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Summary

The apical-most epithelial intercellular junction, referred
to as the tight junction (TJ), regulates paracellular solute
flux in diverse physiological and pathological states. TJ
affiliations with the apical filamentous actin (F-actin)
cytoskeleton are crucial in regulating TJ function. F-actin
organization is influenced by the Rho GTPase family,
which also controls TJ function. To explore the role of Rho
GTPases in regulating TJ structure and function, we
utilized Escherichia coli cytotoxic necrotizing factor-1
(CNF-1) as a tool to activate constitutively Rho, Rac and
Cdc42 signaling in T84 polarized intestinal epithelial
monolayers. The biological effects of the toxin were
polarized to the basolateral membrane, and included
profound reductions in TJ gate function, accompanied by
displacement of the TJ proteins occludin and zonula
occludens-1 (ZO-1), and reorganization of junction
adhesion molecule-1 (JAM-1) away from the TJ
membrane. Immunogold electron microscopy revealed
occludin and caveolin-1 internalization in endosomal-
/caveolar-like  structures in  CNF-treated cells.
Immunofluorescence/confocal microscopy suggested that a
pool of internalized occludin went to caveolae, early
endosomes and recycling endosomes, but not to late
endosomes. This provides a novel mechanism potentially
allowing occludin to evade a degradative pathway, perhaps
allowing efficient recycling back to the TJ membrane. In
contrast to the TJ, the characteristic ring structure of

proteins in adherens junctions (AJs) was largely preserved
despite  CNF-1 treatment. CNF-1 also induced
displacement of a TJ-associated pool of phosphorylated
myosin light chain (p-MLC), which is normally also linked
to the F-actin contractile machinery in epithelial cells. The
apical perjunctional F-actin ring itself was maintained even
after toxin exposure, but there was a striking effacement of
microvillous F-actin and its binding protein, villin, from the
same plane. However, basal F-actin stress fibers became
prominent and cabled following basolateral CNF-1
treatment, and the focal adhesion protein paxillin was
tyrosine phosphorylated. This indicates differences in Rho
GTPase-mediated control of distinct F-actin pools in
polarized cells. Functionally, CNF-1 profoundly impaired
TJ/AJ assembly in calcium switch assays. Re-localization
of occludin but not E-cadherin along the lateral membrane
during junctional reassembly was severely impaired by the
toxin. A balance between activity and quiescence of Rho
GTPases appears crucial for both the generation and
maintenance of optimal epithelial barrier function.
Overactivation of Rho, Rac and Cdc42 with CNF-1 seems
to mirror key barrier-function disruptions previously
reported for inactivation of RhoA.
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Introduction

in a ‘belt-like’ structure, which cooperates with TJ proteins in

Intestinal epithelial cells are physically linked by intercellularthe regulation of transepithelial permeability or the ‘gate

junctional complexes that regulate multiple functions, includingunction’ of epithelial cells, and contributes to permeability
polarity, mechanical integrity and signaling capacityregulation (Madara, 1987; Madara et al., 1987; Madara et al.,
(Troyanovsky, 1999). The apical-most complex, the tightl988). Contractile events relying on interactions between F-
junction (TJ), regulates barrier function by conferring sizeactin and phosphorylated myosin light chain (p-MLC) are
selectivity over paracellular transport (Denker and Nigamgspecially important in the regulation of nutrient uptake through
1998; Madara, 1998). TJ proteins include occludin, claudithe sodium-glucose transporter (Turner and Madara, 1995).
family members, zonula occludens (ZO) proteins, junction The Rho family of small GTPases, comprising Rho, Rac and
adhesion molecule-1 (JAM-1), along with various scaffoldingCdc42, are critical regulators of F-actin dynamics (Hall, 1998;
and signaling molecules. Affiliated with the TJ is aNobes and Hall, 1995; Ridley and Hall, 1992). Activation of
perijunctional filamentous actin (F-actin) ring encircling cellsRho family members requires guanosine exchange factors
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(GEFs), which catalyze the exchange of GDP for GTPet al., 1997), however this might reflect the influence of
Conformational changes then allow the GTPases to interaatditional virulence factors other than CNF-1 (Island et al.,
with multiple effector molecules involved in actin cytoskeletal1998; Island et al., 1999). Evidence actually suggests that
control (Aspenstrom, 1999; Hall, 1990). Rho activity cycles ar&€NF-1 protects against apoptosis (Fiorentini et al., 1997;
rapidly reversible, and are terminated upon hydrolysis of GTFiorentini et al.,, 1998b). Cytoskeletal effects attributed to
by GTPase-activating proteins. purified CNF-1 toxin include stimulation of phagocytotic
The biological consequences of Rho GTPase activation haehavior (Falzano et al., 1993), bacterial internalization
been extensively explored in mesenchymal cells (Mackay €Kazmierczak et al., 2001) and stress fiber aggregation in
al., 1997; Nobes and Hall, 1995; Ridley and Hall, 1992; Ridlepithelial/mesenchymal cells (Gerhard et al., 1998; Hofman et
et al.,, 1992). How Rho GTPases govern F-actin dynamics ial., 1998). However, little is known about the effects of CNF-
non-mesenchymal cells is less clear. Considering the clodeon apical F-actin in epithelial cells, including that in the
apposition between the perijunctional F-actin ring and th@erijunctional ring that is affiliated with TJs. Conflicting
epithelial TJ complex, it is conceivable that Rho proteinsreports have suggested both increased (Hasegawa et al., 1999)
through cytoskeletal modification, could affect epithelialand decreased (Gerhard et al., 1998) epithelial barrier function
barrier function. Several insights have been offered, utilizindollowing constitutive Rho activation. Our study conducted an
diverse pharmacological and molecular tools to interfere witin-depth investigation of CNF-1 effects on epithelial TJ
Rho protein function. Our initial investigations utilized a structure, barrier function and polarized organization of F-
modified cell-permeant chimeric toxin consisting of theactin/associated proteins. The intestinal epithelial cell line T84
Clostridium botulinuntoxin C3 transferase (to inhibit RhoA was chosen as a model for our studies (Dharmsathaphorn et al.,
activity through ADP-ribosylation of Asp41), and the receptor-1984; Dharmsathaphorn and Madara, 1990; Madara and
binding domain oDiphtheriatoxin to facilitate internalization Dharmsathaphorn, 1985) because its high transepithelial
(Nusrat et al., 1995). In this system, the barrier function of T84esistance to passive ion flow and well-ordered F-actin/TJ
intestinal epithelial cells was compromised with reductions irstructures make it a stringent model for mechanistic
transepithelial resistance (TER), enhancements in paracellulexamination of alterations in barrier function. Emphasis was
permeability and redistribution of ZO-1 and occludin awayplaced on morphological localization of F-actin pools and
from the TJ membrane (Nusrat et al., 1995). Related work hassociated TJ proteins before and after CNF-1 treatment, in an
focused upon the impact of dominant-active and dominantattempt to resolve ambiguities regarding the contribution of
negative small GTPase mutants on polarity and barrier functidRho proteins to the genesis and maintenance of barrier function
in Madin-Darby canine kidney (MDCK) epithelial cells, and in vitro. Our study also presents novel data showing toxin-
again demonstrated that antagonism of RhoA function caimduced internalization of TJ proteins in caveole and early-
adversely affect TJ structure/function (Jou et al., 1998)recycling endosomes, suggesting a mechanism for fast re-
Conversely, dominant-active RhoA mutants reportedly proteastablishment of barrier function upon CNF-1 removal.
TJs during ATP depletion (Gopalakrishnan et al., 1998).
Mechanisms whereby TJs are influenced by GTPases have
recently been reviewed (Hopkins et al., 2000). Our studyjaterials and Methods
provides novel insights into the regulation of TJ structure byse) culture, CNF-1 incubation and electrophysiology

activated Rho GTP&‘.SES' . . T84 intestinal epithelial cells were passaged as described (Madara and
An array of bacterial toxins modulates Rho GTPase functiopnarmsathaphorn, 1985) and seeded on 0.33 o? 6aifagen-coated
(Aktories, 1997; Boquet, 1999; Boquet et al., 1999; Fiorentinpermeable supports (Costar, Cambridge, MA). Confluent monolayers
et al.,, 1998a; Gyles, 1992; Lerm et al., 2000; Schmidt anflere exposed to CNF-1; prepared as described (Falzano et al., 1993)
Aktories, 1998; von Eichel-Streiber et al., 1996). Interferencer vehicle (antibiotic-free, serum-free media with 1 mg/ml ultra-pure
with the cytoskeleton is a common pathogenic mechanisnBSA as carrier protein) for 6-48 hours. TER was measured over time
exemplified by membrane ruffling events or ‘cup and pedestabsing an epithelial voltohmmeter (EVOM)/EndOhm (World Precision
formation during respectivesalmonellaand Escherichia !nstruments, Sarasota, FL). On the basis of concentration response
invasion (Lesser et al., 2000). However, since cytoskeletgt/rves. 1 nM CNF-1 applied basolaterally was chosen for use in
rearrangements duringSalmonella but not Escherichia SuPSeduent experiments unless indicated otherwise.
invasion appear under Rho control (Ben-Ami et al., 1998),
Rho-independent mechanisms probably exist during distin@tTPase activation assays
forms of bacterial invasion. To test for RhoA activation in T84 intestinal epithelial cells upon
Cytotoxic necrotizing factor (CNF-1), a toxin derived from CNF-1 treatment, a rhotekin-binding assay was performed as
necrotizing Escherichia coli has been implicated in the previously described (Kranenburg et al., 1999; Sagi et al., 2001;
pathogenesis of prostatitis (Andreu et al., 1997), urinary traceasholtz et al., 2001). Briefly, T84 monolayers grown to confluence
infections (Blanco et al., 1995) and others (Sears and Kapén 5 cn? polycarbonate transwells (Costar) were treated with either
1996). Its mechanism of action involves deamidation of GIn6:%36’{\:':(;1t(eld“,'l\qflt)oo{:;;‘1 gol”sngnf‘:'er;g(‘zfg'ummﬁ ?_‘;ggrl‘_:'gepfgr 721 h‘i‘é? S“Md
Lo P vested i ysis bu 4,
of o, et o Rec/Coctz. resuling i, consUthe ST ot A 630 1o gl mAEDTA 2 gcr

. A . . nd protease inhibitors PMSF 250M, leupeptin 5 pg/ml,
hydrolysis (Flatau et al., 1997; Lerm et al., 1999a; Schmidt ymostatin 10ug/ml, pepstatin 0.25ig/ml, aprotinin 2pug/ml).

al., 1997). CNF-1 was initially identified as a toxin thatpqjiowing a brief centrifugation to remove cell debris, lysates from
stimulated the formation of giant multinucleated cells (Capriolicontrol and CNF-treated cells containing equivalent protein
et al., 1983; Caprioli et al., 1984). Bacterial strains secretingoncentrations were rotated for 45 minutes witpi@lurry of a GST

CNF-1 are reportedly cytopathic to epithelial cells (De Ryckédusion protein composed of the Rho-binding domain of the specific
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Rho effector rhotekin coupled to agarose beads (Upstatelocked in 3% BSA and co-incubated with goat anti-human p-MLC
Biotechnology, Lake Placid, NY). Addition of G¥® to additional (Santa Cruz Biotechnology) and rabbit anti-human ZO-1 antibodies.
whole cell lysates served as a positive control for Rho activatiorDonkey anti-goat and anti-rabbit antibodies conjugated to fluorescent
Beads were collected by centrifugation and washed three times witled or green Alexa dyes (Molecular Probes) were used for detection
lysis buffer. Beads were resuspended ipL21M dithiothreitol and  of the respective primary antibodies. For immunolocalization of
48 L non-reducing sample buffer, boiled for 5 minutes and subjectefllamentous actin (F-actin), monolayers were fixed in 3.7%
to SDS-PAGE on a 12% Tris-HCI gel. Whole cell lysates from bothparaformaldehyde (10 minutes, RT), permeabilized in 0.5% Triton
control and CNF-treated cells were run in parallel to determineX-100 (30 minutes, RT), incubated with rhodamine-conjugated
baseline levels of total RhoA protein. Separated proteins werphalloidin (Molecular Probes; 1 hour, RT), washed and mounted as
transferred to nitrocellulose and western blotted with a monoclonabove. Monolayers were visualized on an LSM510 confocal
antibody to RhoA (Santa Cruz Biotechnology, Santa Cruz, CA). Usingnicroscope (Zeiss Microimaging, Thornwood, NY). Images shown
related methods, the activation status of Rac and Cdc42 was alape representative of at least six experiments, with multiple images
tested in T84 monolayers following CNF-1 treatment. In this case, thiaken per slide.
Rac effector PAK-1 conjugated to agarose beads was used to pull-
down activated Rac from control and CNF-treated monolayers, using )
a Rac activation assay kit (Upstate Biotechnology). Positive control§nmunogold electron microscopy
consisted of T84 whole cell lysates treated with &' irreversibly T84 monolayers treated basolaterally with CNF-1 or vehicle for 24
activate Rac. As described above for Rho, activated Rac from the puliours were washed in HBSSixed in 3.7% paraformaldehyde for 20
down experiments and total Rac from whole cell lysates was detectasinutes at room temperature and processed for immunogold electron
by SDS-PAGE and western blot analysis using a monoclonal antibodyicroscopy as previously described (Nusrat et al., 2000). In short,
to Rac. sections were first labeled with polyclonal antibodies to occludin and
Since PAK-1 is also an effector for activated Cdc42, the samdetected by protein A coupled to 15 nm gold particles. After fixation
nitrocellulose membranes were then strippe@-imercaptoethanol- and blocking, sections were labeled with polyclonal caveolin-1
based buffer and reblotted with a monoclonal antibody to Cdc4antibodies and detected by protein A coupled to 10 nm gold particles.
(Upstate Biotechnology). Primary antibodies were omitted from negative control samples. The
presence of occludin and caveolin-1 at the TJ was quantitated in
- control and CNF-1-treated cells. Previously, we had calculated that
Paracellular permeability assays 90% of the immunogold labeling for occludin was found in the
T84 monolayers on permeable supports were exposed apically oppermost 250 nm of the basolateral plasma membrane where the
basolaterally to CNF-1 or vehicle for 6, 24 or 48 hours. Paracellulaapical plasma membranes of two neighboring cells meet (Nusrat et
permeability to fluorosceinated dextran (FD-3; MW 3000) wasal., 2000). Therefore, numbers of gold particles in this area were
assessed according to previously published methods (Sanders et ebynted. Statistical differences between the two occludin groups were
1995). Briefly, TER was measured, monolayers were washed in Hankssted with a Welch-test since the variances of the two groups were
balanced salt solution/10 mM HEPES (HB¥8nd then equilibrated not equal; and statistical differences between the two caveolin-1
at 37°C for 10 minutes on an orbital shaker. Monolayers were loadegtoups were tested with a Studertttest.
apically with 1 mg/ml FD-3 (Molecular Probes, Eugene, OR) at
time=zero. Basolateral samples were taken at t=0 and 120 minutes, ] o o
and fluorescence intensity was analyzed on a CytoFluor 23s5@nmunoblotting for TJ/AJ proteins in epithelial cells
Fluorescence Measurement System (Millipore, Cambridge, MA). FDConfluent T84 monolayers on 5 énpermeable supports were
3 concentrations transported were extrapolated from a standard culiveubated basolaterally with CNF-1 or vehicle for 24 hours and
(generated by diluting known concentrations of fluorescent traceryyashed in HBSS Monolayers were scraped into Relax buffer (KCI
and expressed agV FD-3 transported/cAthour. Numerical values 100 mM, NaCl 3 mM, MgGl 3.5 mM, HEPES pH 7.4 10 mM)
from individual experiments were pooled and expressed as meancbntaining 1% Triton X-100 with protease inhibitors (as above)
standard error of the mean (s.e.m.) throughout. Control and test valugsd phosphatase inhibitors (sodium fluoride 25 mM, sodium
at each time point of CNF/vehicle treatment were compared by twasrthovanadate 10 mM). Cell suspensions were dounced 20 times with
tailed unpaired Studentistests, with statistical significance assumeda Dounce homogenizer, and the nuclei removed by low-speed
at P values<0.05. centrifugation (150@, 5 minutes, 24C). Equivalent concentrations of
post-nuclear lysate proteins (1@/lane) from control and CNF-
o ) treated monolayers were subjected to SDS-PAGE and immunoblotted
Immunofluorescence of TJ/adherens junction (AJ) proteins, F- with antibodies to TJ, AJ and actin-binding proteins (suppliers as
actin and actin-binding proteins above) and actin (Sigma). In order to determine whether CNF-1
T84 monolayers exposed to CNF-1 or vehicle for 24 hours wereaused tyrosine phosphorylation of paxillin, we treated monolayers
washed, fixed in absolute ethanol (20 minutes;€2@nd blocked in  for 24 hours with CNF-1 or vehicle, prepared lysates and performed
5% normal goat serum [1 hour, room temperature (RT)]. MonolayerSDS-PAGE as above, and immunoblotted with an antibody specific
were incubated in humidity chambers for 1 hour with primaryfor phospho-paxillin (on Tyrl18; Santa Cruz Biotechnology).
antibodies to human occludin, ZO-1, (Zymed Labs, San Francisco,
CA), JAM-1 (C. A. Parkos, Emory University, Atlanta, GA), E- ] )
cadherin (HECD-1 hybridoma supernatant; A. S. Yap, University ofcalcium switch assay
Queensland, Australia),3-catenin, villin, paxillin, caveolin-1, T84 monolayers were transiently exposed to ethylene glycd-bis(
lysosomal-associated membrane protein-1 (LAMP-1; Transductioaminoethyl ether)N,N,NN'-tetraacetic acid (EGTA; 2 mM, 20
Laboratories, Lexington, KY), transferrin receptor (Molecular minutes, 37C) in calcium- and magnesium-free HBSS with 10 mM
Probes), early endosomal antigen-1 (EEA-1) or Rabll (Santa Crt#EPES (HBSS to chelate extracellular calcium and disrupt
Biotechnology). Monolayers were washed, probed with FITC- orntercellular junctions (Liu et al., 2000; Parkos et al., 1995). After
rhodamine-conjugated goat anti-mouse/-rabbit IgG (1 hour, RTwashing, monolayers were allowed to recover in complete cell culture
Jackson Immunoresearch Labs, West Grove, PA) and mounted amedia (containing calcium) in the presence of CNF-1 or vehicle
phosphate-buffered saline/glyceppihenylenediamine, 1:1:0.01 control. TER was monitored during recovery as an index of TJ
(v/viv). Monolayers double-labeled for p-MLC and ZO-1 were function. Additionally, monolayers were fixed and immunostained for
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occludin and E-cadherin (as described above) immediately aftek, hence 1 nM was chosen for subsequent experiments. The
EGTA treatment, and following 9 hours recovery in the presence dbioactive effect of CNF-1 was polarized to the basolateral
CNF-1 or vehicle. surface, since apical exposure to toxin did not significantly
alter TER over control levels (data not shown).
To complement our electrophysiological observations

Results _ o documenting CNF-induced reductions in TER and to confirm
CNF-1 activates RhoA, Rac and Cdc42 in T84 intestinal enhanced paracellular permeability, we examined the flux of a
epithelial cells macromolecule across T84 monolayers exposed to CNF-1

Confluent T84 intestinal epithelial cells were treated with CNF{Fig. 2;n=3-5 experiments). FD-3 was chosen as a marker of
1 (1 nM, 24 hours) or vehicle, and activation assays performguaracellular transport (Sanders et al., 1995). T84 epithelial
for Rho, Rac and Cdc42 using agarose-bead-coupled construntenolayers were treated for 6, 24 or 48 hours with CNF-1 or
containing the GTPase-binding domain of either the Rhaehicle, and flux assays performed over the subsequent 2-hour
effector rhotekin or the Rac/Cdc42 effector PAK-1. In all casesperiod. Control monolayers (black bars) exposed to vehicle
the non-hydrolyzable GTP analog G/BRwas used as a positive exhibited low levels of FD-3 flux from the apical into the
control for GTPase activation. Total levels of RhoA, Rac andbasolateral compartment, which were similar across the three
Cdc42 were similar in lysates generated from monolayersme points measured. FD-3 fluxes across monolayers treated
treated either with vehicle or CNF-1, or lysates used in positive

control experiments (Fig. 1). Greater levels of activated Rho/ A

were pulled down from lysates treated with GFPCNF-1 ' 12001
induced activation of RhoA. In addition, we also observec
increased activation of Rac and Cdc42 following incubation o

monolayers with CNF-1. 9007

TER (Q.cm?)

6001
CNF-1 enhances paracellular permeability across

intestinal epithelial monolayers

T84 intestinal epithelial cells were grown as polarized
monolayers on permeable supports, which at confluenc
displayed high stable TER to passive ion flow (>1006n7). 0
As shown in the concentration response curve, basolater 0.01 0.1 1
exposure of T84 cells to CNF-1 (0.005-5 nM; plotted on a log Log [CNF-1] (M)
scale) for 24 hours evoked significant reductions in TER (Fig B,

300

2). Maximal reductions were observed with 1 and 5 nM CNF 25 1 [ s vehice
—_ [ apca CNF-1 -
= B bosdat. CNFL
Pulldown Lysate § 207 w
— - =
L 8 7 £z el
A =2 L = L x 15 1
= 5 Z = & Z 2
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: Racl CNF-1 exposuretime (h)

Fig. 2.CNF-1 disrupts TJ gate function in a polarized intestinal
epithelial monolayer. T84 monolayers were incubated basolaterally
with increasing concentrations of CNF-1 (0.005-5 mv#4-12
™ o SRS EES gm—= (Cdcd2 monolayers) for 24 hours. CNF-1 evoked a concentration-dependent

reduction in TER that was maximal at ~1 nM (A). In parallel,
monolayers were treated either apically (light gray, center) or

Fig. 1.CNF-1 activates RhoA in T84 intestinal epithelial cells. basolaterally (dark gray) with 1 nM CNF-1 or with vehicle alone

Confluent T84 intestinal epithelial monolayers were incubated with (black) for 24 hours (B). Permeation of apically loaded

either CNF-1 (1 nM) or vehicle for 24 hours, and RhoA, Racl and fluorosceinated dextran (FD-3; MW 3000) into the basal

Cdc42 activation status was examined by pull-down assays involvingompartment over 2 hours was used as an index of passive

binding to the GTPase-binding domains of rhotekin or PAK-1 paracellular transport. Flux of FD-3 across control monolayers and
conjugated to agarose beads. Total Rho, Rac and Cdc42 protein  those treated apically with CNF-1 were virtually identical

levels were similar in lysates from control and CNF-treated irrespective of CNF-1 incubation time. However, basolateral
monolayers. However, in pull-down activation assays, more Rho, Raceatment with CNF-1 augmented FD-3 flux in a time-dependent
and Cdc42 were recovered from CNF-treated cells relative to fashion, which was statistically significantta®4 and 48 hours

controls, indicating increased activation of these GTPases. (n=10 monolayers per condition).
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apically with CNF-1 (light gray bars) were statistically apically or basolaterally with CNF-1 (1 nM, 24 hours) or
indistinguishable from controls at the same time pointsvehicle control were immunostained with antibodies to
However, monolayers treated basolaterally with CNF-1 (darkccludin, ZO-1 and JAM and examined by confocal
gray bars) showed significant enhancements in paracellulamicroscopy. Occludin distribution in control T84 epithelial
flux of FD-3. Permeability enhancements were dependent upanonolayers (Fig. 3a) mirrored that in monolayers incubated
the length of exposure to the toxin, with flux following 24 orapically with CNF-1 (Fig. 3b); namely a characteristic
48 hours incubation with CNF-1 being significantly differentcobblestone pattern shown in en face confocal micrographs
to control fluxes at the same time poir#s@.01). captured at the level of the TJ. Monolayers incubated
basolaterally with CNF-1 (Fig. 3c) displayed occludin

] o o reorganization in the TJ plane, manifested as decreased
CNF-1 induces redistribution of key TJ proteins involved  occludin localization at the TJ membrane (arrow) with
in epithelial barrier function potential internalization (#). Total occludin protein levels (Fig.
Since the epithelial TJ protein complex is a major regulator 08j) were similar in cell lyastes from both control (lane 1) and
transport through the paracellular route, we examined the effeCiNF-treated monolayers (lane 2).
of CNF-1 on the immunolocalization of candidate TJ proteins The morphological distribution of another TJ protein, ZO-1,
(Fig. 3). T84 intestinal epithelial monolayers incubated eithea cytoplasmic plaque protein that affiliates with the underlying

Control Apical CNF-1 Basolat. CNF-1

d

Fig. 3. CNF-1 alters morphological
localization of candidate TJ proteins.
T84 monolayers were exposed to
CNF-1 or vehicle alone for 24 hours,
and TJ proteins occludin, ZO-1 and
JAM were localized by
immunofluorescence and confocal
microscopy. In control monolayers
(a), occludin localized sharply in the
apical region of the lateral membrane,
visualized en face as a ring pattern.
Monolayers treated apically for 24
hours with CNF-1 (b) were identical.
Monolayers exposed basolaterally to
CNF-1 for 24 hours (c) displayed
dramatic redistribution of occludin
away from the lateral TJ membrane
(arrow). ZO-1 staining in control
monolayers (d) resembled that of
occludin, outlining TJs just below the
apical plane. Apical exposure to
CNF-1 for 24 hours did not affect
Z0-1 immunolocalization (e);
however, discontinuities in ZO-1 ring
structures were evident in monolayers
treated basolaterally with CNF-1 for
the same time period (f). JAM in
control monolayers (g) was enriched
in the TJ plane, and unchanged by

Occludin

70-1

i 1=}

JAM

' 2 apical treatment with CNF-1 toxin for
24 hours (h). However, basolateral
j. Occludin " €= ~65kD exposure to CNF-1 for the same time

period (i) somewhat disrupted JAM

B F— distribution, with diffusion away from
- ne : ;
k. ZO-1 ~225kD e the TJ membrane into the cytoplasm.
- gy — 1 Control Levels of occludin (j), ZO-1 (k) or
3] CNF-1 JAM (l) proteins were minimally
different in lysates prepared from
. JAM . - 4=m ~42KkD control (lane 1) versus CNF-treated

(lane 2) epithelial monolayers.
Bar=10 pm.
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F-actin cytoskeleton, was also examined. ZO-1 staining iof occludin during TJ assembly (Liu et al., 2000). Western blot
control monolayers (exposed to vehicle alone; Fig. 3dylata (Fig. 3l) did not reveal any differences in total JAM protein
resembled that of occludin, being confined to distinctive TJevels between control and CNF-treated monolayers.
ring formations. No substantial alterations were visible upon
apical exposure to CNF-1 toxin (Fig. 3e); however basolateral . . o ) .
exposure to toxin for the same time period (Fig. 3f) stimulate§NF-1 induces internalization of occludin and caveolin-1
dramatic reorganization of ZO-1 away from the TJ plane. Likén caveolar/recycling endosomal structures
occludin in cells treated basolaterally with CNF-1, there wa8y immunogold electron microscopy, we have previously
partial or, in some cases, complete loss of the ring structushown that occludin predominantly (>90%) localizes to the
that is morphologically characteristic of these proteins in emapical-most 250 nm of the basolateral plasma membrane
face confocal images. All images presented are representatifidusrat et al., 2000). In control epithelial cells, occludin
of at least four independent experiments, and all morphologicgbseudo-colored in red) displays this pattern (Fig. 4Aa, arrow);
alterations were similar or intensified upon prolongedhowever, upon basolateral treatment of the cells with CNF-1
basolateral incubation with CNF-1 (48 hours). Morphologicaffor 24 hours, some occludin disappeared from this TJ domain
reorganization events were not accompanied by alterations into an intracellular compartment (Fig. 4Ab, #). A percentage
the total ZO-1 protein levels in control versus CNF-treatedf internalized occludin moved into membranous structures
monolayers (Fig. 3k). ultrastructurally resembling endosomes/caveolae (Fig. 4Ac),
The ring pattern of JAM-1 immunolocalization in en faceand co-localized with caveolin-1, a caveolar scaffolding
images of control monolayers (Fig. 3g) resembled that obrotein (particles colored in black). We quantitated the
occludin and ZO-1, with sharp rings indicative of localizationredistribution of occludin and caveolin-1 from TJs after CNF-
at the distinct lateral TJ membrane. Some additional stainingj treatment (Fig. 4B, occludin m=25 TJs; caveolin-1 in=10
was observed along the lateral membrane irxttar vertical  TJs for both control and CNF-treated cells). In control cells,
plane (not shown). JAM distribution in TJs of monolayerswe found 6.8+0.5 occludin gold particles per TJ (meants.e.m.)
treated apically with CNF-1 for 24 hours (Fig. 3h) was virtuallywhile, in CNF-treated cells, we only found 1.9+0.3 occludin
identical to that in control monolayers. By contrast,gold particles per TJ domain. This approximately 3.5-fold
monolayers exposed basolaterally to CNF-1 for 24 hours (Figlifference was statistically significaf®<€0.00001). Analogous
3i) displayed some loss of JAM definition at the membraneto our findings with occludin, caveolin-1 was also re-
The ‘blurred” rings probably represent some JAMdistributed away from the TJ following CNF-1 incubation. We
redistribution away from the TJ membrane to a cytoplasmiobserved 6.7+0.6 caveolin-1 gold particles per TJ in control
region just below the lateral membrane. This could beells, but only 2.4+0.4 caveolin-1 gold particlEs(.0001) per
important in the loss of barrier function since the presence afJ of CNF-treated cells. Similar trends were seen for ZO-1
JAM at the TJ membrane is essential for correct re-localizatioimternalization (data not shown).

A. B.

# gold particles at TJ

E Occludin
24 3 Caveolin-1

b control CNE-1

% g Fig. 4. CNF-1 stimulates occludin internalization at an ultrastructural level.
o e j Confluent control and CNF-1-treated T84 monolayers were processed for cryo-
RS ¥ -+ immunoelectron microscopy (A) by labeling occludin with 15 nm gold particles
a C B . . (pseudo-colored in red) and caveolin-1 with 10 nm gold particles (black). In control

—— cells (a), occludin localized mainly to the apical-most part of the basolateral plasma
membrane (arrow). In CNF-1 treated cells, there was a reduction in occludin at the

plasma membrane of the TJ domain (b, #). Some labeling was now found to co-localize with caveolin-1 in intracellular wdveolae a

endosomal-like compartments (c). Bar, 100 nm. Following quantitation of occludin (black bars) and caveolin-1 (gray barsictpsdipthe

TJ, statistically significant reductions in both proteins were observed in CNF-treated monolayers relative to controls (B).
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In order to address more precisely the nature of thebserved between areas of internalized occludin (Fig. 5j1,
structures into which occludin was internalized upon CNF-frrows; Fig. 5j3, #) and LAMP-1 positivity, suggesting that
treatment (1 nM, 24 hours), we performed double-occludin internalized after CNF-1 treatment is not designated
immunolabeling/confocal microscopy for occludin and a rangéor a lysosomal degradative pathway. In addition, there was a
of endosomal/caveolar markers. Occludin in control cells colack of co-localization between internalized occludin and
localized with a TJ-associated pool of caveolin-1 (Fig. 5a2¢lathrin following incubation with CNF-1 in our system (data
arrowhead) in ring structures distinct from the large pool ohot shown).
caveolin-1 highlighting the apical brush border. Upon
treatment with CNF-1, internalization of occludin (Fig. 5b1, . o o
arrows) and caveolin-1 (Fig. 5b2, arrowheads) was observe@NF-1 does not abolish the localization of AJ proteins in
Areas of co-localization between internalized occludin anding structures at cell-cell borders
caveolin-1 are shown in Fig. 5b3 (#). Occludin stainingimmunolocalization of E-cadherin and3-catenin was
following CNF-1 incubation was also examined in the contexperformed in order to evaluate the influence of CNF-1 on AJs.
of the early endosomal markers EEA-1 and the transferriAs shown in Fig. 6, in control cells both E-cadherin (Fig. 6a)
receptor. The transferrin receptor exhibited diffuse cytoplasmiand-catenin (Fig. 6¢) were visualized in a ring pattern by en
staining in control cells (Fig. 5¢2), and no overlap withface confocal imaging, consistent with their localization in AJs.
occludin (Fig. 5¢3) was observed. Following CNF-1 incubatiorMinor changes in both E-cadherin (Fig. 6b) &catenin (Fig.
and characteristic occludin internalization (Fig. 5d1, arrow)6d) distribution were observed following basolateral
the transferrin receptor was observed to condense into areasubation with CNF-1 for 48 hours, mainly a slight increase
also suggestive of internalization sites (Fig. 5d2, arrowheadin staining intensity at cell-cell borders, or potentially a subtle
However, although neighbors, these internalization sitediffusion of the same away from the membrane. However, the
seemed morphologically distinct from each other (Fig. 5d3, #)ocalization of both E-cadherin afiecatenin in ring structures
EEA-1 in control cells (Fig. 5e2) displayed a diffusewas essentially preserved despite CNF-1 treatment, in contrast
cytoplasmic staining pattern similar to that of the transferririo ring structures of TJ proteins that were severely disrupted
receptor, in addition to a distinct membranous pool in ringsinder the same conditions. Expression of total cellular E-
(Fig. 5e2, arrow) that co-localized with those of occludin (Figcadherin ang-catenin was not influenced by CNF-1 treatment
5el, occludin alone; Fig. 5e3, composite of occludin and EEAfor various time periods, as determined by western blot
1). Internalization of occludin induced by exposure to CNF-lanalysis (Fig. 6e,f respectively; lanes 1-3 control, lanes 4-6
(Fig. 5f1, arrows) occurred in compartments similar to thos€NF-1).
of internalized EEA-1 (Fig. 5f2, arrowheads). Morphological
overlap of some of these internalized structures (Fig. 53, # o )
suggests that at least a pool of occludin can be internalized ¢NF-1 alters the localization of a TJ-associated pool of
EEA-1-positive early endosomes following CNF-1 treatment.p-MLC

We next explored the possibility that this sub-pool of earlyTJ proteins affiliate with the underlying perijunctional F-actin
endosomes could be recycling endosomes, which target theing and this affiliation is important in the regulation of TJ
cargo back to the membrane rather than onwards to lafanction (Madara, 1987). In addition, MLC phosphorylation
endosomes/lysosomes (Casanova et al., 1999; Ullrich et ahas also been shown to regulate TJ function (Turner and
1996). Thus, we stained for occludin and the recyclingMadara, 1995). Therefore, we investigated whether epithelial
endosomal marker Rabl11l in control cells and those treatexkposure to CNF-1 could alter the distribution of p-MLC in
with CNF-1. Rabl1 positivity in control cells (Fig. 5g2) TJs. There was extensive co-localization between the ring
seemed to be confined to sub-membranous structuresructures of ZO-1 and a pool of p-MLC at the level of the TJ
resembling vesicles. No co-localization with the characteristiin control T84 epithelial cells (Fig. 7a-c). This co-localization
TJ rings of occludin was observed in control cells (Fig. 5glwas mirrored in monolayers treated apically for 24 hours with
occludin alone; Fig. 5g3, occludin/Rabll composite)CNF-1 (Fig. 7d-f). However, upon basolateral treatment with
However, following treatment with CNF-1, internalization of the toxin, severe disruption in the perijunctional staining
occludin (Fig. 5h1, arrow) and condensations of Rabl11l (Figpattern of not only ZO-1 (Fig. 7g) but also p-MLC (Fig. 7h)
5h2, arrowhead) partially overlapped with each other (Fig. 5h3ccurred. Almost complete fragmentation of the ring structures
#). This suggests that at least a pool of internalized occludiof both proteins was observed at the level of the TJ, although
might be recycled back to the membrane in Rabl1l-positivpunctate fragments of ZO-1 and p-MLC that remained in the
recycling endosomes. TJ plane still exhibited some co-localization (Fig. 7i).

Since our biochemical experiments showed that occludin
was not degraded following CNF-1 treatment, we double- ] ) o )
stained monolayers for occludin and the late endosomal markeNF-1 induces polarized reorganization of F-actin and
LAMP-1. Anti-LAMP-1 stained control T84 cells (Fig. 5i2) in Select actin-binding proteins
a characteristic ring pattern reminiscent of, but not coincidersince TJs have previously been shown to affiliate with F-actin
with, occludin (Fig. 5i1). In the composite image (Fig. 5i3), it(Madara, 1987; Madara et al., 1987; Madara et al., 1988), and
can be seen that both these proteins are in the same plane $iote actin-myosin contraction is an important regulator of
are mainly adjacent to each other rather than in an overlappipgracellular permeability (Turner and Madara, 1995), we
pattern (#). Incubation with CNF-1 induced fragmentation ofexamined in detail the effects of CNF-1 treatment on the
LAMP-1 rings, with apparent internalization in sub- organization of polarized pools of F-actin and associated
membranous vesicles (Fig. 5j2). Absolutely no overlap wabinding proteins in epithelial cells. F-actin architecture in T84
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monolayers was highlighted by rhodamine-phalloidin stainingstaining representing microvillous actin cores (*). This pattern
and confocal microscopy following 6 hours exposure to eithewas unaltered following apical incubation with CNF-1 toxin
CNF-1 (1 nM) or vehicle (Fig. 8a-l). Fig.
8a represents en face imaging at the ) ] ) .
of the apical membrane. F-actin in 1 Occludin Caveolin-1 Composite
plane is organized in characterit
perijunctional rings (arrowhead) and,
the apical brush border, as fine dot-

Con

Fig. 5. CNF-induced internalization of
occludin is via caveolae and early-/recycling
endosomes but not late endosomes. T84
epithelial monolayers were incubated with
vehicle or CNF-1 (1 nM) for 24 hours, and the
internalization of occludin monitored in
relation to markers of endosomal/caveolar
pathways by immunofluorescence/confocal CNF-1
microscopy. Occludin in the en face plane of
control cells (al, c1, el, g1, i1) was
characteristically distributed in discrete TJ
rings at cell-cell borders. Caveolin-1 staining
in control cells (a2) consisted of a large pool
of apical staining, together with a sub-pool of
caveolin-1 localizing in a ring pattern at TJs

(arrowhead). This was observed to co-localize . 1; T S, .
with occludin (a3, #). Occludin internalization Occludin Transferrin R Composne
in CNF-treated cells (b1, arrows) was seen to cl

correspond closely with a pool of internalized
caveolin-1 in the same cells (b2, arrowheads)

and in a composite image (B3, #). The

transferrin receptor in control cells (c2)

localized mainly to the apical surface and Con
underneath the membrane, showing no

overlap (c3) with the staining pattern for

occludin. Following CNF-1 incubation,

internalized occludin (d1, arrow) and

internalized transferrin receptor (d2,

arrowhead) did not appear to co-localize with

each other (d3, #). Another early endosomal

marker, EEA-1, localized to sub-membranousCNF_ |
structures with some additional staining at the

TJ membrane (E2, arrowhead). This, like

caveolin-1 staining in control cells,

overlapped with occludin (e3, #). Occludin
internalization upon CNF-1 incubation (F1,

arrows) overlapped with EEA-1 distribution in ~oTidd
the same cells (F2, arrowheads). This overlap Occludin
in the merged image (f3, #) suggests

internalization of occludin in EEA-1-positive

early endosomes. Distribution of the recycling
endosomal marker Rab11 was primarily sub-
membranous in control cells (g2), showing no
co-localization with occludin (g3). However, Con
occludin (h1, arrow) and Rab11 (h2,

arrowhead) internalization in CNF-treated
monolayers were observed to overlap

significantly (h3, #). The late endosomal

marker LAMP-1 localized to the membrane at

the level of intercellular junctions in control

cells (i2), in a pattern that resembled but did

not overlap with (i3, #) that of occludin. a
Occludin internalization after CNF-1 CNF-1
treatment (j1) did not co-localize with LAMP-
1-positive late endosomes in the same cells

(j3, #). Results are representative of ~6

experiments. Ba10 um.
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(Fig. 8b). While perijunctional F-actin ring staining was previously observed in non-polarized cells such as fibroblasts
preserved (or perhaps even enhanced) in response ttansfected with dominant active RhoA (Ridley and Hall,
basolateral treatment with CNF-1 (Fig. 8c), a striking abolitionl992). This is a hallmark feature confirming the specific
of microvillous actin staining was observed (arrow). This wasctivation of RhoA. Since stress fiber changes were observed
complemented by alterations in the staining patterns of villinfollowing CNF-1 incubation, we also examined the distribution
a major actin-regulating protein enriched in apical epitheliabf an actin-binding protein in the same region of the cells. In
brush borders. In control monolayers (Fig. 8d) and thoseontrol monolayers, the actin-binding protein paxillin was seen
treated apically with CNF-1 (Fig. 8e), en face images revealeals small plagues consistent with its distribution in focal cell-
identical villin staining patterns in F-actin-rich microvillous matrix contacts (Fig. 8j). Monolayers treated apically with
cores. Villin staining intensity in the apical plane wasCNF-1 displayed a similar staining pattern for paxillin (Fig.
significantly diminished following basolateral treatment with8k). However, basolateral incubation with CNF-1 (Fig. 8l)
CNF-1 (Fig. 8f), suggesting brush border effacement. induced a small increase in paxillin plaques. All morphological
At the basal pole of both control (Fig. 8g) and apicallyalterations in F-actin/actin-binding proteins induced by CNF-
treated (Fig. 8h) monolayers, F-actin stress fibers werg occurred independently of biochemical alterations in protein
observed as a meshwork of filaments. In contrast to thievels at all sampled time points, as shown by western blot data
effacement of brush border F-actin, basolateral exposure {€ig. 8m-0). Actin levels in control (Fig. 8m, lanes 1-3) versus
CNF-1 (Fig. 8i) induced aggregation of stress fibers intdCNF-treated (lanes 4-6) lysates appeared similar, as did villin
prominent bundles with a ‘cabled’ appearance. Enhancements/els under the same conditions (Fig. 8n, lanes 1-3 control,
in both stress fiber number and aggregation have bedanes 4-6 CNF-1). A slight increase in the molecular mass of
paxillin was noticed in lysates from CNF-
treated monolayers at all time points
Occludin Rabl1 Composite shown (Fig. 80, lanes 1-3 control, lanes
4-6 CNF-1). When lysates from control
and CNF-treated (1 nM, 24 hours)
monolayers were blotted with an
antibody  specific  for  tyrosine-
phosphorylated paxillin (Fig. 8p), a
substantial increase in phospho-paxillin
was detected in CNF-treated samples.
We also observed increased tyrosine
phosphorylation of  paxillin in
CNF-treated cells following
immunoprecipitation with anti-paxillin
and immunoblotting with anti-phospho-
paxillin (data not shown). Tyrosine
phosphorylation  of  paxillin  has
previously been observed in other
systems following Rho GTPase
activation (Imamura et al., 2000; Sinnett-
Smith et al., 2001).

Con

CNF-1

Occludin L AMP-1 ;:Sl\élén%k;?;palrs intercellular junction
Transient depletion of extracellular
calcium is a well-validated model for
studying the assembly of intercellular
junctional contacts. Since CNF-1
influenced TJs in stable polarized
epithelial cells, we examined the
influence of Rho GTPase activation by
CNF-1 on assembly of intercellular
contacts and recovery of barrier
function. As shown (Fig. 9A), the
baseline TER of monolayers
subsequently incubated with vehicle
(closed circles) or CNF-1 (open circles)
were similarly high before calcium
depletion (#). Following EGTA
treatment, TER predictably dropped
to below 100 Q.cn?, whereupon

Con

CNF-1
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monolayers were washed and allowed to recover in calciuntp) were localized intracellularly rather than at their
containing media in the presence or absence of CNF-1 {Espective junctions. Redistribution of both these proteins
nM). Control monolayers recovered high TER values of ~70®ack to the lateral membrane was evident in control cells 9
Q.cn? by 6 hours following repletion of extracellular hours later (c,d). However, occludin did not correctly
calcium. This corresponds to the presence of assembled Tigglistribute back to the membrane in monolayers exposed to
in the monolayer (Liu et al., 2000). By contrast, monolayer€NF-1 during recovery (e). It was instead observed in
exposed to CNF-1 during the recovery period failed tgunctate dots that may mark tricellular corners. E-cadherin
recover TER (162+14.cn¥? 24 hours after EGTA washout movement back to the membrane in CNF-treated cells (f)
and calcium repletion). To answer the question of whetheresembled that in control cells, further indicating preferential
this related to inhibitory effects of CNF-1 on nascent AJs adisruption of the TJ over the AJ by CNF-1. These findings
well as TJs, we examined E-cadherin and occludinllustrate that overactivation of Rho GTPases impairs not only
distribution in monolayers after EGTA treatment and duringhe barrier function of mature TJs, but is also detrimental for
recovery in the presence of CNF-1 or vehicle. Followingthe assembly of nascent TJs and the acquisition of barrier
EGTA treatment (Fig. 9B), both occludin (a) and E-cadherirproperties.

Control Basolat. CNF-1

Discussion

Since studies have revealed a role for Rho
GTPases in regulating TJ structure/
function (Nusrat et al., 1995; Jou and
Nelson, 1998; Jou et al., 1998), we further
explored the mechanisms whereby
paracellular permeability is influenced by
this family of mediators. CNF-1 was used
as a tool to activate consitutively Rho
GTPases by deamidation of GIn61/63
(Flatau et al., 1997; Schmidt et al., 1997).
We observed activation of RhoA, Racl and
Cdc42 following incubation of polarized
T84 intestinal cells with CNF-1, as
confirmed by pull-down assays utilizing
binding to the specific Rho effector
rhotekin or the Rac/Cdc42 effector PAK-1
(Kranenburg et al., 1999; Sagi et al., 2001;
Seasholtz et al., 2001). Interestingly, levels
of activated Rac and Cdc42 detected in
these assays exceeded those of activated
RhoA. This might relate to several factors.
First, GTPase-activating proteins selective
for Rho (Rho-GAPs) might be highly
active, resulting in a loss of Rho-GTP
signal. Second, since caveolae close to the
cell surface are enriched in Rho that is
either pre-activated or ready to be activated
(Michaely et al., 1999), it is likely that

E-cadherin

B-catenin

12 3 456 Lane Sampl _ _
: —",m C‘:,Tmf even small changes in levels of activated
e. Eccadherin o o e voe ¢um 1206kD  , 5 RhoA in that specialized microenvionment
3 Con 48h are highly significant. Since TJs also
. 4 CNF 6h exist in lipid-raft-associated membrane

s 2k X ; X
f. B-catenin -!"..Q €= ZKD 5 onpogn microdomains (Nusrat et al., 2000), high
6 CNF 48h local levels of activated Rho could have

important functional consequences for the
structure and function of TJ proteins.

_ i _ . o The functional consequences of Rho,
Fig. 6. CNF-1 does not dramatically influence AJ protein localization in the lateral Rac and Cdc42 activation by CNF-1 in our

membrane. E-cadherin afiecatenin were immunolocalized in confluent T84 monolayers : - ;
exposed basolaterally to CNF-1 (1 nM, 48 hours) or vehicle. In control monolayers, both mgde{_ InCIu_de$_Etge Inguctlgn of para;lle!
E-cadherin (a) anfi-catenin (c) were visualized en face in characteristic ring formations reductions in ana ennhancements in

in the AJ. Basolateral exposure to CNF-1 did not visibly alter the ring pattern of E- paracellular permeability. This response
cadherin (b), although minor thickening®tatenin staining intensity was observed at was polarized to basolateral incubation
cell-cell borders (d). Total protein levels of E-cadherin (e)@udtenin (f) were with CNF-1. The C terminus of CNF

unaffected by CNF-1 treatment (lanes 1-3 control, 4-6 CNF-1x18arm. reportedly harbors the cell-binding domain



CNF-1 reduces barrier function 735

(Lemichez et al., 1997
mediating clathrin-independe
endocytosis  requiring  transie
membrane acidification (Contamin
al., 2000).

Reported effects of the activati
of Rho GTPases by CNF-1 Control
epithelial TER have to date be
ambiguous. Interference w
signaling could cause: (1) increa:
TER; (2) decreased TER; or (3)
change in TER. One report suggt
that CNF-1 does not affect TE
(Hofman et al., 1998), however ¢
results support observations
CNF-induced reductions in TER ~ Apical
another well-polarized epitheli CNF-1
cell line, Caco-2 (Gerhard et ¢
1998). Since CNF-1 simultaneou
activates Rho, Rac and Cdc42, i
difficult in this model to dissect o
the specific contributions
individual GTPases to obsery
changes in barrier functic
However, some information can
gained by using specit
pharmacological inhibitors of tl
RhoA pathway in combination wi
CNF-1. We used the RhoA inhibit
C3 toxin to examine wheth
inhibition of RhoA in T84 cell
could protect against the barri  Fig. 7.CNF-1 disrupts morphological localization of a TJ-associated pool of phosphorylated MLC.
disruptive effects of CNF-1 (dz In cont_rol T84 monolayers double-labeled with antl_bodles to ZO-1 (a; green) and p-MLC (b; _red),
not shown). Pre-incubation of t extensive co-challzatlon (_c; yellow) was observed in the TJ plane. In monolayer_s treated apically
cells with low concentrations of ¢ for 24 hours with CNF toxin, ZO-1 (_d) and p-MLC (e) were a_llso seen to po—locallze (f). However,

. . monolayers treated basolaterally with CNF-1 for the same time period displayed not only profound
caused a reproducible drop in Tt isyyption of ZO-1 staining (g) but also p-MLC (h) in the TJ plane. Fragments of each protein from
Wh|C_h was not prevented the disassembled ring structures co-localized in a punctate patternj0Ran.
application of CNF-1 (data n

shown). Similarly, simultaneol
incubation of cells with CNF-1 and C3 evoked profoundphysiologically, and thereby eliciting unusual TER
disruptions in TER (data not shown). We also tried to bloclphenomena. Additionally, in low-resistance monolayers such
the effects of CNF-1 on epithelial TER using the Rho kinasas those used in the study in question (Hasegawa et al., 1999),
inhibitor Y-27632. However, since this by itself also TER is a less-sensitive index of barrier function than the
compromises epithelial barrier function (Walsh et al., 2001)assessment of paracellular flux. Since paracellular permeability
we did not observe any protective effect against the influendacreased during dominant-active Rho expression (Hasegawa
of CNF-1 (data not shown). Thus, in our model, the effectet al., 1999), this corroborates our results indicating
of CNF-1 were not blocked by inhibitors of RhoA or Rho compromised epithelial barrier function during Rho GTPase
kinase, verifying that RhoA is not the sole factor responsiblactivation. Inducible expression systems that allow precise
for reductions in TER and barrier function. Given that allmanipulation of mutant expression levels are a further
compounds (CNF-1, C3, Y-27632) adversely affect themprovement on stable expression systems where the mutant
barrier function of epithelial cells, this supports the notiontransgene is continuously ‘on’. Using an elegant system,
that a delicate balance of Rho activity/quiescence must b@onvincing evidence for an involvement of RhoA in disruption
maintained in order to preserve optimal barrier function. of epithelial barrier function has been obtained with
A more straightforward approach towards understanding thietracycline-repressible dominant-active Rho transfected into
contributions of individual Rho GTPases to epithelial barrieMDCK cells (Jou et al., 1998). In this system, dominant-active
function involves the over-expression of constitutivelyRho mutant induction correlated with inability to form high
active/dominant-negative mutants of each GTPase. StablER (Jou et al.,, 1998). Thus, data by Jou et al., 1998
expression of dominant-active Rho reportedly increases renabmplements our use of CNF-1 to manipulate
epithelial TER (Hasegawa et al., 1999). It is possible thgbharmacologically the activity of Rho GTPases (Jou et al.,
dominant-active Rho ‘swamps’ a cell with signaling GTPase1998). Additionally, our study attempted to characterize further
potentially engaging effectors not normally activatedthe likely reasons for the disturbance of epithelial barrier

p-MLC Composite

Basolat.
CNF-1
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Fig. 8.CNF-1 induces polarized
restructuring of F-actin and actin-binding
proteins in epithelial monolayers.
Rhodamine phalloidin was used to
highlight F-actin organization in the
apical and basal poles of T84 epithelial
cells following polarized incubation with
CNF-1 or vehicle control. While control
monolayers (a) and those incubated
apically with CNF-1 (b) revealed
identical organization of F-actin in en
face confocal micrographs, basolateral
exposure to CNF-1 (c) induced dramatic
polarized F-actin restructuring. Slight
increases in staining intensity were
observed in the perijunctional F-actin
ring, but the normal pattern of punctate
microvillous staining was virtually
abolished in the apical pole of these
monolayers (arrow) relative to controls.
These changes were accompanied by
altered immunolocalization of the brush
border actin-binding protein villin in
CNF-treated monolayers (f) relative to
control cells (d) and those treated
apically with toxin (e). F-actin
distribution at the basal epithelial pole
was similar in both control (g) and
apically-treated monolayers (h), and
consisted of diffuse meshworks of short
stress fibers. By contrast, basolateral
exposure to CNF-1 (i) stimulated the
aggregation of stress fibers into thicker,
‘cabled’ bundles. Parallel changes were
detected in immunolocalization of the
actin-binding protein paxillin at the basal
epithelial pole. Control monolayers (j)
displayed ‘plaque-like’ paxillin
immunoreactivity, similar to that in
monolayers exposed apically to toxin (k).
Basolateral treatment with CNF-1 (I) was
associated with a slight increase in
plague number and size. CNF-induced
changes in F-actin, villin and paxillin (m,
n, o, respectively) were not accounted for
by changes in the total levels of these
proteins as assessed by western blot
analysis of lysates from control (lanes 1-
3) and CNF-treated monolayers (lanes 4-
6) for the times indicated. Slight
increases in the molecular mass of
paxillin upon CNF incubation reflected
tyrosine phosphorylation of the protein,
as shown by the increased level of
phospho-specific paxillin detected in
lysates from CNF-treated cells relative to
controls (p). Bax10um.
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Fig. 9.CNF-1 impairs the assembly of A. T ~@- Control
junctions in calcium switch assays. # -0~ CNF-1
(A) T84 monolayers exposed to EGTA 1500+ & ———
(2 mM) in calcium- and magnesium-free
media were allowed to recover in
complete culture media (containing
calcium and serum) in the presence of 900 -
CNF-1 (1 nM) or vehicle. TER was

monitored over time and used to assess 600 4
the recovery of cell-cell contact.

Monolayers exhibited high resistances 300
prior to EGTA treatment (#), which
dropped to ~1@.cn? following EGTA
incubation (not shown). During the 1 |
recovery period, control monolayers | : - |
recovered high TER values of >700 0 3 6 9 12 15 18 21 24
Q.cn? after approximately 6 hours. By Time (h)

contrast, monolayers exposed to CNF-1 B,

during recovery failed to reach TER

values >17@.cnm? (n=4) by 24 hours, EGTA Control t=9h CNF-1t=9h
indicating impaired junctional

reassembly. (B) Occludin and E-

cadherin staining was examined in

monolayers immediately after EGTA

treatment, and following recovery for 9

hours in complete media containing Occludin
either CNF-1 (1 nM) or vehicle.

Following EGTA treatment, both

proteins were seen to move away from

the lateral membrane into an

intracellular compartment (a,b). During

recovery in complete media with

vehicle, both occludin (c) and E-

cadherin (d) redistributed correctly into

characteristic ring structures at the E-cadherin
lateral membrane. By contrast,

monolayers exposed to CNF-1 appeared

to assemble only E-cadherin but not

occludin into ring structures at the same

time period (e,f).

12004

TER (Q.cm?)

function, in the context of alterations in TJ proteins and F-actiignificant redistribution of TJ proteins occludin, ZO-1 and
organization. JAM was observed following basolateral treatment with CNF-
Several lines of evidence suggest that CNF-induced. Similar effects were also observed for claudin-1 (data
perturbations of barrier function are non-cytotoxic (data nohot shown). Occludin and ZO-1 immunolocalization in
shown). First, TER values did not drop below ~3D@n?, characteristic TJ ‘ring structures’ was severely disrupted,
discounting frank cytotoxicity. Second, cell death wasresulting in almost complete lack of continuity. JAM
not observed in CNF-treated monolayers stained wittocalization too was disturbed but, unlike occludin and ZO-1,
hematoxylin/eosin. Finally, mitochondrial bioreduction of adid not virtually ‘disappear’ from the plane of the TJ
tetrazolium salt was unimpaired in CNF-treated monolayermmembrane in response to basolateral treatment with CNF-1.
relative to control monolayers. Additionally, it has beenlinstead, broad, blurred rings of JAM were evident in en face
reported that CNF-1 might in fact protect against apoptosis bgonfocal images, indicating some JAM redistribution below the
enhancing cell-matrix adherence and cell spreading (FiorentifiJ membrane in contrast to its former presence in a sharply
et al., 1997; Fiorentini et al., 1998b), possibly related tdocalized ring at the TJ itself. It is intriguing to speculate why
enhanced F-actin stress fiber aggregation mediated by activatibé disruption of JAM is not as drastic as that of occludin and
Rho (Ridley and Hall, 1992). There is also evidence that CNRZO-1. This might relate to a necessity for JAM localization at
1 exerts an additional anti-apoptotic influence by increasing tithe TJ membrane for correct assembly of the TJ protein
expression of proteins in the Bcl-2 family (Fiorentini et al.,complex (Liu et al., 2000), otherwise loss of this protein could
1998c). prove detrimental for the capability of T84 monolayers to re-
To explore reasons for epithelial permeability defectsestablish barrier function after transient insult by toxins such
induced upon activation of Rho GTPases, we began bgs CNF-1.
examining the status of key proteins that localize in the TJ Our observations extend reports of irregular ZO-1 staining
and exert regulatory control over the paracellular pathwayn MDCK cells transiently induced to express dominant-active
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RhoA (Jou et al.,, 1998; Hasegawa et al., 1999). Howevemembrane could occur in the absence of new protein synthesis,
continuous expression of the same construct reportedly doaowing faster re-establishment of barrier function. Since it is
not affect (Takaishi et al., 1997) or even enhancesot clear exactly how much of each protein must remain at the
(Gopalakrishnan et al., 1998) ZO-1 localization at MDCK cellTJ in order to maintain adequate barrier function, it must be
contact sites. The limitations of inducible versus continuouspeculated that any loss could adversely affect barrier
expression systems have been mentioned regardimgoperties to the extent observed in our functional assays
inconsistencies between TER/permeability data. ZO-Tollowing CNF-1 treatment. Interestingly, we have previously
localization was reportedly unaffected in T84 cells exposed tdocumented similar intracellular sequestration of TJ proteins
CNF-1 for 10-16 hours (Hofman et al., 1998). Howeverfollowing Rho protein inhibition wittC. difficiletoxins (Nusrat
control ZO-1 staining in this model was uncharacteristicallyet al., 2001). Taken together, this illustrates that disruption of
diffuse, probably representing antibody specificity issuesRho GTPase function, whether excessive stimulation or indeed
Thus, nonspecific ZO-1 staining could obscure the detection @fihibition, adversely affects TJ structure and inevitably
differences between control and CNF-treated monolayers. Otunction.
studies provide evidence that many proteins move away from Another important component of the TJ functional unit
the TJ upon overactivation of Rho GTPases, potentiallyelates to its affiliations with cellular actin-myosin contractile
explaining CNF-induced deficits in epithelial barrier function.machinery in the perijunctional F-actin ring. Inhibitors of MLC
We have also observed similar effects using an alternatikdnase have been shown to inhibit increases in paracellular
intestinal epithelial model, the Caco-2 cell line, which is alsgpermeability induced upon activation of the sodium-glucose
a highly validated model for the study of TJs and barrietransporter SGLT-1, which is physiologically important for
function. enhancing nutrient uptake (Turner and Madara, 1995). Thus,
In an attempt to explain why dramatic CNF-inducedthe localization and phosphorylation status of MLC is likely to
reductions in TJ protein immunostaining were notplay an important role in governing paracellular permeability.
accompanied by biochemical loss of protein, we performeth our study, basolateral treatment with CNF-1 significantly
immunogold electron microscopy on T84 monolayers in ordeattenuated the presence of a pool of p-MLC co-localizing with
to define better the precise localization of TJ proteins followingO-1 at the TJ. However, CNF-induced enhancements in
CNF-1 treatment. In control cells treated only with vehicle paracellular permeability could not be prevented using the
occludin labeling was confined to areas of cell-cell contactMLC kinase inhibitor ML-7 (data not shown). This might
mainly in the uppermost 250 nm of the basolateral plasmeeflect a two-way signaling mechanism, where CNF-1
membrane. Following exposure to CNF-1, some occludimediates its effects by influencing TJ proteins that in turn
remained at this site but a significant amount was internalizetodulate the underlying F-actin cytoskeleton. By contrast,
in endosomal/caveolar-like membranous structures, evidenceertain physiological signals such as sodium-glucose co-
by co-localization of TJ proteins with caveolin-1 (alsotransport act primarily by influencing F-actin/MLC, which also
significantly internalized away from the TJ). Similar trendsaffects TJ function. Thus, phosphorylation of MLC could be
were observed for ZO-1 internalization and co-localizatiormore important as a physiological regulator of paracellular
with caveolin-1 after CNF-1 treatment (data not shown). Thipermeability (Turner and Madara, 1995) than as a
is the first demonstration of TJ protein internalization in suclpathophysiological target of bacterial toxins such as CNF-1.
structures following constitutive activation of Rho GTPasesAdditionally, since the presence of p-MLC at the TJ is crucial
and probably explains why profound reductions in TJ proteiffior contraction of the perijunctional F-actin ring, this could
immunostaining were not accompanied by correspondinguggest that the primary permeability deficits induced by CNF-
reductions in total TJ protein levels. 1 are not mediated by alterations in perijunctional ring
In order better to address the cellular destination of T@ontraction, but rather by another mechanism that might be
proteins internalized following incubation with CNF-1, we related. This may prove an interesting area for further study, in
double-stained monolayers for internalized occludin and &e context of differences in the regulation of paracellular
range of caveolar/endosomal markers. Strong co-localizatigmermeability between physiological stimuli such as glucose
was observed with the caveolar marker caveolin-1. A sub-poaiptake and pathophysiological stimuli such as bacterial toxins.
of internalized occludin also co-localized with EEA-1-positive In comparison to the profound effects of CNF-1 at the
early endosomes and Rab11-positive recycling endosomes, lagithelial TJ, an interesting feature of our model is that the
did not co-localize with late endosomes/lysosomes marked hynderlying adherens junction (AJ) was minimally disrupted.
LAMP-1. This provides novel evidence that TJ proteins can b8&ome thickening or diffusion of E-cadherin gidatenin was
internalized into endosomal compartments after toxirobserved at cell-cell borders; however, the characteristic ‘ring
treatment. Dominant-active Racl and Cdc42 have been showtructure’ patterns of both these proteins was largely preserved.
to affect endocytic trafficking in epithelial cells (Jou et al.,Relative selectivity for TJs over AJs has also been observed
2000; Rojas et al., 2001), but little is known about the fate ofipon direct inhibition of RhoA (Nusrat et al., 1995; Nusrat et
TJ proteins following insult to the epithelium. Internalizational., 2001). Adhesive control at the AJ probably relates to Rac
of TJ proteins in caveolae or recycling endosomes is likely tover Rho activity, since dominant-active Rac increased E-
have important functional consequences for cell survivalcadherin ang-catenin protein levels in MDCK cells (Takaishi
Proteins internalized in this process (sometimes termeet al., 1997). Therefore, the subtle alterations observed in AJ
potocytosis) appear to be protected from lysosomaprotein localization in our model might reflect Rac activation
degradation pathways unlike proteins internalized in classicdly CNF-1. However, CNF-induced morphological changes are
clathrin-coated pits (Anderson, 1998; Mineo and Andersonnost striking at the level of the TJ, a site where Rho exerts
2001). Thus, effective recycling of TJ proteins back to thenajor structural and functional influence (Gopalakrishnan et
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al., 1998; Hirase et al., 2001; Jou et al., 1998; Nusrat et abnalyzed using calcium switch assays (Liu et al., 2000). CNF-
1995; Nusrat et al., 2001; Walsh et al., 2001). In light of the severely impaired TER recovery after transient calcium
ability of CNF-1 to induce simultaneous activation of Rho, Radepletion. Recovery was similarly impaired in a related system,
and Cdc42, cross-talk between these three GTPases is likelyNiDCK cells exposed to the ligand for a G-protein-coupled
play a major role in the complex and intricate regulation ofeceptor activating RhoA (Hasegawa et al., 1999). Conflicting
barrier function in epithelial cells. evidence was obtained by the same group using dominant-
Since the TJ has an intimate association with the F-actiactive RhoA transfectants, suggesting utilization of additional
cytoskeleton (Madara, 1987; Madara et al., 1987; Madara &ho effectors or perhaps negative regulation after swamping
al., 1988), we sought to explore further the role of Rho GTPaseells with actively signaling GTPase. In our system, CNF-
activation in regulating F-actin structures in polarizedinduced impairment of recovery following calcium switch
epithelial cells. Perijunctional F-actin was minimally affectedrelated to a direct effect on nascent TJs rather than AJs. Thus,
in our system upon treatment with CNF-1, although slightve observed re-assembly of E-cadherin into ring-structures at
increases in F-actin staining intensity at cell-cell borders werthe level of the AJ, whereas movement of occludin back to the
observed. This corroborates a report that CNF-1 stimulates FJ membrane was severely impaired in CNF-treated cells.
actin accumulation at HEp-2 cell borders (Fiorentini et al.;Taken together with evidence of severe perturbations in TJs of
1988) and might in fact reflect Rac rather than Rho activityconfluent cells with mature junctions, this further illustrates the
since dominant-active Rac stimulated F-actin accumulation aglectivity of CNF-1 for the TJ over the AJ.
MDCK junctions (Takaishi et al., 1997). The most striking While CNF-1 constitutively activates all Rho family
feature of basolateral exposure to CNF-1 was the almostembers (Rho, Rac and Cdc42) (Lerm et al., 1999b), stress
complete loss of apical (microvillous) F-actin and its bindingfiber assembly observed in our cells is highly consistent with
protein villin. Thus, as suggested, CNF-1 might efface apicaRhoA activation (Ridley and Hall, 1992). Permeability
microvilli (Hofman et al., 1998), but also disrupt the continuityalterations seem compatible with enhanced RhoA activity as
between adjacent F-actin pools in the microvilli, perijunctionareported to date, based on pharmacological studies and
ring and the terminal web that could potentially destabilize Tdominant-active RhoA mutants. However, it is not possible
complex ‘scaffolding’. However, as discussed in the context ofrom our study to estimate the relative contributions of each
reduced p-MLC localization at the TJ following incubation activated GTPase to the functional changes observed. The low
with CNF-1, contraction-based events might be secondary fevels of RhoA activation observed in our assays in response
mislocalization of TJ proteins as a mechanism for disruptingp CNF-1 treatment may be sufficient to alter barrier function,
barrier function. particularly if Rho is concentrated in a highly enriched
An interesting feature of the effects of CNF-1 on our modemicroenvironment at the cell surface as has been described
was polarized restructuring of F-actin. Thus, while apical Fpreviously (Michaely et al., 1999). High levels of Rac or Cdc42
actin was diminished, we observed prominent F-actin cables attivation might also be important in altering barrier function
the level of basal stress fibers, with some reorganization @i, alternatively, other complementary cellular processes not
paxillin, a focal adhesion protein that links actin to thedirectly investigated here. Additionally, cooperation between
extracellular matrix (Turner, 2000). Increased stress fibeall three GTPases cannot be discounted as a mechanism for
density has been reported upon exposure to CNF-1 (Gerha@NF-induced alterations in barrier function, since Cdc42
et al., 1998; Hofman et al., 1998) or activated Rho (Hasegawvactivation in fibroblasts has been reported to initiate sequential
et al., 1999; Takaishi et al., 1997). This mimics Rho-stimulatedctivation of Rac and Rho (Nobes and Hall, 1995).
stress fiber formation in mesenchymal cells (Ridley and Hall, Examination of specific effectors involved in Rho GTPase
1992). Increased basal F-actin might protect against injury teegulation of permeability is outside the scope of this
both epithelial (Barth et al., 1999) and endothelial (Vouretstudy. However, multiple targets are potentially involved
Craviari et al., 1999) monolayers. Our findings representfAspenstrom, 1999). Recent evidence suggests a role for
restructuring of F-actin cytoskeletal structures, since totaRho kinase (pl60ROCK), which regulates actin-myosin
cellular levels of actin, villin and paxillin did not change in contractility through multiple effects on myosin and its
control versus CNF-treated monolayers. However, increaseeégulatory enzymes (Amano et al., 1996; Fukata et al., 1998;
levels of tyrosine-phosphorylated paxillin were detected irKimura et al., 1996). Inhibition of Rho-induced permeability
CNF-treated samples relative to controls. This complemenenhancements in endothelial/epithelial cells was recently
existing data showing enhanced tyrosine phosphorylation ahown with both dominant-negative Rho and a Rho kinase
paxillin in hepatoma cells treated with lysophosphatidic acidnhibitor (Hirase et al., 2001). Recent evidence from our
(LPA) by a RhoA/Rho kinase pathway (Imamura et al., 2000)laboratory has also implicated Rho kinase in regulating
Inhibition of Rho kinase has also been shown to prevergpithelial barrier function (Walsh et al., 2001). However, the
increases in tyrosine phosphorylation of paxillin observedRho kinase inhibitor Y-27632 did not block the effects of CNF-
upon bombesin treatment of Swiss 3T3 cells (Sinnett-Smith ét on TER or TJ protein immunolocalization in our model (data
al., 2001). However, in our system, the tyrosine kinase inhibitanot shown). This does not rule out the possibility that Rho
genistein did not reverse any of the functional effects of CNFkinase is involved, but merely underlines the difficulties in
1 such as reductions in TER or induced rearrangements in Tterpreting data obtained with two compounds both of which
protein localization (data not shown). Thus, tyrosinedecrease barrier function.
phosphorylation of paxillin upon Rho activation probably In conclusion, our studies have demonstrated compromised
reflects polarized regulatory control of the basal F-actinntestinal epithelial barrier function upon constitutive
network at the cell-matrix interface. activation of Rho GTPases with. coli CNF-1. We have
Rho GTPase regulation of TJ/AJ assembly was alspresented novel evidence that barrier deficits are probably
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accounted for by movement of occludin and ZO-1 away fronTaprioli, A., Falbo, V., Roda, L. G., Ruggeri, F. M. and Zona, C(1983).

the TJ into membranous structures resembling caveolae/Partial purification and characterization of &scherichia colitoxic

endosomes. Internalized TJ proteins might cycle through factor that induces morphological cell alteratidngect. Immun39, 1300-

caveolin-containing rafts, and early_ and feCyC"”g endc_)someéaprioli, A., Donelli, G., Falbo, V., Possenti, R., Roda, L. G., Roscetti, G.

but appear to evade a degradative pathway involving lateand Ruggeri, F. M. (1984). A cell division-active protein fror. coli

endosomes/lysosomes. Reports of TJ protein internalization inBiochem. Biophys. Res. Commuag 587-593. S

epithelial cells treated with clostridial toxins to inhibit Rho C"’}S;g::io’*é F?Q?)%o\lli” gugggrgoiem--GBG("l‘é%S?S)arg’yt'(-)-t-o )?és'rfgc‘:z’ti;{r-]é

activity (Nusrat et, al., 2001) [Ilustrate the compIeX|ty ,Of factor broduction E)y hemolytic st’rains dEscherichia coli causing

th G.Tpase'n"led@tEd regulation of TJ structure/function. extraintestinal infectionsl. Clin. Microbiol. 25, 146-149.

Epithelial cells in vivo probably exert careful control over Casanova, J. E., Wang, X., Kumar, R., Bhartur, S. G., Navarre, J,,

levels of activity/quiescence of Rho GTPase family members Woodrum, J. E., Altschuler, Y., Ray, G. S. and Goldenring, J. R1999).

in order to preserve barrier function. While the role of CNF-1 /ASsociation of Rab25 and Rablla with the apical recycling system of
. . ! L . polarized Madin-Darby canine kidney celMol. Biol. Cell10, 47-61.

as a virulence factor is controversial, it is possible that, b¥ontamin, ., Gaimiche, A., Doye, A., Flatau, G., Benmerah, A. and

decreasing epithelial barrier function, the toxin facilitates Boquet, P. (2000). The p21 Rho-activating toxin cytotoxic necrotizing

access of luminal bacteria and proven virulence factors (suchfactor 1 is endocytosed by a clathrin-independent mechanism and enters the

as hem0|y3in) to the sub-epithelial compartment. This could cytosol by ar81acidic—dependent membrane translocationMeatpBiol. Cell

o . . 11, 1775-1187.

account for cl_mlcal correlatlons bgtween 'ghe detection of CNFy, Rycke, J., Nougayrede, J. P., Oswald, E. and Mazars, F997).

1 and other virulence factors in diverse diseases (Andreu et al.interaction ofEscherichia coliproducing cytotoxic necrotizing factor with

1997; Blanco et al., 1995; Caprioli et al., 1987; Elliott et al., Hela epithelial cellsAdv. Exp. Med. Biol12, 363-366.

1998: VYuri et al., 1998). Furthermore, our study C|ear|yDenker, B. M. and Nigam, S. K.(1998). Molecular structure and assembly

supports a role of Rho GTPases in not only the maintenancg’! e tight junctionAm. J. Physiol274, F1-9.

. o B%armsathaphorn, K. and Madara, J. L. (1990). Established intestinal cell
of established TJs and paracellular permeability, but also thejines as model systems for electrolyte transport stublethods Enzymol.

assembly of intercellular associations and recovery of barrier 192 354-389.

function.
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