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Cytotoxic necrotizing factor type 1 (CNF1) from Escherichia coli activates the small GTP-binding proteins of
the Rho family (Rho, Rac, and Cdc42) by catalyzing their deamidation at a specific glutamine residue. Since
RhoA, Rac, and Cdc42 play a pivotal role in cell migration during the early phase of wound repair, we
investigated whether CNF1 was able to interfere with wound healing in intestinal epithelial monolayers (T84
cells). After mechanical injury, we found that CNF1 blocks epithelial wound repair within 48 h. This effect was
characterized by cell elongation and filopodium formation on the leading edge, in association with permanent
phosphorylation of the focal adhesion kinase (FAK) via Rho activation. Moreover, inhibition of Rho kinase
with Y-27632 decreased CNF1-mediated permanent FAK phosphorylation, leading to complete restitution of
wound repair within 24 h. In addition, we found that CNF1 induced upregulation of mitogen-activated protein
kinases (MAPK) activation. Moreover, activation of Rac and MAPK by CNF1 increased matrix metallopro-
teinase 9 expression in wounded T84 monolayers. Taken together, these results provide evidence that CNF1
strongly impairs intestinal epithelial wound healing.

The intestinal and urothelial linings constitute the physical
barrier responsible for the partition and integrity of luminal
and subepithelial compartments. Trauma, microbes, foreign
materials, or high-density neutrophil transepithelial migration
can induce intestinal injury by epithelial barrier disruption.
Following mucosal injury, rapid barrier restitution occurs as
consequence of a complex process that encompasses a number
of overlapping phases, including epithelialization, angiogene-
sis, and matrix deposition and remodeling. Ultimately, these
processes are resolved or dampened, which leads to mature
wound scar formation.

Epithelial wound closure results from motile epithelial cells
that extrude membranous extensions in the direction of mo-
tion, which are referred to as lamellipodia or filopodia. The
Rho GTPases have been implicated in a wide variety of cellular
events, including cytoskeleton organization, cell polarity and
adhesion, and control of transcription (18, 34, 41). Most often,
Rho has been considered a protein that regulates the forma-
tion of contractile actin-myosin filaments in actin stress fiber,
whereas Rac and Cdc42 are responsible for the formation of
lamellipodia and filopodia, respectively (35, 38, 39). During
wound closure, formation and remodeling of focal contacts are
dynamic processes that are also regulated by a protein tyrosine
kinase, the focal adhesion kinase (FAK) (37). FAK, a 125-kDa
cytoplasmic tyrosine kinase localized in focal contacts, has
been shown to play an important role in integrin-mediated cell
migration (25). FAK turnover is implicated in the regulation of
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cell migration since it has been shown that FAK-deficient cells
migrate poorly in response to chemotactic signals (37). More-
over, previous experience has demonstrated that FAK-defi-
cient cells respond to the specific Rho kinase (ROCK) in-
hibitor Y-27632, suggesting the possibility that the lack of
adhesion complex turnover in FAK-deficient cells may reflect
regulation of Rho-regulated contractibility (8, 37).

Tissue injury results in activation of mitogen-activated pro-
tein kinase (MAPK) pathways (17) and subsequently in the
regulation of the production of different proteins, such as
cytokines, growth factors, and matrix metalloproteinases
(MMPs) (1, 45, 49). Degradation of fibrillar collagen and other
matrix proteins is driven by serine proteases and MMPs under
the control of the cytokine network. MMPs not only degrade
matrix components but also function as regulatory molecules
by driving enzyme cascades and processing cytokines and ma-
trix and adhesion molecules to generate biologically active
fragments (45). Although inflammation and repair occur
mostly along a proscribed course, the sensitivity of the process
is underscored by the consequences of disruption of the bal-
ance of regulatory cytokines and MMP activity (45). Specifi-
cally, it has been shown that MMP-9 (92- to 82-kDa gelatinase
B) plays an essential role during healing of wounded epithelia
(40, 46). MMP-9 is stimulated in response to injury, and it is
expressed mostly in the migrating epithelial cell sheet (33, 40).
A previous study showed that MMP-9 is stimulated by injury in
normal human keratinocytes by the mechanical stress due to
the injury and not by an epithelial soluble factor produced by
wounded cells (48). Moreover, MMP-9 can catalyze the cleav-
age of type IV collagen and other basement membrane com-
ponents (48). Taken together, the coordinate events involving
these different proteins, epithelial cells, and extracellular ma-
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trix remodeling are essential for the initiation, evolution, and
resolution of a wound.

Certain Escherichia coli strains that produce a toxin-like
protein designated cytotoxic necrotizing factor 1 (CNF1) have
been shown to be associated mainly with urinary tract infec-
tions or, more rarely, with gastroenteritis (3, 6, 11). CNF1 has
been described as a protein that deamidates RhoA GTP-bind-
ing protein glutamine 63 and impairs RhoGTPase-activating
protein (RhoGAP)-mediated GTP hydrolysis, leading to per-
manent RhoA activation (16, 42). Consistent with the presence
of the DYDRL motif in RhoA, Rac, and Cdc42, CNF1 mod-
ified only these proteins in the family of small GTP-binding
proteins (5, 15). Moreover, CNF1 potentiates striking actin
rearrangements in different human cells (4, 21, 22) and induc-
tion of DNA synthesis in quiescent cells, and it impairs cyto-
kinesis (14). By using T84 cells, it was shown previously that
CNF1 effaced intestinal cell microvilli and induced a strong
decrease in polymorphonuclear leukocyte transepithelial mi-
gration in either the luminal-to-basolateral direction or the
basolateral-to-luminal direction (21). The attenuated transep-
ithelial migration of polymorphonuclear leukocytes could re-
sult in enhanced growth and protection of luminal bacteria.
However, the exact signaling mechanisms that link activation
of the Rho proteins to these events remain to be determined.
Recently, it has been demonstrated that Rho GTPase activa-
tion by CNF1 involves the ubiquitin-proteasome complex (9).
It was speculated previously that by this means, CNF1 could
induce invasive properties in E. coli strains producing this toxin
(9). Through its action on Rho, CNF1 induces the tyrosine
phosphorylation of focal adhesion complex proteins, leading to
the formation of actin stress fibers (28). It is likely that other
signaling pathways are also perturbed by activation of the Rho
proteins, which leads to increased expression of proinflamma-
tory cytokines (12).

In this study, we investigated whether CNF1 was able to
influence epithelial wound healing after mechanical injury. To
do this, we used a previously described wound-healing model
(49). We obtained the first evidence that CNF1 completely
inhibits the closure of wounded T84 monolayers by activating
the Rho proteins. By preincubating T84 cells with the specific
ROCK inhibitor Y-27632, we showed that the wound repair
inhibition induced by CNF1 was impaired by a decrease in
FAK phosphorylation due to Rho. In addition, we showed that
CNF1 significantly enhanced MAPK (ERK, p38, JNK) activa-
tion and MMP-9 expression triggered by wounding.

MATERIALS AND METHODS

Materials and chemicals. The highly purified CNF1 used throughout this work
was kindly provided by Patrice Boquet (INSERM U 452, Faculty of Medicine,
University of Nice, Nice, France) and was prepared as described previously (11).
The p160/ROCK inhibitor Y-27632 was purchased from Calbiochem (Meudon,
France).

Cell culture and wound procedure. T84 cells (American Type Culture Collec-
tion, Rockville, Md.) were grown in a 1:1 mixture of Dulbecco modified Eagle
medium and Ham F-12 medium supplemented with 15 mM HEPES buffer (pH
7.4), 14 mM NaHCOs;, 40 pg of penicillin per ml, 90 pg of streptomycin per ml,
8 g of ampicillin per ml, and 5% newborn calf serum (Biowhittaker Europe,
Verviers, Belgium) (30). Confluent T84 monolayers grown on 60-mm dishes
were incubated for 24 h in serum-deprived medium containing 0.1% bovine
serum albumin. Wounding was performed in control monolayers or monolayers
incubated with CNF1 (3 h, 4 nM) as previously described (49). Briefly, the
apparatus used in this study can generate calibrated injuries since continuous,
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curvilinear wounds are made throughout the entire surface of the tissue culture
dish (49). Thus, when the wounding procedure was performed with a 60-mm-
diameter culture dish by using a scalpel blade, the wound length was 7 to 10 m,
as previously described (49). This method allowed us to investigate the different
molecular events that occurred at various times during epithelial wound closure
(49). After wounding, the plates were returned to the incubator (37°C, 5% CO,)
for various periods of time (as indicated below) and were analyzed by using a
phase-contrast microscope before the cells were lysed and protein extracts were
harvested. In some experiments, the p160/ROCK inhibitor Y-27632 (10 p.M) was
added after wounding. Wound healing in 10 areas that were 200 to 300 pum wide
(between the opposite fronts of migration) of six different monolayers were
analyzed and photographed at 12, 24, and 48 h for each condition to determine
the percentages of wound healing in control and CNFl-treated monolayers
incubated with and without Y-27632.

GTPase activation assays. CNF1 molecules translocated into the cytosol were
detected by their ability to upshift the molecular weight of the Rho GTP-binding
protein (16, 42). Cell monolayers were incubated for 45 min, washed twice in 3
mM imidazole buffer (pH 7.5) containing 250 mM sucrose, detached from the
petri dishes, and suspended in 100 pl of the same solution supplemented with
protease inhibitors (Complete EDTA free; Boehringer Mannheim). Cell suspen-
sions were transferred to microcentrifuge tubes and incubated for 10 min at 4°C,
and then they were lysed by three cycles of freezing in liquid nitrogen and
thawing by incubation at 37°C. Lysates were centrifuged (15, 000 X g, 15 min,
4°C), and the supernatants were collected. As previously described, the in vitro
Rho ADP ribosylation reactions were performed by incubating proteins from
supernatants (50 pg) for 90 min at 37°C with 15 ng of purified exoenzyme C3 and
10° cpm of [**P]NADP (250 Ci/mmol; ICN Biomedicals, Irvine, Calif.) in 20 mM
Tris buffer (pH 7.5) containing 2 mM MgCl, and 100 mM NacCl (7). Samples
were then subjected to sodium dodecyl sulfate (SDS)-12% polyacrylamide gel
electrophoresis (PAGE), and the Rho protein was detected by autoradiography.

The activation status of Rac and Cdc42 was then determined in T84 mono-
layers following CNF1 treatment. Glutathione S-transferase fusion protein, cor-
responding to the p21-binding domain (residues 67 to 150) of human p21 acti-
vated kinase 1 (PAKI), conjugated to agarose beads was used to pull down
activated Rac from control and CNF1-treated monolayers with a Rac activation
assay kit (Euromedex, Mundolsheim, France). The positive controls consisted of
T84 whole-cell lysates. Activated Rac from the pulldown experiments and total
Rac from whole-cell lysates were detected by SDS-PAGE and Western blot
analysis by using a monoclonal antibody to Rac. Since PAKI is also an effector
for activated Cdc42, the same nitrocellulose membranes were then stripped in
B-mercaptoethanol-based buffer and reblotted with a monoclonal antibody to
Cdc42 (Euromedex).

Actin staining and electron microscopy study. F-actin fluorescence staining of
control T84 cells, wounded T84 cells, and T84 cells treated with CNF1 for various
times (as indicated below) was performed as follows. Cells were fixed with 3.7%
paraformaldehyde in phosphate-buffered saline (PBS) (pH 7.4) for 30 min at
room temperature and were rinsed in buffer containing 0.2% gelatin and 0.01%
Triton X-100. The cells were then incubated for 45 min in the dark with 500 nM
rhodamine-phalloidin (Molecular Probes, Junction City, Oreg.), diluted in PBS,
and washed in Hanks’ balanced salt solution, and slides were mounted in a
phenylenediamine-glycerol-PBS medium. The slides were observed and photo-
graphed with a laser scanning fluorescence microscope (DMIRBE; Leica, Lyon,
France) equipped for epifluorescence. For electron microscopy, control T84
cells, injured T84 cells, and T84 cells treated for various periods of time with
CNF1 were fixed in 2% formaldehyde in 0.1 M sodium cacodylate (pH 7.4) for
1 h at 4°C. Monolayers were rinsed in cacodylate buffer, postfixed in 1% OsO,
for 1 h, dehydrated with a graded alcohol series, and embedded in epoxy resin.
Oriented 1-mm sections were obtained with diamond knives; thin sections were
obtained for multiple areas, mounted on copper mesh grids, and stained with
uranyl acetate and lead citrate. Ultrathin sections were examined with a Jeol
1200 EX II electron microscope.

Immunodepletion and Western blotting. Control, injured, and CNF1-treated
T84 cells were washed in Hanks’ balanced salt solution (Sigma, Paris, France)
and then solubilized at 4°C in lysis buffer (50 mM Tris-HCl [pH 7.4], 150 mM
NaCl, 2 mM EDTA, 1% NP-40, 1 mM Na;VO,, 1 mM phenylmethylsulfonyl
fluoride, 25 M leupeptin, 5 mM benzamidin, 1 uM pepstatin, 25 uM aprotinin,
50 mM sodium B-glycerophosphate, 20 mM sodium pyrophosphate, 0.5 mM
dithiothreitol). After sonication with 8-s bursts, lysates were centrifuged at
15,000 X g for 15 min at 4°C.

For immunodepletion, FAK was immunoprecipitated from 1 mg of lysate by
incubation at 4°C for 16 h with anti-FAK monoclonal antibody (diluted 1/2,000;
Santa Cruz Biotechnologies, Santa Cruz, Calif.) bound to protein A-Sepharose.
Immunopellets were then washed twice with lysis buffer and were subjected to
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SDS-PAGE and subsequently electrophoretically transferred onto nitrocellulose
membranes.

For Western blotting, protein lysates (50 pg per sample) were subjected to
SDS-PAGE and subsequently electrophoretically transferred onto nitrocellulose
membranes. After incubation in blocking buffer, the membranes were probed
overnight at 4°C with anti-p42MAPX Erk2 (diluted 1/1,000; New England Bio-
Labs, Beverly, Mass.), anti-JNK1(sc-474) (diluted 1/1,000; Santa Cruz Biotech-
nologies), anti-p38a (diluted 1/1,000; New England BioLabs), anti-phospho-p42/
44MAPK Bk 1/Erk2 (diluted 1/2,000; New England BioLabs), anti-phospho-
JNK(Thr183/Tyr185) (diluted 1/3,000; New England BioLabs), anti-phospho-
P38(Thr180/Tyr182) (diluted 1/1,000; New England BioLabs), anti-phospho-
FAK (diluted 1/1,000; Upstate Biotechnologies, Lake Placid, N.Y.), or anti-FAK
(diluted 1/1,000; New England BioLabs) antibody. The labeling was visualized by
using peroxidase-conjugated secondary antibodies (anti-rabbit immunoglobulin
G; diluted 1/2,000; New England BioLabs) and by enhanced chemiluminescence
(ECL kit; Amersham International, Little Chalfont, Buckinghamshire, United
Kingdom). Phosphorylation protein levels were quantified by densitometric scan-
ning of nonsaturated autoradiographs by using the NIH Image software (version
1.6).

Zymography assay. Conditioned medium was collected from cells that were
cultured in serum-free medium for 24 h after wounding. SDS—9% PAGE gels
were copolymerized with 1 mg of gelatin per ml. Samples were resolved under
nonreducing conditions. The gels were washed in 2.5% Triton X-100 for 1.5 h
and incubated for 48 h at 37°C in a buffer containing 50 mM Tris-HCl (pH 7.5),
150 mM NaCl, and 5 mM CaCl,. MMP-9 protein levels were quantified by
densitometric analysis of a negative scan of the zymogram with the NIH Image
software (version 1.6).

Data analysis. An unpaired two-tailed Student ¢ test was used to determine
statistical significance for measurements of wound closure. Student’s ¢ test for
correlated samples was used, and a P value of <0.01 or <0.005 was considered
significant.

RESULTS

CNF1 activates RhoA, Rac, and Cdc42 in confluent T84
monolayers. Since it has been shown that CNF1 induces prom-
inent F-actin reorganization in most cultured cells, we first
tested the effect of this toxin in confluent T84 monolayers at
different times and with different concentrations. The activa-
tion of RhoA was analyzed by the ADP ribosylation assay (Fig.
1A). Deamidation of GIn®® to Glu®® by CNF1 results in a
significant upshift of the apparent molecular weight of RhoA
on SDS-PAGE gels. This shift was demonstrated by using C3
exoenzyme, which specifically added [**P]ADP-ribose to Thr>’
of RhoA and therefore radiolabeled RhoA. As indicated in
Fig. 1A, GTP-binding proteins belonging to the Rho family
were completely modified by 4 nM CNF1 within 3 h of treat-
ment. We observed increased activation of Rac and Cdc42
following incubation of monolayers with CNF1 (Fig. 1A). In
parallel, we demonstrated that in T84 cells CNF1 activated
Rac and Cdc42 using PAK1 pulldown (Fig. 1A). After incuba-
tion with CNF1, the integrity of the monolayer was compared
with the integrity of the control preparation by using light
microscopy. Like control monolayers, T84 cells treated apically
with CNF1 showed complete integrity of the ring structures
without intercellular linkage (Fig. 1B and C). However, CNF1-
treated cells were larger than control cells and spread over the
dishes compared to control cells (Fig. 1B and C).

CNF1 inhibits closure of T84 monolayers after epithelial
injury. Wound closure was analyzed in control and CNF1-
treated T84 monolayers at 1 h (Fig. 2A and B), 24 h (Fig. 2C
and D), and 48 h (Fig. 2 E and F) after epithelial injury. There
was no difference between control cells and CNF1-treated cells
at 1 h (Fig. 2A and B). At 24 h, formation of a few lamellipodia
at the wound margin was observed in control cells (Fig. 2C),
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FIG. 1. RhoA, Rac, and Cdc42 are activated in CNF1-treated con-
fluent T84 monolayers. (A) Activation of Rho proteins in T84 cells
treated or not treated with CNF1 and analyzed by the ADP ribosyla-
tion assay. The Rac and Cdc2 activation status was examined by pull-
down assays involving binding to the GTPase-binding domains of
PAKI1 conjugated to agarose beads. The total Rac and Cdc42 protein
levels were similar in lysates from control and CNF1-treated mono-
layers. (B) Phase-contrast image of control T84 monolayers. (C) T84
monolayer apically treated with CNF1 (3 h, 4 nM). Bars = 50 pm.

whereas CNF1-treated cells formed numerous lamellipodia
and filopodia (Fig. 2D). Control cells showed complete mono-
layer restitution at 48 h (Fig. 2E). In contrast to injured control
monolayers, the wound size decreased by only approximately
70% after 48 h in CNF1-treated monolayers, indicating that
wound healing was partially inhibited by CNF1 treatment (Fig.
2F and G).

As shown by rhodamine-conjugated phalloidin staining,
wounded control cells at 24 h had a few buds at the leading
edge (Fig. 3A, panel a), whereas numerous actin-rich filopo-
dium extensions were detected in CNF1-treated wounded cells
(Fig. 3A, panel b). As determined by electron microscopy,
wounded control cells at 24 h had very few protrusions of the
plasma membrane at the leading edge (Fig. 3B, panel a). In
contrast, CNF1-treated wounded cells had numerous filopodia
at the leading edge (Fig. 3B, panel b).

CNF1 maintains FAK activation in T84 epithelial cells. As
shown in Fig. 4, FAK phosphorylation was observed in both
nonwounded and wounded CNFl-treated T84 monolayers
within 24 h, whereas FAK phosphorylation decreased gradu-
ally in control wounded T84 cells within 24 h. A high level of
FAK phosphorylation was maintained in wounded T84 mono-
layers treated with CNF1.

Y-27632 restores healing of wounded CNF1-treated mono-
layers. Wound closure was accelerated in the presence of
Y-27632 in both control and CNF1-treated monolayers (Fig.
5). Compared with control cells (Fig. 5A, panel a), complete
restitution of the monolayers was detected at 24 h with
Y-27632-treated cells (Fig. 5A, panel b). Treatment of cells
with Y-27632 could completely impair the inhibition of wound
closure observed in monolayers treated with CNF1 at 24 h
(Fig. 5A, panels ¢ and d, and Fig. 5B).
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FIG. 2. Closure of wounded T84 monolayers is inhibited by CNF1.
The effects of CNF1 treatment in wounded epithelial T84 monolayers
were analyzed by phase-contrast microscopy at 1 h (A and B), 24 h
(C and D), and 48 h (E and F) after injury. (A, C, and E) Control
monolayers; (B, D, and F) CNF1-treated monolayers. The arrowheads
indicate typical lamellipodia and filopodia induced in CNF1-treated
cells; the arrows indicate initial sites of wounds. (A and B) Bars = 40
pm; (C to F) bars = 15 pm. (G) Percentages of wound closure calcu-
lated as described in Materials and Methods 1, 24, and 48 h after
wounding in control (solid bars) and CNF1-treated (open bars) mono-
layers. A star indicates that the P value is <0.01.

The results of an analysis of the effect of Y-27632 on FAK
phosphorylation in control wounded monolayers and in CNF1-
treated wounded monolayers paralleled the observations for
wound closure, since under both conditions the inhibitor
Y-27632 induced significant decreases in the levels of phos-
phorylation (Fig. 6).

MAPK phosphorylation is enhanced in wounded T84 mono-
layers treated with CNF1. Phosphorylation of ERKI/2,
JNK1/2, and p38 MAPK was determined 1, 6, and 24 h after
epithelial injury. Before wounding, MAPK was phosphorylated
in the CNF1-treated cells. At 1 h after wounding, MAPK was
phosphorylated under wounded conditions, and there was an
additive effect in T84 cells treated with CNF1 (Fig. 7). The
levels of phosphorylation of MAPK at 6 or at 24 h in wounded
control cells were similar to the basal levels observed in non-
wounded cells, whereas treatment with CNF1 resulted in
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FIG. 3. CNF1 induces F-actin reorganization and ultrastructure
modifications in wounded T84 monolayers. (A) F-actin stained with
rhodamine-phalloidin (500 nM) was observed by confocal microscopy
in control (panel a) and CNF1-treated (panel b) T84 cells 24 h after
wounding. The wound edges have a few lamellipodia in the control T84
cells, whereas numerous spreading filopodia were observed in the
CNF1-treated T84 monolayer (arrowhead). The arrows indicates ini-
tial sites of wounding. Bars = 20 pm. (B) Electron microscopy of
control (panel a) and CNF1-treated (panel b) T84 monolayers ana-
lyzed 24 h after wounding. Increased numbers of filopodia (arrows)
were observed at the wound edge in the CNF1-treated monolayer.
Bars = 2 pm.

higher levels of MAPK phosphorylation in wounded cells (Fig.
7).

MMP-9 activities are increased in wounded T84 monolayers
treated with CNF1. To investigate whether CNF1 could medi-
ate induction and/or activation of MMP, we monitored MMP

1h 6h 24 h
CNF1 T = O E T aT s
Wounded - + =+ = + =+ =+ = +
®FAK ---—----l- 124 kDa
FAK |—-—--- -----l— 124 kDa
3
§ ., * * S * *
7

FIG. 4. CNF1 induces tyrosine phosphorylation of FAK in T84
monolayers. Quiescent T84 cells that were serum starved for 24 h were
incubated in the absence or in the presence of CNF1 (4 nM, 3 h). T84
cells that were incubated or not incubated with CNF1 were lysed after
1, 6, or 24 h of wound healing. Samples were immunodepleted with
anti-FAK antibody, resolved by SDS-PAGE, and immunodetected
with anti-phospho-FAK and anti-FAK. Densitometric scanning of
FAK phosphorylation toward total FAK protein was performed. The
results are expressed as an index of stimulation based on the basal level
measured in unstimulated T84 cells. The results are representative of
the results of three experiments performed with different cell prepa-
rations. A star indicates that the P value is <0.01.
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FIG. 5. Y-27632 inhibitor restores wound closure in CNF1-treated
monolayers. The specific pl60/ROCK Y-27632 inhibitor restored
wound closure in CNF1-treated monolayers and accelerated the clo-
sure in wounded control T84 cells. (A) Phase-contrast images of the
wound edge 24 h after wounding in control (panel a), Y-27632-treated
(panel b), CNF1-treated (panel c), and CNF1- and Y-27632-treated
(panel d) T84 monolayers. Rapid wound healing after exposure to the
inhibitor was observed in both control and CNF1-treated T84 cells.
Bars = 60 um. (B) Percentages of wound closure, calculated as de-
scribed in Materials and Methods, 12, 24, and 48 h after wounding.
Solid bars, control monolayers; gray bars, Y-27632-treated monolay-
ers; striped bars, CNF1-treated monolayers; open bars, CNF1- and
Y-27632-treated monolayers. One star indicates that the P value is <
0.01, and two stars indicate that the P value is <0.005.

secretion in culture supernatant by gelatin zymography after
24 h of culture following epithelial injury. In contrast to con-
trol monolayers, MMP expression was increased twofold in
wounded monolayers, and the major form corresponded to the
82-kDa active protease (Fig. 8). Interestingly, this activity was
5.1-fold greater in CNF1-treated monolayers under both con-
trol and wounded conditions (Fig. 8). By contrast, the 72-kDa
gelatinolytic activity, probably corresponding to pro-MMP-2,
remained stable under the same conditions. As Y-27632 inhib-
its ROCK and restores wound healing, we analyzed the effect
of Y-27632 on MMP-9 activation. Y-27632 did not significantly
reverse CNF1-mediated MMP-9 induction, indicating that sig-
naling pathways leading to MMP-9 expression are ROCK in-
dependent.
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FIG. 6. Y-27632 inhibits CNF1-induced FAK autophosphorylation
in T84 monolayers. Quiescent T84 cells that were serum starved for
24 h were incubated with CNF1 (4 nM, 3 h). Nonwounded or wounded
cells incubated with or without the Y-27632 inhibitor were lysed 24 h
after wounding. (Upper panel) Samples were immunodepleted with
anti-FAK antibody, resolved by SDS-PAGE, and immunodetected
with anti-phospho-FAK and anti-FAK antibodies. The results are rep-
resentative of the results of three experiments performed with different
cell preparations. (Lower panel) Densitometric scanning of FAK phos-
phorylation toward FAK. The results are expressed as an index of
stimulation based on the basal level measured in unstimulated T84
cells.

DISCUSSION

To investigate the effects of CNF1 on wound healing, we
used intestinal epithelial cells (T84 cells) wounded over the
entire surface area of monolayers. The procedure used in this
study resulted in reproducible conditions for mechanical injury
with great wound length (49). We showed that CNF1 inhibited
monolayer wound closure through irreversible activation of
Rho proteins. Since apoptotic or necrotic processes were not
detected in T84 cells after 3 h of incubation with CNF1, the
hypothesis that impairment of wound healing depended on
death of the T84 cells was ruled out. Moreover, in contrast to
uroepithelial cells, T84 intestinal epithelial cells did not appear
to be susceptible to the CNF1 apoptotic effect (21, 32). As
reported for other cell lines, CNF1 induced complete ADP
ribosylation of Rho in T84 cells (23). We showed that in
wounded T84 monolayers, CNF1 triggered rapid formation of
stress fibers and filopodia in epithelial cells at the leading edge.
These effects were the consequence of Rho GTPase deamida-
tion by CNF1 and were characterized by the intense actin
cytoskeleton polymerization in CNF1-treated cells, which was
shown to be indistinguishable from that observed following
overexpression of the constitutive form of this protein.

Rho proteins are crucial for cell movement, particularly in
wound repair (13, 26, 27, 34, 41, 43). Different RhoA, Rac, or
Cdc42 mutants have previously been used to determine the
involvement of these proteins in cell movement during the
wound-healing process (34, 41). In our study, RhoA, Rac, and
Cdc42 were all completely activated by CNF1. Complete heal-
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FIG. 7. CNF1 enhances MAPK activation in wounded T84 mono-
layers. Quiescent T84 cells that were serum starved for 24 h were
incubated in the presence of CNF1 (4 nM, 3 h). Nonwounded cells and
wounded cells were lysed after 1, 6, and 24 h of wound healing.
Samples were resolved by SDS-PAGE and immunodetected with anti-
phospho-ERK and anti-ERK (A), anti-phospho-JNK and anti-JNK
(B), and anti-phospho-p38 and anti-p38 (C) antibodies. The results are
representative of the results of three experiments performed with
different cell preparations.

Stimulation
Index

ing of control wounded monolayers at 48 h was not observed in
CNF1-treated monolayers. In control epithelial cells, the lead-
ing edge formed a unit of migrating cells that impelled cells
into other cells. Conversely, in CNF1-treated monolayers, ep-
ithelial cells at the wound border migrated individually, and
then each cell sent filopodia toward the wound. The result was
individual cell spreading without migration of the rest of the
monolayer. These results demonstrated that CNF1 may delay
the early phase of the mucosal healing process through inhib-
iting the Rho function.

Thus, we investigated the mechanism involved in CNF1-
mediated blockage of cell migration by determining the state
of FAK phosphorylation in wounded CNF1-treated T84 mono-
layers. One hallmark of the cell movement is the dynamic
turnover of the focal adhesion contacts and one of the key
roles played by FAK (37). By using Western blotting, we dem-
onstrated that CNF1 maintained permanent FAK phosphory-
lation (in both nonwounded and wounded monolayers),
whereas FAK activation decreased in wounded control T84
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FIG. 8. CNF1 enhances MMP-9 expression in control and wounded
T84 monolayers. (Upper panel) Conditioned media from cultures of
nonwounded cells and wounded cells grown in the presence or absence of
CNF1 and/or in the presence or absence of Y-27632 were analyzed by
gelatin zymography as described in Materials and Methods. (Lower
panel) Densitometric negative scanning of MMP-9 toward MMP-2. The
results are expressed as an index of stimulation based on the level mea-
sured in unstimulated T84 cells.

cells. In this regard, a previous study showed that paxillin, a
focal adhesion protein, was tyrosine phosphorylated in T84
polarized intestinal epithelial monolayers treated basolaterally
with CNF1 (23). We also investigated whether p160/ROCK
activation was required for CNF1 to induce phosphorylation of
FAK. To do this, quiescent cultures of T84 monolayers were
treated with a specific inhibitor of p160/ROCK, Y-27632,
which blocks Rho-induced reorganization of the cytoskeleton
(31). We showed that Y-27632 strongly attenuated the increase
in the CNF1-induced phosphorylation of FAK, indicating that
the increase in FAK phosphorylation induced by CNF1 is me-
diated by protein kinases belonging to the p160/ROCK family.
Moreover, the inhibition of closure in wounded CNF1-treated
T84 cells was impaired when monolayers were exposed to the
p160/ROCK inhibitor. Thus, the inhibition of wound closure in
CNF1-treated monolayers was induced by inhibition of FAK
turnover, which may dock the monolayer to the extracellular
matrix. In parallel, FAK phosphorylation observed at 24 h in
wounded CNF1-treated monolayers was not observed when
the cells were exposed to the p160/ROCK inhibitor. Moreover,
exposure of the cells to Y-27632 strongly inhibited the forma-
tion of actin stress fibers in response to CNF1 (data not
shown). In this regard, previous study indicated that translo-
cation of FAK to nascent focal adhesions promotes autophos-
phorylation of the molecule as a result of clustering and/or
conformational changes (47).

CNF1 is known to simultaneously activate different mem-
bers of the Rho family and may thus induce conflicting signal-
ing processes. Consequently, CNF1 not only may activate path-
ways that are normally regulated by active Rho proteins but
also may stimulate pathways in toxin-treated cells or in bacte-
rium-infected cells. A previous report described MAPK acti-
vation in epithelial cells upon CNF1 treatment (29). Moreover,
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several studies showed that a transient increase in MAPK
phosphorylation occurred in wounded monolayers (17, 34).
Here, we demonstrated that the transient MAPK activation
observed in wounded monolayers was strongly enhanced in
CNF1-treated cells.

Degradation of the extracellular matrix by MMPs is crucial
in the progression of epithelial wound healing (36). Along with
other MMPs, MMP-9 plays a key role in physiological pro-
cesses, not only in development, angiogenesis, tumor invasion,
and metastasis but also in inflammation and wound healing
(36). MMP-9 expression and/or secretion is mediated or stim-
ulated by a variety of factors, including growth factors, phorbol
esters, cytokines, bacterial endotoxins, and MAPK or FAK
activation (2, 10, 50, 51). In this regard, we investigated the
potential contribution of MAPK phosphorylation induced by
CNF1 in MMP-9 expression. Our results demonstrated that
MMP-9 was upregulated in both wounded and CNF1-treated
T84 monolayers. Although previous studies have shown that
both FAK and Rac can modulate both MMP activity and MMP
expression (19, 20, 24, 44, 52), Y-27632, which inhibits FAK
phosphorylation by targeting ROCK, did not block CNF1-
mediated MMP9 induction, suggesting that the constitutive
activation of Rac by CNF1 is the major inducer of MMP-9
expression in our model.

Taken together, our results show that CNF1 could be a
virulence factor during the wound-healing process by exhibit-
ing three combined activities, (i) inhibition of epithelial cell
migration at the leading edge along with ROCK activation and
FAK phosphorylation, (ii) maintenance of MAPK phosphory-
lation, and (iii) increasing extracellular matrix degradation via
MMP synthesis.
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