-
gated anti-mouse IgG or HRP-conjugated anti-rabbit IgG anti-
bodies. HRP-conjugated anti-occludin antibody was used for
immunoblot analysis of occludin. The blots were developed
using the ECL chemiluminescence method (GE Healthcare).
Quantification was performed by densitometric analysis of spe-
cific bands on the immunoblots using Image J software.

Immunofluorescence Microscopy—Caco-2 cell monolayers
were washed with ice-cold PBS, fixed in methanol at 0 °C for 5
min, and permeabilized with 0.2% Triton X-100 in PBS for 5
min. Cell monolayers were blocked in 4% nonfat milk in TBST
(20 mm Tris, 150 mm NacCl, 0.05% Tween-20, pH7.4) and incu-
bated for 1 h with rabbit polyclonal anti-claudin-2, ZO-1, Cdx2,
and mouse monoclonal anti-HA tag, gp130, and gp80 antibod-
ies followed by incubation for 1 h with secondary antibodies
(goat AlexaFluor 488-conjugated anti-rabbit IgG and Alexa-
Fluor 546-conjugated anti-mouse IgG) with DAPIL.

Mouse colon tissue was embedded in OCT compound
(Sakura Finetek Japan) after fixation with 3.7% paraformalde-
hyde in PBS. Frozen sections (8 wm in thickness) were prepared
on glass slides and washed with PBS. The sections were blocked
in 5% normal goat serum and incubated for 1 h with rabbit
polyclonal anti-claudin-2, followed by incubation for 1 h with
goat AlexaFluor 488-conjugated anti-rabbit IgG, rhodamine-
conjugated phalloidine and DAPIL.

The specimens were preserved in a mounting medium, and
the fluorescence was visualized using Nikon ECLIPSE E600
fluorescence microscope (Nikon) and Olympus FW1000 con-
focal microscope (Olympus).

RNA Extraction and Quantitative RT-PCR—The total RNA
of Caco-2 cells was isolated using TRI reagent (Sigma), and
reverse-transcribed with ReverTra Ace® qPCR RT kit
(TOYOBO) according to the manufacturer’s instructions.
Quantitative real-time PCR was performed using an ABI
PRISM 7700 Sequence Detection System (Life Technologies)
and KAPA SYBR FAST qPCR kit (KAPA BIOSYSTEMS). The
primer sequences used for PCR are shown in supplemental
Table S1. Reactions were performed at 95 °C for 2 min, followed
by 40 cycles of 95 °C for 3 s and 60 °C for 30 s. The dissociation
stage was analyzed at 95 °C for 15 s, followed by one cycle of
60 °C for 15 s and 95 °C for 15 s. The fluorescence of the SYBR
green dye was determined as a function of the PCR cycle num-
ber, giving the threshold cycle number at which amplification
reached a significant threshold. Data were analyzed by the
AACt method and presented as fold changes in gene expression
after normalization to the internal control B-actin gene expres-
sion level.

Isolation of Claudin-2 Promoter Fragment and Mutagenesis—
Genomic DNA was purified from Caco-2 cells using TRI rea-
gent. The 5’ region (—1067 to —1) of the human Claudin-2 gene
was amplified by PCR with gene-specific primers (forward/re-
verse) 5'-GAATCTTGGCAACACCGAGG-3'/5'-GGCAGA-
CCTCTCAGTAGAAG-3/, inserted into the pGEM-T vector
(Promega), and sequenced. The Claudin-2 promoter fragment
with Mlul and BglII sites was subcloned into the pGL3 Basic
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vector (Promega). In the promoter sequence, 6 putative tran-
scription factor binding sites (4 sites for Cdx, a site for STAT,
and a site for NF«kB) were detected by TESEARCH (Real World
Computing Partnership). Deletion mutants for the putative
transcription factor binding sites (Cdx, STAT, and NF«B) were
introduced into the WT-claudin-2 promoter sequence using
the KOD-Plus Mutagenesis kit (TOYOBO). The primer
sequences used for mutagenesis are shown in supplemental
Table S2.

Reporter Assay—An hClaudin-2 promoter in a pGL3 vector
driving luciferase expression was transfected to Caco-2 cells.
Luciferase activity in cell lysates was assayed by the Luciferase
assay system (Promega).

Statistical Analysis—Statistical analyses were performed
using a one-way ANOVA approach followed by a Tukey-
Kramer multiple range test using the general linear models pro-
cedure of the Statistical Analysis Systems program (version
6.07; SAS Institute Inc). A difference of p < 0.05 was considered
significant.

RESULTS

IL-6 Increases TJ] Permeability to Na™, but Not Macro-
molecules—The degree of tightness of the T] can be evaluated
by measuring the transepithelial electrical resistance (TER, an
indicator of T] permeability to ionic solutes) and dextran flux
(an indicator of T] permeability to uncharged macromole-
cules). In Caco-2 cell monolayers, IL-6 decreased the TER in
both a dose-dependent and time-dependent manner, indicat-
ing increased T] permeability to ionic solutes (Fig. 1, A and B),
without eliciting any changes to the permeance of the nonionic
macromolecule 4 kDa dextran (Fig. 1C). Fig. 1A shows that the
addition of = 2.5 ng/ml IL-6 to the culture medium for 48 h
induced significant decreases in the TER, and that the TER
decreased to ~70% of pretreatment level in the presence of 10
ng/ml IL-6. Fig. 1B shows that the TER readings taken after
treatment with 5 ng/ml IL-6 at 24, 48, and 72 h, and after treat-
ment with 10 ng/ml IL-6 at 12, 24, 48, and 72 h, were lower than
the control values at each time point. Although the induction of
apoptosis is known to decrease the TER, IL-6 (~50 ng/ml) did
not affect the cell viability (Fig. 1D). IL-6 also decreased the TER
in another intestinal epithelial T84 cells in a similar manner to
the Caco-2 cells, indicating that the IL-6-induced effect is not
confined to the Caco-2 cells (supplemental Fig. S1).

To determine the ion selectivity of Caco-2 cell monolayers
incubated without or with IL-6, the dilution potentials were
measured under an apicobasal chemical gradient of NaCl (Fig.
1, E-G). Fig. 1, E and F show that the treatment with 10 ng/ml
IL-6 increased the NaCl dilution potential in the Caco-2 cells.
As calculated from the dilution potential by the Goldman-
Hodgkin-Katz equation, permeability of Na™ relative to Cl~
(PNa*/PCl™) was increased by IL6 treatment (Fig. 1G).

IL-6 Induces Claudin-2 Expression—Because intestinal TJ
permeability is regulated by TJ structure, we examined the
effect of IL-6 on both the total expression of T] proteins and on
T] proteins associated with the actin cytoskeleton in Caco-2 cell
monolayers. Treatment of cells with 10 ng/ml IL-6 for 48 h
increased claudin-2 protein expression in whole cell extracts
and detergent-insoluble fractions (which corresponds to the
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FIGURE 1. IL-6 increases TJ permeability to ionic solutes without any
changes to dextran flux or cell viability. A, TER was measured across Caco-2
cell monolayers incubated with varying concentrations of IL-6 (0~100 ng/ml)
for 48 h. *, p < 0.05 relative to the control value. B, TER was measured across
cell monolayers before incubation and 3, 6, 12, 24, 48, and 72 h after incuba-
tion with IL-6 (0, 5, and 10 ng/ml). *, p < 0.05 relative to the control value at
each time point. C and D, unidirectional FITC-dextran flux (C) was evaluated
across Caco-2 cell monolayers incubated with varying concentrations of IL-6
(0~50 ng/ml) for 48 h, and cell viability was assessed by WST assay (D). E-G,
NaCl dilution potentials were measured across Caco-2 cell monolayers incu-
bated with or without 10 ng/ml IL-6 for 48 h by the basal substitution of 65 mm
NaCl with 130 mm mannitol. Representative electrophysiologic measure-
ments (D), the statistical analysis of the dilution potentials, and PNa™/PCl~
calculated from stable dilution potentials (G) are shown. *, p < 0.05 relative to
the control value. Values represent the mean = S.E. (n = 6).

actin cytoskeletal fraction) but did not affect the levels of other
TJ proteins (ZO-1, ZO-2, occludin, JAM-1, claudin-1, clau-
din-3, or claudin-4) (Fig. 2A). It is known that claudin-2 expres-
sion decreases the tightness of the intestinal T] barrier, due to
the fact that claudin-2 forms paracellular cation channels. Fur-
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thermore, IL-6 had no effect on the expression of E-cadherin,
MLCK, or on MLC phosphorylation (Fig. 2B), indicating that
IL-6 is unlikely to regulate adherence junctions or cytoskeletal
contraction. Fig. 2, C and D show increases in total claudin-2
protein levels in response to IL-6, occurring both dose-depen-
dently and time-dependently. Treatment with 2.5, 5.0, 10, and
50 ng/ml IL-6 for 48 h significantly elevated claudin-2 protein
expression (Fig. 2C). Increases in claudin-2 expression in
response to 10 ng/ml IL-6 became apparent 6 h after treatment,
but the most pronounced increases were observed at 24 and
48 h (Fig. 2D). The IL-6-induced claudin-2 expression was also
observed in the T84 cell monolayers (supplemental Fig. S1).
Increases in claudin-2 protein expression in response to IL-6
were confirmed using immunofluorescence microscopy (Fig.
2E). IL-6 enhanced the signal intensity of immunolabeled clau-
din-2, but not of ZO-1, in the junctional region of Caco-2 cell
monolayers. To assess transcriptional regulation, claudin-2
mRNA was quantified by qPCR. Fig. 2E demonstrates that IL-6
treatment led to an increase in claudin-2 mRNA levels. These
results show that the IL-6-induced increase in T] permeability
to Na™ is due to elevated claudin-2 expression in Caco-2 cells.

To investigate whether IL-6 induced claudin-2 expression in
vivo, we evaluated claudin-2 expression in mouse colons 16 h
after IL-6 injection. Immunoblot analysis revealed that clau-
din-2 levels in the colons of mice injected with IL-6 were higher
than those of the control mice (Fig. 34). Immunofluorescence
microscopy showed that claudin-2 expression was concen-
trated in the crypt epithelial cells of control mice, as previously
reported (15), and the signal intensity was markedly increased
after IL-6 injection (Fig. 3B).

Signaling Pathway—We then explored possible signaling
pathways involved in IL-6-mediated increases in T] permeabil-
ity and claudin-2 expression. It has been reported that the bind-
ing of IL-6 to IL-6 receptor (gp80) induces the homodimeriza-
tion of gpl30, a signal-transducing subunit, which triggers
several different signaling pathways including JAK/STAT,
MEK/ERK, PI3K/Akt, cSrc, and NF«B. Fig. 44 shows that the
IL-6-mediated decrease in TER was suppressed by anti-gp130,
U0126 (a MEK inhibitor), LY294002 (a PI3K inhibitor), and PP2
(a cSrc inhibitor), but not by AG490 (a JAK inhibitor) or APDC
(a NFkB inhibitor) in Caco-2 cell monolayers. Immunoblot
analysis (Fig. 4B) further demonstrated that IL-6-induced clau-
din-2 expression was highly sensitive to the inhibition of gp130,
MEK, and PI3K, but not cSrc. The results show that IL-6
induced the phosphorylation of STAT3, ERK1/2, and Akt (Fig.
4C), which were specifically or totally prevented by each inhib-
itor or anti-gp130 (Fig. 4D). Because of the possibility that MEK
activation may have a primary role in IL-6-induced claudin-2
expression, Caco-2 cells were transiently transfected with
MEK1,,,-HA plasmid and triple-labeled for claudin-2 (green),
MEK1-HA (red), and total DNA (blue), as shown in Fig. 4E.
Cells expressing MEK1,,,-HA demonstrated both enhanced
expression and junctional distribution of claudin-2, while
transfection of the control vector did not affect claudin-2
expression. These results indicate that the IL-6-mediated acti-
vation of the MEK/ERK and PI3K pathways, via gp130 subunit/
IL-6Ra interaction, leads to enhanced claudin-2 expression
resulting in increases in cation-selective T] permeability.
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The fluorescent signal intensity of claudin-2 and ZO-1 in the junctional region of cells was quantified. F, claudin-2 mRNA expression was analyzed by qPCR in
cell monolayers before incubation and 3, 6, 12, 24, and 48 h after incubation with IL-6 (10 ng/ml). *, p < 0.05 relative to the control value (IL-6-free or

pretreatment levels). Values represent the mean + S.E. (n = 4).
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FIGURE 3.IL-6 induced claudin-2 expression in vivo. Mice were intraperito-
neally injected with IL-6 or PBS (vehicle). Colonic mucosae were immuno-
blotted for claudin-2 and B-actin (A), and cryosections (8 wm in thickness) of
colon were triple-labeled for claudin-2 (green), actin (red), and total DNA (blue)
(B). Specific bands for claudin-2 were quantitated by densitometric analysis
(A).Values represent the mean = S.E. (n = 4).*, p < 0.05 relative to the control
value.

Fig. 5, A and B show the decrease in TER and increase in
claudin-2 expression induced by IL-6 when applied to the baso-
lateral, but not the apical sides of cell monolayers. Confocal
microscopy reveals that gp130 is predominantly expressed at
the basolateral surface of Caco-2 cells while gp80, an IL-6
receptor, is expressed at both apical and basolateral surfaces
(supplemental Fig. S2) in agreement with a previous study (32).

IL-6 Enhances Claudin-2 Promoter Activity—Because IL-6
induces claudin-2 expression at the transcriptional level, we
examined whether IL-6 could enhance claudin-2 promoter
activity in Caco-2 cell monolayers by means of a reporter gene
assay. As seen in Fig. 6, A and B, IL-6 enhanced claudin-2 pro-
moter activity in a time and dose-dependent manner. Clau-
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din-2 promoter activity in cells incubated with IL-6 for 48 h was
elevated more than 200% above control activity.

IL-6-induced Claudin-2 Promoter Activity Requires Cdx
Binding Sites—W e next employed a site-directed mutagenesis
technique to identify the transcriptional factors by which IL-6
induced claudin-2 expression. A search program for transcrip-
tional factor binding sites, TEFSEARCH (Real World Comput-
ing Partnership), detected putative 4 Cdx, STAT, and NF«B
binding sites in the claudin-2 promoter sequence (—1067 to —1
bp upstream of the translational start site, supplemental Fig.
S3). To investigate the relative contribution of these binding
sites to IL-6-mediated enhancement of claudin-2 expression,
deletion mutations were introduced to remove them from the
WT-claudin-2 promoter sequence (Fig. 6C). Deletions of STAT
and NF«B binding sites did not affect the claudin-2 promoter
activity induced by IL-6 in Caco-2 cell monolayers (Fig. 6D),
consistent with our earlier finding, which showed that IL-6-
induced claudin-2 expression was not sensitive to JAK/STAT
or NFkB inhibitors. In contrast, deletions of one or all of the 4
Cdx binding sites (-Cdx-A, -Cdx-B, -Cdx-C/D, and -Cdx-A/B/
C/D) clearly suppressed the promoter activity of IL-6, although
the suppression resulting from the deletion of the 2nd Cdx
binding site (-Cdx-B) was partial. These results demonstrated
that IL-6-induced claudin-2 expression required Cdx binding
sites in the claudin-2 promoter sequence. In addition, IL-6-
induced claudin-2 promoter activity was attenuated by MEK
and PI3K inhibitors (Fig. 6E).

IL-6 Induces Cdx2 Expression—Qur results from the reporter
assay suggested that Cdx protein expression is involved in IL-6-
mediated increases in claudin-2 expression. Therefore, studies
were conducted to investigate the effect of IL-6 on Cdx expres-
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FIGURE 4. The MEK/ERK and PI3K pathways have a role in IL-6-mediated claudin-2 expression and TJ permeability. A, TER was measured across Caco-2
cell monolayers incubated in IL-6-free medium or in medium containing 10 ng/ml IL-6 in the absence or presence of signaling inhibitors (anti-gp130; AG490,
a JAK kinase inhibitor; U0126, a MEK inhibitor; LY294002, a PI13K inhibitor; PP2, a Src inhibitor; APDC, a NFkB inhibitor) for 48 h. B, whole cell extracts of Caco-2
cell monolayers incubated in IL-6-free medium or in medium containing 10 ng/ml IL-6 in the absence or presence of signaling inhibitors (anti-gp130; U0126,
a MEK inhibitor; LY294002, a PI3K inhibitor; PP2, a Src inhibitor) for 48 h were immunoblotted for claudin-2 and B-actin. Specific bands for claudin-2 were
quantitated by densitometric analysis. *, p < 0.05 relative to control without inhibitors. t, p < 0.05 relative to IL-6 without inhibitors. C, whole cell extracts of
Caco-2 cell monolayers before incubation and 3, 10, 30, 60, and 120 min after incubation with IL-6 (10 ng/ml) were immunoblotted for pSTAT3, pERK1/2, pAkt,
total ERK, and B-actin. Specific bands for pSTAT3, pERK1/2, and pAkt were quantitated by densitometric analysis. ¥, p < 0.05 relative to the pretreatment value.
D, whole cell extracts of Caco-2 cell monolayers before incubation and 30 and 60 min after incubation with IL-6 (10 ng/ml) in the absence or presence of
signaling inhibitors (anti-gp130, U0126, and LY294002) were immunoblotted for pSTAT3, pERK1/2, pAkt, total ERK, and B-actin. E, Caco-2 cells were transiently
transfected with control or MEK,,.-HA plasmids, fixed, and triple-labeled for claudin-2 (green), HA-tag (red), and total DNA (blue). Areas encircled by a dotted line
indicate transfected cells (MEK,,,-HA or HA-expressing cells). *, p < 0.05 relative to the control value. Values represent mean = S.E. (n = 4).

sion. As seen in Fig. 7A, treatment with IL-6 (10 ng/ml) induced  that the Cdx2 level increased to 150% of the initial level after
an increase in the mRNA level of Cdx2, but not Cdx1, in Caco-2 incubation for 48 h (Fig. 7B). To examine Cdx2 localization,
cell monolayers. Immunoblot analysis revealed that 10 ng/ml  cells incubated in the absence or presence of IL-6 for 48 h were
IL-6 increased Cdx2 protein in a time-dependent manner, and  double-labeled to reveal Cdx2 (green) and total DNA (blue), as
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aspects of Caco-2 cell monolayers. After 48 h, TER across the monolayers was
measured (A) and the whole cell extracts were immunoblotted for claudin-2
(B). Specific bands for claudin-2 were quantitated by densitometric analysis. *,
p < 0.05relative to the control value. Values represent the mean * S.E. (n = 4).

shown in Fig. 7C. Cdx2 was co-localized with the nucleus in the
cells in both the absence and presence of IL-6, but the signal
intensity of immunolabeled Cdx2 was markedly enhanced by
IL-6 treatment. Because we have evidence to indicate that the
MEK/ERK and PI3K pathways have a role in IL-6-induced clau-
din-2 expression, the effects of the inhibition of these enzymes
on the Cdx2 expression induced by IL-6 were examined (Fig.
7D). The IL-6-induced increase in Cdx2 expression was sup-
pressed by U0126 (a MEK inhibitor) and LY294002 (a PI3K
inhibitor). These results indicate that the increased Cdx2
expression elicited by IL-6 leads to claudin-2 promoter activa-
tion resulting in raised claudin-2 expression, and that the MEK/
ERK and PI3K pathways also play a role in regulating Cdx2
expression (Fig. 8).

DISCUSSION

IBDs such as ulcerative colitis and Crohn’s disease involve
impairment of epithelial barrier function, which is character-
ized by a change in T] protein expression and distribution (29).
A growing body of evidence suggests that this barrier dysfunc-
tion is associated with the release of TNF« (11, 33), IFNy (11,
12), IL-1B (13), and IL-13 (14, 15); however, the precise patho-
logic mechanism remains unclear. In this study, we have char-
acterized for the first time the role of IL-6 as a cytokine that
induces T] permeability to cations including Na™, via a pathway
involving claudin-2 expression. IL-6 is one of the major cyto-
kines that is produced in substantially higher amounts in both
the serum and tissues of patients with active IBD, where the
levels have been shown to correlate with the severity of disease
(18-20). However, the role of IL-6 in the regulation of intestinal
barrier is less unclear than those for other cytokines. Wang et
al. demonstrate that IL-6 suppresses the paracellular dextran
flux in Caco-2 cells and that the IL-6 knock-out exacerbates the
increased colonic permeability induced by the dextran sulfate
sodium in mice (34). These data suggest that IL-6 may increase
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FIGURE 6. IL-6 enhances claudin-2 promoter activity in a Cdx binding site-
dependent manner. A and B, claudin-2 reporter gene plasmids were trans-
fected to Caco-2 cells. Luciferase activity was measured in the cell monolayers
incubated in the absence or presence of IL-6 (10 ng/ml) for 24 and 48 h (A).
Luciferase activity was measured in Caco-2 cell monolayers incubated with
varying concentrations of IL-6 (0-10 ng/ml) for 48 h (B). *, p < 0.05 relative to
control treatment. C, schematic drawings of transcriptional binding sites in
the WT-claudin-2 promoter and deletion mutants. D, WT-claudin-2 reporter
gene plasmids and the deletion mutant plasmids were transfected to Caco-2
cells. Luciferase activity was measured in the cell monolayers incubated in the
absence or presence of IL-6 (10 ng/ml) for 48 h. *, p < 0.05 relative to control
treatment. 1, p < 0.05 relative to WT-claudin-2 with IL-6. E, WT-claudin-2
reporter gene plasmid was transfected to Caco-2 cells. Luciferase activity was
measured in the cell monolayers incubated in IL-6-free medium or in medium
containing 10 ng/ml IL-6 in the absence or presence of signaling inhibitors
(U0126, a MEK inhibitor; LY294002, a PI3K inhibitor) for 48 h. *, p < 0.05 rela-
tive to control treatment. Values represent the mean = S.E. (n = 4).

or protect the intestinal barrier integrity under some condi-
tions. In contrast, many other studies demonstrate that IL-6 has
roles in the intestinal barrier dysfunction and colitis progres-
sion. Yang et al. have reported that the intestinal barrier integ-
rity is preserved in the IL-6 knock-out mice after hemorrhagic
shock and resuscitation (35). Further, the knock-out and block-
ade of IL-6 and IL-6 receptor suppress experimental colitis in
mice (21-24). In agreement with the latter studies, our results
suggest that IL-6 contributes to the intestinal barrier defect in
IBD patients in concert with the other cytokines mentioned
above.
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FIGURE 7.IL-6 induces Cdx2 expression in Caco-2 cells. A and B, Caco-2 cell
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were quantitated by densitometric analysis. ¥, p < 0.05 relative to 0 h. C, cell
monolayers incubated in the absence or presence of IL-6 (10 ng/ml) were
double-labeled for Cdx2 (green) and total DNA (blue). D, whole cell extracts of
Caco-2 cell monolayers incubated in IL-6-free medium or in medium contain-
ing 10 ng/ml IL-6 in the absence or presence of signaling inhibitors (U0126, a
MEK inhibitor; LY294002, a PI3K inhibitor) for 48 h were immunoblotted for
Cdx2. Specific bands for Cdx-2 were quantitated by densitometric analysis. *,
p < 0.05 relative to control without inhibitors. 1, p < 0.05 relative to IL-6
without inhibitors. Values represent the mean = S.E. (n = 4).

The T] permeability is associated with claudin expression (1).
Overexpression of claudin-1 and -4 increases TER; claudin-2
overexpression, on the other hand, decreases TER as a result of
its ability to promote cation channel formation (27, 28, 36). Our
results indicate that the increase in the T] permeability to ionic
solutes (Fig. 1, A and B) but not to uncharged macromolecules
(Fig. 1C) mediated by IL-6, stems entirely from increased clau-
din-2 expression (Fig. 2, A-E) in intestinal Caco-2 cells. Fur-
ther, the detailed analysis of ion selectivity shows that IL-6
increases PNa*/PCl™ in the cells (Fig. 2, E-G). In keeping with
these, a marked increase in claudin-2 expression was observed
in the colons of the mice injected intraperitoneally with IL-6
(Fig. 3, A and B). Studies have demonstrated that claudin-2
expression is higher in the colons of IBD patients, typically
those suffering from Crohn disease and ulcerative colitis (29).
TNFa and IL-13 are now known to induce claudin-2 expression
in cultured intestinal cell monolayers and mouse colon (14, 15,
33). Our results suggest that IL-6 also plays a role in the eleva-
tion of colonic epithelial claudin-2 levels in IBD patients.

The IL-6-mediated signaling pathways leading to claudin-2
expression operate via an IL-6Ra-coupled signal transducer,
gp130 (Fig. 4, A and B). The finding that IL-6 induces claudin-2
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FIGURE 8. Schematic representation showing the mechanism for the IL-6-
mediated increase in the TJ permeability in intestinal epithelium cells.
IL-6 activates the MEK/ERK and PI3K/Akt pathways through gp130/IL-6Ra
interaction, which in turn enhances Cdx2 expression. The enhanced Cdx2
expression activates the claudin-2 promoter resulting in the increase in clau-
din-2 expression.

expression at the basolateral aspects of cell monolayers (Fig. 5, E
and F) is consistent with the fact that gp130 is expressed pre-
dominantly on the basolateral membrane (supplemental Fig.
S2) (32). IL-6-induced TJ permeability and claudin-2 expres-
sion are sensitive to the inhibition of the MEK/ERK and PI3K
pathways (Fig. 4, A and B). Further, IL-6 induces the phosphor-
ylation of ERK and Akt. Some previous reports have illustrated
the importance of MEK and PI3K in epithelial claudin-2
expression. Kinugasa et al. have shown that the MEK/ERK
pathway is required for IL-17-mediated claudin-2 expression in
intestinal T84 cells (37). PI3K activity has been shown to be
required for TNFa- and IL-13-induced claudin-2 expression
(15, 33). The colonic epithelium of active Crohn disease and
ulcerative colitis patients also exhibits higher pERK and pAkt
activity, suggesting that activated signaling pathways might be
associated with the dysregulation of epithelial function in IBD
(38). Our results demonstrated that increased phosphorylation
of ERK and Akt is required for the IL-6-mediated claudin-2
expression leading to cation-selective T] permeability.

We also demonstrated the involvement of Cdx2, a transcrip-
tional factor, in the transcriptional regulation of claudin-2 by
IL-6 (Figs. 6 and 7). Previous studies have suggested that Cdx2
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plays a critical role in both the transcriptional regulation of
intestinal genes, including claudin-2, and the differentiation of
intestinal epithelial cells (38). Cdx2 expression is localized only
in the epithelial cells at the luminal surface in normal colons,
while it occurs also in the colonic crypt in Crohn disease and
ulcerative colitis patients (38). This increase in Cdx2 expression
seems to be associated with the increase in claudin-2 expression
seen in these patients. In addition, it has been reported that
Cdx2 overexpression results in the transcriptional activation of
claudin-2 promoter (39), and that claudin-2 expression corre-
lates with Cdx2 expression in mouse intestines when expres-
sion is analyzed in a longitudinal direction (40). These lines of
evidence support the notion that Cdx2-dependent claudin-2
induction by IL-6 is one of the mechanisms underlying the ele-
vated claudin-2 expression seen in the IBD patients.

In conclusion, this study demonstrated that IL-6 increases
the cation-selective T] permeability through an enhancement
of claudin-2 expression in intestinal epithelial cells. The induc-
tion of claudin-2 expression requires increases in Cdx2 tran-
scriptional factor levels brought about via the MEK/ERK and
PI3K pathways.
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