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We found that at the tight junctions (TJs) of Caco-2 cell monolayers, rhesus monkey rotavirus (RRYV)
infection induced the disappearance of occludin. Confocal laser scanning microscopy showed the disappear-
ance of occludin from the cell-cell boundaries without modifying the expression of the other TJ-associated
proteins, ZO-1 and ZO-3. Western immunoblot analysis of RRV-infected cells showed a significant fall in the
levels of the nonphosphorylated form of occludin in both Triton X-100-insoluble and Triton X-100-soluble
fractions, without any change in the levels of the phosphorylated form of occludin. Quantitative reverse
transcription-PCRs revealed that the level of transcription of the gene that encodes occludin was significantly
reduced in RRV-infected cells. Treatment of RRV-infected cells with Rp-cyclic AMP and protein kinase A
inhibitors H89 and KT5720 during the time course of the infection restored the distribution of occludin and
a normal level of transcription of the gene that encodes occludin.

Rotaviruses are nonenveloped, double-stranded RNA vi-
ruses belonging to the Reoviridae family. Although rotavirus
can infect older children and adults, diarrheal disease caused
by rotaviruses is seen mainly in children under 2 years of age.
Mortality rates are low in developed countries, where the ill-
ness is usually self-limiting, but in contrast, in developing coun-
tries throughout the world more than 600,000 young children
die each year. These viruses exhibit a marked tropism for the
differentiated enterocytes of the intestinal epithelium (38, 54).
Over the last 10 years, an increasing number of studies using
the enterocyte-like model of Caco-2 cells have provided new
insights into the pathophysiological mechanisms by which ro-
taviruses induce structural and functional damage in intestinal
cells without causing any apparent cell destruction (12, 58). For
example, rhesus rotavirus (RRV) induces Ca**-dependent re-
arrangements in brush border-associated proteins, including
the microvillar proteins F-actin and villin (9, 10). The activity
and expression of sucrase-isomaltase (SI) at the brush border
of intestinal cells are specifically and selectively reduced by a
mechanism dependent on a cyclic-AMP (cAMP)-dependent
protein, protein kinase A (PKA), that leads to the blockade of
the direct transportation of SI from the trans-Golgi network to
the brush border without affecting the biosynthesis, matura-
tion, or stability of the enzyme (30, 41). In addition, rotavirus
can induce lesions in the tight junctions (TJs) of monolayer-
forming, polarized epithelial cells. In monolayers of Madin-
Darby canine kidney (MDCK) cells, the rotavirus outer capsid
protein VP8, a trypsin-cleaved product of the rotavirus VP4
protein, was capable of inducing a dose-dependent and revers-
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ible change in the fence function of TJs, thus opening the
paracellular space normally sealed by the TJs (46). The long-
term exposure of MDCK-1 cell monolayers to the rotavirus
nonstructural NSP4 protein causes a reversible reduction in
transepithelial electrical resistance and an increase in the para-
cellular passage of fluorescein isothiocyanate (FITC)-dextran
(61). RRYV infection of Caco-2 cell monolayers is followed by
dramatic lesions in the TJs characterized by a progressive,
postinfection time-dependent decrease in transepithelial resis-
tance and an increase in paracellular permeability accompa-
nied by rearrangements of the distribution of TJ-associated
proteins (17, 49).

In the intestine, epithelial cells are physically linked by in-
tercellular junctional complexes. TJs, which are located on the
uppermost basolateral surface of polarized enterocytes, regu-
late diffusion between cells and allow the epithelia to form a
cellular barrier separating the external and internal compart-
ments (42). The intercellular gate formed by TJs is not only
highly regulated but is size and ion selective and therefore
constitutes a semipermeable diffusion barrier that forms a
morphological and functional boundary between the apical
and basolateral cell surface domains. TJs also contribute di-
rectly to maintaining cell surface polarity by forming a fence
that prevents the apical-basolateral diffusion of lipids and pro-
teins. The elements constituting TJs have been classified as
proteins that span the cytoplasmic membrane and cytoplasmic
proteins, thus linking these membrane proteins to the cytoskel-
eton (24). The peripheral junctional proteins, members of the
membrane-associated guanylate kinase (MAGuK) family of
proteins comprising the zonula occludens 1 (ZO-1), ZO-2, and
Z0-3 proteins (25, 26, 60), play a particular role in the orga-
nization of the TJs (23). ZO-1 can bind directly to ZO-2 or
Z0-3 to form ZO-1/Z0-2 and ZO-1/Z0O-3 complexes, and it
establishes a link with the actin cytoskeleton by interacting
directly with actin filaments. As a result, ZO-1 binds directly to
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the cytoplasmic tail of occludin, thus linking the transmem-
brane protein occludin and the actin cytoskeleton. This allows
the formation of heteromeric complexes, including occludin,
7.0-2, and ZO-3. Z0O-1, ZO-2, and ZO-3 all also interact with
claudins. Moreover, the TJ-associated proteins that play a ma-
jor role in the functions of TJs include the transmembrane
proteins occludin (22) and the claudins (21). In particular,
occludin contributes to the electrical barrier function of the
TJs and plays a pivotal role in regulating the paracellular
barrier function (18, 43). Our group has previously reported
that RRV infection of Caco-2 cells leads to rearrangements of
occludin at the TJs (49). The aim of our experiments was to
identify the mechanism by which RRV induces rearrange-
ments of occludin.

MATERIALS AND METHODS

Antibodies and reagents. The rabbit polyclonal anti-ZO1 (clone Z-R1), rabbit
polyclonal anti-ZO3 (clone ZMD.261), and mouse monoclonal anti-occludin
(clone OC-3F10) antibodies were supplied by Zymed (Invitrogen, Cergy,
France). Polyclonal anti-rotavirus antibody was from Agrobio (La Ferté St
Aubin, France). Rabbit polyclonal anti-actin antibody was from Sigma (Sigma-
Aldrich Chimie SARL, L’Isle d’Abeau Chesnes, France). FITC- and tetramethyl
rhodamine isothiocyanate-conjugated secondary antibodies were from Jackson
(Interchim, Montlucon, France). All other reagents were of superior analytical
grade.

The anti-protease cocktail used (leupeptin, aprotinin, antipain, benzamidine,
pepstatin A, phenylmethylsulfonyl fluoride), trypsin, paraformaldehyde, H89,
and Triton X-100 were purchased from Sigma. G66976, Rp-cAMP, KT5720, and
Ro0318220 were purchased from Calbiochem (VWR International, Fontenay
sous Bois, France).

Virus. The RRV stock used was generated in MA104 cells after preincubating
the cells for 3 h in a serum-free culture medium (30). Viruses were activated by
treatment with 0.5 pg/ml trypsin at 37°C for 30 min, and MA104 cell monolayers
were infected at a multiplicity of infection of 0.01. After being left to adsorb for
1 h at 37°C, the inoculum was removed and the infected cells were incubated in
serum-free medium containing 0.5 pg/ml trypsin. After a complete cytopathic
effect had been obtained, the cultures were frozen and then thawed and the cell
debris was removed by centrifugation.

Semipurified virus was prepared as described by Cuadras et al. (16). Briefly,
RRV-infected MA104 cells were harvested after a complete cytopathic effect was
attained, the cell extracts were pelleted through a 4-ml cushion of 50% sucrose
in minimal Eagle’s medium buffer by centrifugation for 2 h at 26,000 rpm at 4°C.

Genetic inactivation of RRV was accomplished as previously described,
through a process using psoralen and long-wavelength UV light that irreversibly
cross-links viral RNA but does not alter the hemagglutination function or anti-
genic characteristics of RRV proteins (9). Briefly, 2 ml of a virus suspension was
mixed with 4’-aminomethyl-4,5',8-trimethylpsoralen at 20 pg/ml in a petri box
(30-mm diameter) and incubated at 4°C for 15 min. Virus was then exposed to
UV light at 366 nm for 40 min. The petri box was placed on ice, and the distance
between the surface of the suspension and the light source was 2 cm. The
effectiveness of psoralen-UV inactivation was demonstrated by the lack of de-
tectable viral antigen in an immunofluorescence assay in MA104 cells infected
with psoralen-UV-treated RRV (data not shown).

Preparation of culture supernatants of RRV-infected Caco-2 cells. After 22 h
of infection, culture supernatants of RRV-infected cells were centrifuged at
100,000 X g for 3 h. To eliminate proteins with molecular masses of up to 50 kDa,
supernatants were then filtered with Amicon filters with a 50-kDa cutoff (Milli-
pore, Molsheim, France). The lack of infectious virus in the treated culture
supernatants was verified with MA104 cells.

Cell cultures. The parental Caco-2 cell line was used for cell cultures (19, 51).
Cells (passages 60 to 90) were routinely grown in Dulbecco modified Eagle’s
minimal essential medium with 25 mM glucose (Life Technologies, Cergy,
France) supplemented with 15%, heat-inactivated (30 min, 56°C) fetal calf serum
(FCS; Life Technologies) and 1% nonessential amino acids (Life Technologies,
Cergy, France) as previously described. For maintenance purposes, the cells were
passaged weekly with 0.02% trypsin in Ca®"- and Mg>*-free phosphate-buffered
saline (PBS) containing 3 mM EDTA. Experiments and maintenance of the cells
were carried out at 37°C in a 10% CO,-90% air atmosphere. The culture
medium was changed daily. For assays of rotavirus infection, Caco-2 cells were
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used at postconfluence after 14 days of culture (i.e., they were fully differentiated
cells).

MA104 cells were cultured in minimum Eagle’s medium supplemented with
10% FBS, 1% glutamine, antibiotics (20 U/ml penicillin, 40 U/ml streptomycin),
and 1% nonessential amino acids in a 5% CO, incubator. Cells (10°/cm?) were
seeded in 150-cm? tissue culture flasks (Falcon; Becton-Dickinson, Le Pont-de-
Claix, France) and were used for virus production and virus titer determination
(30).

Infection conditions. The method used for Caco-2 cell infection has been
described elsewhere (30). Briefly, a virus inoculum was activated for 30 min by
exposure to 0.5 wg/ml trypsin. Caco-2 cells cultured without FCS for 24 h were
apically infected with an inoculum of activated RRV at a multiplicity of infection
of 10 for 1 h at 37°C. The inoculum was then removed, and fresh medium
containing 0.5 wg/ml trypsin was added. Infected cells were incubated at 37°C in
an atmosphere containing 10% CO,-90% air. All assays were conducted at 18 h
postinfection. Each assay was performed by three successive passages of Caco-2
cells.

Cell integrity was confirmed by measuring the lactate dehydrogenase (LDH)
activity in the apical compartment of filter-grown cells (Enzyline LDH kit;
BioM¢érieux, Dardilly, France) according to the manufacturer’s instructions. The
LDH release measured in control H,O-lysed cells was taken as the 100% value.
Results were expressed as milliunits of LDH activity per milligram of protein
assayed by the bicinchoninic acid assay. No significant release of LDH was
observed during the time for which the cells were examined for experiments,
indicating that no cell lysis had occurred.

Immunofluorescence detection of TJ-associated proteins. For direct or indi-
rect immunofluorescence labeling, cultured cells were prepared on glass cover-
slips, which were then placed in 24-well TPP tissue culture plates (ATGC, Marne
la Vallée, France).

For detection of TJ-associated proteins, cells were fixed in 3% paraformalde-
hyde in PBS (pH 7.4) for 15 min at room temperature and then treated with 50
mM NH,CI for 10 min. Monolayers were permeabilized with 0.2% Triton X-100
in PBS for 4 min at room temperature and then washed twice with PBS and
saturated for 1 h with PBS containing 0.2% gelatin and 10% FCS. Primary
antibodies were diluted in 0.2% gelatin in PBS (anti-ZO-1, anti-ZO-3, and
anti-occludin at a dilution of 1:200 each). The coverslips were then incubated
with primary antibodies for at least 2 h, washed three times in PBS-0.2% Tween,
and then incubated with the appropriate secondary FITC- or tetramethyl rho-
damine isothiocyanate-conjugated secondary antibodies (at a dilution of 1:100)
for at least 1 h.

The cells were incubated for 10 min with DABCO antifading reagent (Dako-
Cytoformation, Trappes, France), and the coverslips were mounted in Glycergel
(DakoCytoformation). Specimens were examined by epifluorescence microscopy
with a confocal laser scanning microscope (Zeiss LSM 510 equipped with an
air-cooled 488-nm argon ion laser and a 543-nm helium neon laser) configured
with an Axiovert 100 M microscope with a Plan Apochromat 63%/1.40 oil
objective. Optical sectioning was used to collect 50 en face images 0.1 wm apart.
Horizontal views were obtained by integrating images obtained with a step
position of 1 with the accompanying Zeiss software (LSM510 2.5) in Windows
NT4. Photographic images were resized, organized, and labeled with Adobe
Photoshop software (Adobe, San Jose, CA).

Western blot analysis. For preparation of Triton X-100-soluble and -insoluble
protein fractions, the cells were washed once with cold PBS and then treated for
15 min at 4°C with Triton X-100 extraction buffer (25 mM HEPES, 0.5% Triton
X-100, 150 mM NaCl, 2 mM EDTA) containing protease inhibitors (phenyl-
methylsulfonyl fluoride, 10 pg/ml aprotinin, 10 pg/ml leupeptin, 10 pg/ml pep-
statin, 4 mM sodium orthovanadate, 40 mM sodium fluoride). The resulting
supernatant was collected and considered the Triton X-100-soluble fraction. The
cells were then scraped into the same volume of extraction buffer and referred to
as the Triton X-100-insoluble fraction. The protein concentration of each sample
was quantified by the Bradford method. The fractions were dissolved in the
appropriate volume of Laemmli buffer and held at 100°C for 5 min. Proteins were
separated by 8% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE). For Western blot analysis, the proteins were electrotransferred
onto a polyvinylidene difluoride membrane (Perkin-Elmer, Les Ullis, France).
The polyvinylidene difluoride membranes were then incubated with anti-occlu-
din, anti-ZO-1, anti-Z0-3, and anti-actin primary antibodies at dilutions of 1:500,
1:200, and 1/1,000, respectively. A goat anti-rabbit or anti-mouse horseradish
peroxidase-linked antibody (Amersham, Orsay, France) was used at a 1/10,000
dilution as a secondary antibody. Bound immunoglobulins were revealed by the
ECL+ detection system under conditions recommended by the manufacturer
(Amersham, Orsay, France).
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FIG. 1. Rearrangement of the distribution of occludin, but not that
of ZO-1 and ZO-3, in RRV-infected Caco-2 cells. Fully differentiated
cells were left uninfected or were infected with RRV for 18 h. The cells
were permeabilized and processed for indirect immunofluorescence
labeling of occludin, ZO-1, ZO-3, and rotavirus proteins as described
in Materials and Methods. All images were obtained by confocal laser

scanning microscopy. Micrographs are representative of three inde-
pendent experiments.

Quantitative reverse transcription-PCR (Q-RT-PCR). Total RNA was iso-
lated from control and RRV-infected Caco-2 cells with the TRIzol total RNA
isolation reagent (Invitrogen Life Technologies, Cergy-Pontoise, France). First-
strand cDNA was generated by RT of 5 ug of total RNA with random hexamers
and the Superscript IIT RT kit (Invitrogen Life Technologies, Cergy-Pontoise,
France).

Real-time PCR was performed with a Light Cycler thermal cycler (Roche
Diagnostics, Meylan, France). To quantify the genes for occludin and glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH), we used the Fast Start DNA
MasterPLUS SYBR green I Master Mix (Roche Diagnostics, Meylan, France)
with each primer at 300 nM. The sequences of the oligonucleotide primers used
were as follows: occludin, 5'-AAGCAAGTGAAGGGATCTGC-3'" and 5'-GG
GGTTATGGTCCAAAGTCA-3'; GAPDH, 5'-CAGCCTCAAGATCATCAG
CA-3" and 5'-TGTGGTCATGAGTCCTTCCA-3'. To quantify the ZO-1 gene,
we used the Quantitec SYBR green PCR Master Mix with the QuantiTec Primer
assay (QT00077308; (QIAGEN SA, Courtaboeuf, France). Dissociation curves
were generated after each Q-RT-PCR run to ensure that a single specific product
was amplified. Threshold cycle (C,) values were calculated by using the second
derivative maximum algorithm provided by the Light Cycler software. Five serial
dilutions of cDNA were analyzed for each target gene and used to construct
linear standard curves. All PCR efficiencies (E), calculated from the slopes of the
calibration curves according to the equation E = [10~(15l°P9)] — 1 were above
90%. To compensate for variations in the RNA input and in the efficiency of the
Q-RT-PCR, we used a normalization strategy based on the housekeeping gene
for GAPDH. The raw data for the expression of occludin and ZO-1 were divided
by the quantity of GAPDH present to obtain the normalized value of the yield
expressed in arbitrary units.

All experiments were carried out in triplicate, with each data point represent-
ing a separate culture. The experiments yielded similar results each time.

Treatment with inhibitors. Rp-cAMP (20 pM), a combination of the PKA
inhibitors H89 (10 pM) and KT5720 (10 wM), the mitogen- and stress-activated
protein kinase 1 (MSK1) inhibitor Ro31822 (5 uM), or the PKC Ca?*-depen-
dent inhibitor G66976 (10 uM) was added to the culture medium during the
infection time course.

Statistics. Data are expressed as the mean = the standard error of the mean
of several experiments, with at least three monolayers from three successive
passages of cells per experiment. Statistical significance was assessed by a Stu-
dent ¢ test.
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FIG. 2. Effect of purified RRV, UV-inactivated RRV, and culture
supernatants of RRV-infected Caco-2 cells on the distribution of oc-
cludin in Caco-2 cells. Fully differentiated noninfected cells are shown
in panels a and b. In panels c to g, cells were infected with purified
RRYV (c and d) or UV-inactivated virus (e) for 18 h or exposed for 1 h
to supernatants of RRV-infected cells that had been cleared of infec-
tious virus and of proteins with molecular masses of up to 50 kDa by
filtration (f). The cells were permeabilized and processed for indirect
immunofluorescence labeling of occludin or rotavirus proteins as de-
scribed in Materials and Methods. All images were obtained by con-
focal laser scanning microscopy. Micrographs are representative of
three independent experiments.

RESULTS

Occludin disappears from TJs in RRV-infected cells. Occlu-
din expression was observed by confocal laser scanning micros-
copy analysis. In uninfected control Caco-2 cells at postconflu-
ence, forming the typical sharp, honeycomb-like organization
of fully differentiated cultured human intestinal cells, occludin
was located, as usual, at cell-cell boundaries (Fig. 1). Occludin
was located at the cell-to-cell contact between uninfected con-
trol cells, and some of the proteins had been distributed into
the cytoplasm. The distribution of occludin was dramatically
modified in RRV-infected cells; the change was characterized
by a marked depletion of the protein from the plane of the TJs
(Fig. 1). Moreover, when occludin remained TJ associated in
randomly distributed areas, the staining seemed to be discon-
tinuous, in contrast to the continuous staining seen in unin-
fected control cells. In order to demonstrate that the change in
occludin in RRV-infected cells was specific, immunolocaliza-
tion of TJ-associated proteins ZO-1 and ZO-3 was conducted.
Figure 1 shows that ZO-1 and ZO-3 were distributed normally
in RRV-infected cells, as in uninfected control cells, forming a
brightly stained continuous band lining every cell. An identical
result was obtained with a purified virus (Fig. 2c). Moreover,
no change in occludin expression was observed when Caco-2
cells were infected with psoralen-UV-inactivated RRV, indi-
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FIG. 3. Decrease in the occludin contents of Triton X-100-soluble
and -insoluble fractions isolated from RRV-infected Caco-2 cells. Fully
differentiated cells were left uninfected or were infected with RRV for
18 h. The cells were processed for isolation of Triton X-100-soluble and
-insoluble fractions. Detergent-insoluble and -soluble fractions were re-
solved by SDS-PAGE and Western immunoblotted for detection of oc-
cludin, ZO-1, and ZO-3 proteins as described in Materials and Methods.
Representative immunoblot assays from three independent experiments
are shown. (Left side) Immunoblot analysis of occludin and ZO-1 in the
Triton X-100-soluble (E) and -insoluble (R) fractions of control (C) or
RRV-infected (I) Caco-2 cells. Actin was used as a loading control for
immunoblotting. Arrows indicate the 65-kDa nonphosphorylated occlu-
din band, the 220-kDa ZO-1 band, the 130-kDa ZO-3 band, and the
42-kDa actin band. (Right side) Blots were quantified with NIH Image
software. Open bars, nonphosphorylated form of occludin in Triton
X-100-soluble fraction. Closed bars, nonphosphorylated form of occludin
in Triton X-100-insoluble fraction. Hatched bars, phosphorylated
(P) form of occludin in Triton X-100-insoluble fraction. For the nonphos-
phorylated form of occludin in the Triton X-100-soluble and -insoluble
fractions, each bar represents the mean * the standard deviation of three
independent experiments. *, P > 0.01 (Student ¢ test) compared with
appropriate control cells.

cating that virus replication is required for the RRV-induced
inhibitory effect (Fig. 2e).

The rotavirus NSP4 protein, which is released into culture
supernatants of rotavirus-infected Caco-2 cells, has been found
to be able to induce TJ lesions in Caco-2 cells (61). This
prompted us to examine whether culture supernatants of
RRV-infected Caco-2 cells trigger the changes in occludin
expression described above. For this purpose, we exposed na-
ive Caco-2 cells to the culture supernatants of RRV-infected
Caco-2 cells that were cleared of infectious virus and from
which proteins with molecular masses of up to 50 kDa were
eliminated by filtration. As shown in Fig. 2f, the treated culture
supernatants of RRV-infected cells were not able to promote
the disorganization of occludin.
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FIG. 4. Decrease in the occludin mRNA level in RRV-infected
Caco-2 cells. Fully differentiated cells were left uninfected or were
infected with RRV for 18 h. Total RNA was extracted, and the occlu-
din and ZO-1 mRNAs were quantified by Q-RT-PCR. C, values ob-
tained for these two mRNA transcripts were normalized relative to
those for GAPDH. Results are expressed as occludin/GAPDH and
Z0-1/GAPDH ratios (R). Each bar represents the mean * the stan-
dard deviation of three independent experiments. For occludin, P <
0.01 (Student ¢ test) for the difference between RRV-infected cells and
control cells. For ZO-1, the Student ¢ test showed no significant dif-
ference between RRV-infected cells and control cells.

The decreased expression of occludin in RRV-infected cells
reported above prompted us to examine the distribution of the
protein in the Triton X-100-soluble and Triton X-100-insoluble
fractions (Fig. 3). As a negative control, the distribution of
Z0O-1 and that of ZO-3 were examined in parallel. Western
blot analysis of uninfected control cells showed that ZO-1,
Z0-3, and occludin were expressed in the detergent-soluble
fraction as single bands of 220 kDa, 130 kDa, and 65 kDa,
respectively. In the detergent-insoluble fraction, ZO-1 and
Z0-3 were detected as single bands of 220 kDa and 130 kDa,
respectively, whereas occludin formed two bands, one of 65
kDa and a second of 72 kDa, corresponding to the nonphos-
phorylated and phosphorylated forms of the protein, respec-
tively (57). Densitometric analysis revealed a 50 to 60% de-
crease in the levels of the nonphosphorylated form of occludin
in both the detergent-soluble and detergent-insoluble fractions
of the RRV-infected cells compared to those in uninfected
control cells. In contrast, densitometric analysis showed that
the level of the phosphorylated form of occludin in the deter-
gent-insoluble fraction was the same in RRV-infected Caco-2
cells as in uninfected control cells. The densitometric analysis
of the Western blots shows that for the ZO-1 and ZO-3 neg-
ative controls, the levels of the proteins in both the detergent-
soluble and detergent-insoluble fractions isolated from RRV-
infected cells were the same as those in uninfected control
cells.

RRY reduces the level of occludin mRNA. RRYV infection of
Caco-2 cells resulted in changes in the levels of the nonphos-
phorylated form of occludin in both the detergent-soluble and
detergent-insoluble fractions; this led us to wonder whether
these altered protein levels were a consequence of the change
in mRNA level. To find out, we used real-time Q-RT-PCR to
determine the level of occludin mRNA in uninfected control
and RRV-infected Caco-2 cells. Since no change in the expres-
sion and distribution of ZO-1 had been observed earlier, the
level of ZO-1 transcripts was used as a negative control. As
shown in Fig. 4, infection with RRV significantly reduced the
occludin mRNA level compared to that in uninfected control
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FIG. 5. Rp-cAMP and PKA inhibitors, but not PKC and MSK1 inhibitors, restore the expression of occludin in RRV-infected Caco-2 cells.
Detergent-insoluble and -soluble fractions were resolved by SDS-PAGE and Western immunoblotted for detection of occludin as described in
Materials and Methods. Representative immunoblot assays from three independent experiments are shown. Western blot analysis of occludin in
the Triton X-100-soluble (E) and Triton X-100-insoluble (R) fractions of control (C) or RRV-infected (I) Caco-2 cells which had or had not been
treated with Rp-cAMP, the PKA inhibitors H89 and KT5720, the MSK1 inhibitor Ro318220, or the PKC inhibitor G66976. The position of the

65-kDa form of nonphosphorylated occludin is indicated. Blots were quanti

fied with NIH Image software. Open bars, nonphosphorylated form of

occludin in Triton X-100-soluble fraction; closed bars, nonphosphorylated form of occludin in Triton X-100-insoluble fraction; hatched bars,

phosphorylated (P) form of occludin in Triton X-100-insoluble fraction.

Each bar represents the mean * the standard deviation of three

independent experiments. *, P > 0.01 (Student ¢ test) compared with appropriate control cells.

cells. Consistent with the fact that RRV infection promotes no
change in the expression or distribution of ZO-1, the mRNA
level of ZO-1 was the same in RRV-infected cells as that in
uninfected control cells.

PKA inhibitors reversed the RRV-induced loss of occludin.
Among the various types of signaling proteins and signal trans-
duction pathway transfer signals that modulate TJ assembly
and functions, PKC and cAMP-dependent PKA have been
shown to regulate several rearrangements of TJ-associated
proteins (44). We investigated whether the PKC inhibitor
G066976, the MSK1 inhibitor Ro318220, and/or the PKA in-
hibitors Rp-cAMP, H89, and KT5720 reverse the RRV-in-
duced rearrangements of occludin. PKC inhibitor and PKA

inhibitor treatments did not affect viral replication (log titers
of RRV per well: control RRV, 6.81 £ 0.5; RRV plus H89,
6.68 = 0.4; RRV plus Rp-cAMP, 6.53 = 0.6; RRV plus KT5720,
6.75 = 0.4; RRV plus Ro318220, 6.59 = 0.6; RRV plus
G066976, 6.41 = (.5). Moreover, all of the inhibitor treatments
did not modify the virus infectivity and did not modify the
expression and distribution of occludin in uninfected, non-
treated cells (not shown). Western immunoblot assays and
densitometric analysis showed that in the uninfected cells
treated with the PKA inhibitor or PKC inhibitor, the levels of
the phosphorylated or nonphosphorylated forms of occludin
were not modified compared with those in uninfected, non-
treated cells (Fig. 5). PKA inhibitor Rp-cAMP, KT5720, and
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FIG. 6. PKA inhibitor reversed the RRV-induced fall in the occlu-
din mRNA level in Caco-2 cells. Fully differentiated cells were left
uninfected or were infected with RRV for 18 h, with or without the
PKA inhibitor H89. Total RNA was extracted, and occludin mRNAs
were quantified by Q-RT-PCR. C, values obtained for occludin mRNA
transcripts were normalized relative to those of GAPDH. Results are
expressed as the TJs protein/GAPDH ratio (R). Each bar represents
the mean = the standard deviation of three independent experiments.
*, P> (.01 (Student ¢ test) compared with RRV-infected or inhibitor-
treated, RRV-infected cells.

HS89 treatments reversed the RRV-induced decrease in the
nonphosphorylated form of occludin. Indeed, in the PKA in-
hibitor-treated, RRV-infected cells, normal expression of the
nonphosphorylated form of occludin was observed in both the
detergent-soluble and detergent-insoluble fractions, compared
with that in uninfected control cells. Considering that H89 also
inhibits MSK1 (40), we have examined whether the MSK1
inhibitor R0318220 antagonizes the RRV-induced changes in
occludin distribution in RRV-infected cells. As shown in Fig. 5,
MSKT1 inhibitor Ro318220 treatment failed to restore the nor-
mal expression of occludin. Identically, PKC inhibitor G66976
treatment was not able to reverse the RRV-induced decrease
in the nonphosphorylated form of occludin (Fig. 5).

Determining the level of occludin transcripts by Q-RT-PCR
showed that the PKA inhibitor treatment inhibited the RRV-
induced effect on the transcription of the occludin mRNA
since the level of occludin mRNA was restored to a level
identical to that in untreated, uninfected cells (Fig. 6). It was
noted that the PKA inhibitor H89 treatment did not signifi-
cantly affect the transcription of occludin mRNA in uninfected
cells (Fig. 6). Moreover, the PKA inhibitor H89 treatment did
not affect the transcription of ZO-1 mRNA in uninfected and
RRV-infected cells (Fig. 5).

DISCUSSION

In previous studies, it has been reported that rotavirus in-
fection promotes structural and functional changes in TJs of
intestinal Caco-2 cells (17, 49) and MDCK cells (46, 61). Here,
we describe for the first time the mechanism by which rotavirus
affects the functional TJ-associated protein occludin by the
demonstration that RRV affects occludin at the mRNA level in
enterocyte-like Caco-2 cells. Occludin is a polytopic membrane
protein that appears to span the membrane four times and to
expose both of its termini to the cytosol (18, 22, 43). Occludin
plays crucial roles in the formation of TJs and in regulating
paracellular permeability (5, 6, 20). Enterovirulent bacterial
pathogens that use sophisticated strategies involving virulence
factors subverting host cell signaling pathways affect the archi-
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tecture of TJs and in turn disrupt the TJ-associated regulatory
functions controlling paracellular passage (8, 27). For example,
Clostridium difficile toxins (11, 48) and cytotoxic necrotizing
factor 1 from Escherichia coli have been shown to modify the
organization of TJ-associated proteins (50). Enteropathogenic
E. coli infection leads to the appearance of aberrant TJ strands
in the lateral membrane of the intestinal epithelium (45).
There are few reports about interactions between viruses and
TJs. Exposing brain microvascular endothelial cells to human
immunodeficiency virus type 1 Tat protein results in reduced
expression and a change in the distribution of TJ-associated
proteins (2). The mechanisms underlying these changes appear
to be complex, since inhibitors of several signaling pathways
partially prevent Tat-mediated changes in the claudin 5 pro-
tein. The adenovirus E4-ORF1 protein in MDCK cells blocked
the TJ localization of ZO-2, as well as their interacting part-
ners, and disrupted both the TJ barrier and apicobasal polarity
(36). The coxsackievirus and adenovirus receptor (CAR), a
46-kDa integral membrane protein with a typical transmem-
brane region (7), which plays a pivotal role in the cell entry of
group B coxsackievirus (14), has been found at TJs. CAR
associates with ZO-1 (13) and multi-PDZ domain protein 1
(15) and forms part of the barrier to the movement of macro-
molecules and ions (13). However, it remains to be deter-
mined whether the interaction of coxsackievirus with TJ-
associated CAR promotes any change in TJ-associated proteins
and functions.

TJs constitute a highly regulated domain, since their assem-
bly and permeability are regulated by signaling pathways in-
volving calcium, cAMP, diacylglycerol, tyrosine kinases, het-
erodimeric G proteins, Ras and Rho GTP-binding proteins,
PKC, and PKA (44). Examining the role of Ca**-dependent
signaling, which plays a pivotal role in rotavirus pathogenicity
(55), our group has previously reported that the RRV-induced,
Ca®"-dependent rearrangements of the apical cytoskeleton in
Caco-2 cells does not correlate with the RRV-induced alter-
ation of TJ-associated proteins (49). cAMP-dependent regula-
tory effects have been observed at the TJs of MDCK cells
(32-34). A signaling cascade implicating the small GTPases
Rab13 and PKA has been shown to be involved in the dynam-
ics of TJ assembly (33). The results reported here demonstrate
that the disappearance of occludin from the TJ plane, the fall
in the levels of the nonphosphorylated form of occludin in both
the detergent-soluble and detergent-insoluble fractions, and
the decrease in occludin mRNA could be antagonized by PKA
inhibitors. Similar PKA-dependent inhibition has been ob-
served for the delocalization of occludin to the TJ plane by a
calcium switch treatment (32). It should be noted that another
PKA-dependent mechanism has been observed recently during
rotavirus infection resulting in the inhibition of the intracellu-
lar transport of SI in RRV-infected Caco-2 cells (41).

Two forms of occludin have been characterized at TJs, a
nonphosphorylated lower-molecular-weight form and a higher-
molecular-weight form which is hyperphosphorylated. The
phosphorylation and dephosphorylation of occludin are impor-
tant for the organization and functionality of TJs (3, 31, 47, 57,
63). Dephosphorylation correlates with TJ dysfunction, and
several enterovirulent bacteria, such as Shigella flexneri and
enteropathogenic E. coli, induce intestinal barrier dysfunction
by promoting a progressive shift of occludin from the plane of
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the TJs through the dephosphorylation of occludin (56, 59).
The mechanism by which RRV affects occludin is different.
Indeed, in contrast to the results obtained with enterovirulent
bacteria, no change in the hyperphosphorylated form of occlu-
din was observed in RRV-infected Caco-2 cells.

There was a decrease in the nonphosphorylated form of the
protein in both the detergent-soluble and detergent-insoluble
fractions of RRV-infected Caco-2 cells. It has been reported
that the loss of occludin in Vibrio cholerae-infected cells occurs
because the V. cholerae hemagglutinin/protease cleaves occlu-
din into two subfragments (64). This is not the case for RRV
infection, since no occludin subfragment was observed by
Western blotting in the RRV-infected cells, indicating that the
RRV-induced disappearance of the nonphosphorylated form
of occludin cannot have been due to protein degradation. The
disappearance of the nonphosphorylated form of occludin was
correlated with a marked reduction of occludin mRNA. This
effect appears to be specific, since no change was observed in
Z70-1 mRNA. As far as we are aware, this is the first time that
a significant change in transcript levels of a TJ-associated pro-
tein has been reported to be linked to an enterovirulent mi-
croorganism in human intestinal cells. What is the mechanism
by which RRV specifically affects the level of occludin mRNA?
Direct repression of the expression of the gene for occludin has
been reported following activation of the transcription factor
Snail (28) or activation of the cellular protooncogene Raf-1
(37). Activation of Snail or Raf-1 results in the general down-
regulation of TJ-associated proteins ZO-1, occludin, and clau-
dins and of the adherens junction-associated protein E-cad-
herin. Our results were different since we observed that ZO-1
was not down-regulated, and our group has previously re-
ported that E-cadherin was not modified upon RRV infection
(49). One other possible hypothesis is that the virus or viral
proteins could affect the stability of mRNAs. Another hypoth-
esis is that the virus or viral proteins could affect the level of
mRNAs coding for occludin by interfering with the transcrip-
tion of the occludin gene. In general, cCAMP signaling to the
nucleus is accomplished by translocation of the catalytic sub-
unit of PKA into the nucleus, where it phosphorylates and
activates activating and silencing transcription factors, both of
which can target responsive element sites present in a pro-
moter. Upstream from the transcription start point for human
occludin mRNA, a number of putative transcription factor
binding sites have been described, including TCF, NF-inter-
leukin-6, and AP2 (1, 62). Interestingly, some PKA-dependent
regulation of the transcription factor AP2 has been reported.
Indeed, follicle-stimulating hormone upregulates anti-Mulle-
rian hormone expression through a nonclassical cAMP-PKA
pathway involving the transcription factor AP2 (35). Ethanol-
and isoproterenol-increased proenkephalin promoter activity
results in PKA-dependent regulation of the proenkephalin
promoter containing two cAMP response elements (CRE-1
and CRE-2) and one AP2 site (65). The increase in the tran-
scriptional activity of nerve growth factor IC was abolished in
the presence of the PKA inhibitor H89, indicating that a sig-
naling transduction mechanism through PKA plays a role in
nerve growth factor IC-induced, AP2-dependent transactiva-
tion (52). Direct negative regulation of AP2 by rotavirus re-
mains to be demonstrated, but indirect down-regulation of
AP2 by rotavirus could be hypothesized. Indeed, tumor necro-
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sis factor alpha and gamma interferon can down-regulate the
expression of occludin by diminishing occludin promoter ac-
tivity (39). In rotavirus-infected pigs (4) and humans (29),
these two cytokines have been found to be increased, and it
was interesting that PKA-dependent down-regulation of cyclic
nucleotide phosphodiesterase 3B at the protein and mRNA
levels has been reported to be promoted by tumor necrosis
factor alpha (53). Further studies will try to delineate the
mechanism by which rotavirus or a rotavirus protein(s) nega-
tively regulates the occludin promoter.
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