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Abstract

 

In the intestine, several growth factors stimulate migration

of epithelial cells, contributing to the maintenance of tissue

integrity. The Ras-like GTPase Rho regulates a signal trans-

duction pathway linking growth factor receptors to the for-

mation of actin stress fibers and focal adhesions, presumed to

be important for motility. Using an in vitro wound-induced

migration assay, we have examined the role of Rho GTP-

ases in the migration of IEC-6 and Caco-2 cells, and provide

evidence that the Rho GTPases play an essential role in the

initial phase of mucosal wound healing. Treatment of the cells

with 

 

Clostridium difficile

 

 toxins A and B, inhibitors of the Rho

family GTPases inhibited migration in a dose-dependent

fashion. Microinjection of the inhibitory exchange factor Rho-

guanine nucleotide dissociation inhibitor (GDI), or 

 

Clostri-

dium botulinum

 

 C3 ADP-ribosyl transferase (C3) toxin, a

Rho–ADP-ribosylating exoenzyme, potently inhibited mi-

gration. Microinjection of RhoT19N, a dominant negative

form of RhoA, or in vitro ADP-ribosylated RhoA impaired

the ability of cells to migrate. Rho-GDI and C3 exoenzyme

also inhibited EGF-induced migration of IEC-6 cells. These

results demonstrate that Rho is required for endogenous

and EGF-induced migration of small intestinal crypt cells,

and that Rho proteins are essential elements of a mecha-

nism by which growth factors induce cell migration to resti-

tute mucosal integrity. (

 

J. Clin. Invest.

 

 1997. 100:216–225.)
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Introduction

 

In the small intestine, cell migration is a fundamental process
for the organization and maintenance of tissue integrity (1).
When damaged, the gastrointestinal mucosa has the ability to
repair itself very rapidly—almost entirely in 24 h (2). The early
phase of repair is termed mucosal restitution and involves the
sloughing of damaged epithelial cells and migration of remain-
ing viable cells to reestablish epithelial continuity (3). Using

IEC-6 cells, a nontransformed putative crypt cell line derived
from rat small intestine (4), an in vitro model for gastrointesti-
nal cell migration was developed in our laboratory (5). Some
aspects of this model resemble the early phase of epithelial cell
restitution in the gastrointestinal tract in vivo, such as indepen-
dence from DNA synthesis and complete dependence on actin
polymerization (5).

The precise control of organization of actin filaments is es-
sential for motility, but exactly how this is achieved and regu-
lated is not clear. Several proteins bind actin and colocalize
with stress fibers and focal adhesions in response to stimula-
tion with growth factors and serum, but the regulation of cy-
toskeletal protein assembly also involves proteins that do not
bind actin filaments directly (6). Some of these are small GTP-
binding proteins that belong to the Rho subfamily, members of
the Ras superfamily of small GTPases. The mammalian Rho
subfamily comprises 

 

z

 

 10 distinct proteins: Rho (A, B, and C),
Rac (1 and 2), Cdc42 (also known as G25K), RhoE, RhoG,
and RhoD, and TC10 (7, 8). Characterization of the mamma-
lian Rho proteins has shown that they regulate a signal trans-
duction pathway linking growth factor receptors to the forma-
tion of actin stress fibers and focal adhesions (6, 9, 10). On the
other hand, in Swiss 3T3 cells, Rac1 proteins control the poly-
merization of actin and the assembly of associated focal com-
plexes to produce lamellipodia and membrane ruffles in re-
sponse to growth factors and serum stimulation (10, 11). In
these cells, Cdc42, Rac, and Rho work in concert with each
other, creating a complex regulatory network for the regula-
tion of the actin cytoskeleton, and consequently cell shape (9).
All small GTPases bind and hydrolyze GTP, and their intrinsic
GTPase activity is controlled by guanine nucleotide exchange
factors (GEFs) and GTPase-activating proteins known as GAPs.
Rho guanine nucleotide dissociation inhibitor (GDI)

 

1

 

 is an in-
hibitory GEF, which inhibits the dissociation of guanosine
diphosphate (GDP) from Rho, Rac, and Cdc42 (12–14).

In the small intestine, EGF and other growth factors stimu-
late cell migration, as well as cell proliferation and differentia-
tion (15). In several cell lines, activation of the EGF receptor
(EGFR) leads to production of extracellular matrix degrading
proteases, synthesis of extracellular matrix constituents and re-
organization of the cytoskeleton (16–18). In Swiss 3T3 fibro-
blasts, EGFR activation leads to membrane ruffling and reor-
ganization of focal adhesion through activation of members of
the Rho family (6, 11).

The first clues to a biological function for Rho proteins
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Abbreviations used in this paper:

 

 C3, 

 

Clostridium botulinum

 

 C3
ADP-ribosyl transferase; dFBS, dialyzed FBS; F-actin, filamentous
actin; GDI, guanine nucleotide dissociation inhibitor; GST, glu-
tathion-S-transferase; toxin A, 

 

Clostridium difficile

 

 glucosyl trans-
ferase A; toxin B, 

 

Clostridium difficile

 

 glucosyl transferase B; 2DGE,
two dimensional gel electrophoresis.

 



 

Rho Regulates Mucosal Restitution

 

217

 

came from the use of the 

 

Clostridium botulinum

 

 C3 ADP-ribo-
syltransferase (C3) that modifies Rho (A, B, and C) on Asn41,
located in one of its putative effector domains (19, 20). ADP-
ribosylation inhibits the function of Rho, without interfering
with its GTPase cycle (21, 22). As a consequence, when C3 is
introduced in a variety of cell types, it causes the loss of actin
stress fibers and the rounding up of cells (6, 23).

Other toxins, produced by 

 

Clostridium difficile

 

, recently
have been found to inhibit Rho function. In contrast to C3
toxin, 

 

Clostridium difficile

 

 glucosyl transferase A and B (toxins
A and B) have a broader in vitro specificity modifying Rho (A,
B, and C), Rac, and Cdc42 proteins, by glucosylating these
proteins at Thr37 (Rho) or Thr35 (Rac and Cdc42), in their ef-
fector domains (24, 25). Toxins A and B enter intestinal cells
and profoundly alter the cytoskeleton, leading to cell rounding
(26). Interestingly, toxin-producer strains of 

 

C. difficile

 

 are re-
sponsible for virtually all cases of pseudomembranous colitis
and for up to 20% of cases of antibiotic-associated diarrhea
without colitis (27, 28), suggesting the possible involvement of
Rho GTPases in this disease.

In this study, we have investigated the role of the Rho sub-
family GTPases in the regulation of migration of two intestinal
epithelial cell lines in an in vitro model. First, we showed that
incubation of the cells with 

 

C. difficile

 

 toxin A or toxin B inhib-
its directional migration in a dose-dependent fashion. Second,
microinjection of Rho-GDI into IEC-6 cells inhibited sponta-
neous migration. Third, the application of C3 toxin in the cul-
ture medium or its microinjection into migrating cells inhibited
cell migration in a dose-dependent manner and disrupted the
organization of actin stress fibers. We also provided evidence
that C3 treatment of IEC-6 cells causes a highly selective
ADP-ribosylation of RhoA proteins, suggesting its key role in
cell migration. Similar inhibition of the migration of Caco-2
human colonic epithelial cells was found. Fourth, microinjec-
tion of recombinant dominant negative RhoT19N or in vitro
ADP-ribosylated wild-type RhoA potently inhibited migra-
tion, confirming the specificity of C3 effects in IEC-6 cells. Be-
cause C3 toxin and GDI microinjection inhibited not only
spontaneous, but also EGF-induced migration of IEC-6 cells,
we propose that Rho proteins play an essential role in the
early phase of mucosal wound healing through the regulation
of growth factor–induced cell migration. Because toxins A and
B cause antibiotic-associated diarrhea and pseudomembra-
nous colitis, and our results on Caco-2 cells reinforce the find-
ings obtained for IEC-6 cells, it appears that the inactivation of
Rho proteins might be an important event in the pathogenic
process.

 

Methods

 

Materials.

 

Plastic culture ware was purchased from Corning Glass
Works (Corning, NY), and media and other cell culture reagents
were obtained from Life Technologies, Inc. (Gaithersburg, MD). Di-
alyzed fetal bovine serum (dFBS) was from Sigma Chemical Co. (St.
Louis, MO), as were all other chemicals, unless specified otherwise.
All chemicals for electrophoresis were from Bio-Rad Laboratories
(Richmond, CA) or Millipore Corp. (Bedford, MA). EGF and Matri-
gel were obtained from Collaborative Research Inc. (Lexington/
Waltham, MA). 

 

C. botulinum

 

 C3 ADP-ribosyl transferase (C3) was
obtained from List Biological Laboratories Inc. (Campbell, CA).
Rhodamine–phalloidin and fluorescein–phalloidin were obtained from
Molecular Probes, Inc. (Eugene, OR), and [

 

32

 

P]NAD from Amer-
sham Corp. (Arlington Heights, IL). Purified 

 

C. difficile

 

 toxins A and

 

B and the polyclonal antibody anti-C3 toxin were gifts from Dr. Klaus
Aktories and Dr. Ingo Just (Institut für Pharmakologie und Toxikol-
ogie der Albert-Ludwigs-Universität Freiburg, Freiburg, Germany).

 

Cell culture.

 

The IEC-6 cell line (CRL 1592; American Type Cul-
ture Collection (ATCC), Rockville, MD) between passages 15–20
was used in most experiments. The IEC-6 stock was maintained in
T-150 flasks in a 37

 

8

 

C incubator in a humidified atmosphere of 90%
air and 10% CO

 

2

 

. The culture medium was composed of DME sup-
plemented with 5% dFBS plus 10 

 

m

 

g insulin and 50 

 

m

 

g gentamicin
sulfate per milliliter (DME-dFBS). The Caco-2 cell line (HTB37;
ATCC) between passages 18–23 was also used for some experiments.
Cells were maintained similarly to IEC-6 except in an atmosphere of
95% air and 5% CO

 

2

 

 in Eagle’s MEM with 10% dFBS and 50 

 

m

 

g gen-
tamicin sulfate per milliliter. Both stocks were passaged weekly and
fed three times a week.

 

Cell migration assay.

 

The cell migration assay was carried out as
described previously (5). Briefly, cells were plated in Matrigel-coated
35 mm dishes at 6.25 

 

3

 

 10

 

4

 

 cells/cm

 

2

 

 in DME-dFBS (IEC-6) or 3.3 

 

3

 

10

 

5

 

/cm

 

2

 

 in MEM-dFBS (Caco-2). To initiate migration (day 4), the
cell layer was scraped with a razor blade. The scratch began at the di-
ameter of the dish and extended over an area 30 mm wide. After
wounding, the medium was changed and the dishes were returned to
the incubator. After the desired period of time (3–24 h), the area of
migration was photographed with a video camera system using the
NIH Image software (version 1.58). Cells were counted and data
were expressed as the number of migrating cells per millimeter of
wounded (scratched area). For the experiments with C3 toxin, dFBS
was removed from the medium and C3 was added in different con-
centrations 15 h before the assay. For the experiments with toxins A
and B, the toxins were added immediately after wounding, in the
presence of dFBS.

 

Microinjections.

 

Confluent cultures were wounded to induce
movement, and individual cells along the wound edge and up to three
to four rows deep were microinjected with different concentrations of
C3 toxin, recombinant proteins Rho GDI gluthathione-S-transferase
fusion protein (GST, 0.3 mg/ml), wild-type RhoA (0.7 mg/ml), RhoT19N
(0.4 mg/ml), or in vitro ADP-ribosylated wild-type RhoA (0.4 mg/ml),
using an Eppendorf Model 5242 micromanipulator and 5171 microin-
jector attached to an Olympus IMT2 inverted microscope equipped
with phase contrast and epifluorescence capabilities. All microinjected
solutions contained 0.2–2.0 mg/ml Texas red-labeled dextrane (150 kD).
Approximately 150–200 cells were injected per dish within a 20 min
period. After 3–24 h incubation at 37

 

8

 

C, the number of migrating cells
per millimeter was determined and cells were stained for filamentous
(F)-actin. For each dish, noninjected cells were used as controls. In
separate assays, cells were injected with the vehicle (deionized water,
0.3 mg/ml GST or the appropriate buffer) under similar conditions.
For the experiments with EGF, dFBS was removed from the medium
15 h before the assay and EGF (30 ng/ml) was added to the medium
immediately after microinjection.

 

Actin staining.

 

Cells were fixed and permeabilized with 3.7%
paraformaldehyde/0.2% Triton X-100 at room temperature for 5 min
and postfixed with 95% ethanol for 5 min at 

 

2

 

20

 

8

 

C. F-actin was de-
tected by rhodamine–phalloidin or fluorescein–phalloidin staining. Sam-
ples were imaged with a Laser Sharp Bio-Rad MRC-1024 Laser Scan-
ning Confocal Imaging System (Bio-Rad Laboratories).

 

Cell fractionation and [

 

32

 

P]ADP ribosylation.

 

ADP ribosylation
assays were done by the method described by Jalink et al. (29). Cells
were homogenized in the presence of protease inhibitors and frac-
tionated into cytosol and crude membrane fractions. Protein was de-
termined by the method of Bradford (30). Membrane or cytosolic
fractions (30 

 

m

 

g protein) were incubated in the presence of 10 

 

m

 

Ci/ml
[

 

32

 

P]NAD (Amersham Corp.), and 5 

 

m

 

g/ml C3 toxin. ADP-ribosy-
lated proteins were separated by SDS-PAGE and visualized by auto-
radiography using Kodak X-Omat film (Eastman Kodak Co., Roch-
ester, NY). Recombinant wild-type RhoA was ADP-ribosylated in
vitro with C3 toxin according to the method described by Paterson et al.
(23). In this reaction, recombinant RhoA protein (0.5 mg/ml) was



 

218

 

Santos et al.

 

incubated with 0.3 

 

m

 

g/ml C3 toxin for 60 min in buffer (10 mM Tris,
50 mM NaCl, pH 7.4, 0.1 mM GTP, 0.5 mM NAD). C3 exoenzyme
was then removed by immunoprecipitation with a polyclonal anti-
body against the toxin (31), followed by adsorption of the antibody
with Protein A/G-Sepharose 4B (Santa Cruz Biotechnology, Santa
Cruz, CA). Immunoprecipitation of the toxin greatly reduced the
amount of free enzyme, as monitored by the addition of [

 

32

 

P]NAD
and wild-type RhoA to the recombinant proteins (after immunopre-
cipitation of C3) for 30 min, followed by 15% SDS-PAGE and Phos-
phorImager (Molecular Dynamics, Sunnyvale, CA) analysis of the la-
beled proteins. Two dimensional gel electrophoresis (2DGE) was done
according to the method originally described by O’Farrell (32), in the
3–10 pH range, using the Investigator 2-D electrophoresis system
from Millipore Corp. For the second dimension 12.5% gels were
used.

 

Preparation of recombinant proteins.

 

cDNAs of Rho-GDI, wild
type, and the mutant form of RhoA were subcloned into the BamHI
and EcoRI sites of pGEX-KG vector and expressed in 

 

Escherichia

coli

 

 as GST fusion proteins (33). Expression and purification of re-
combinant proteins from the pGEX-transformed 

 

E. coli

 

 were carried
out as described previously (34). The concentration of functional pro-
tein was estimated by Coomassie Blue-stained SDS-PAGE, using BSA
as a standard, and by [

 

35

 

S]GTP binding (35). The purity of the prepa-

rations was 

 

z

 

 90%. Recombinant proteins were taken up in 20 mM
Tris, 50 mM NaCl, 2 mM MgCl

 

2

 

 (pH 7.6) buffer for microinjection.

 

Statistical analysis.

 

ANOVA followed by Tukey’s procedure was
used, and results were considered significantly different at 

 

P

 

 

 

,

 

 0.05.

 

Results

 

C. difficile toxins A and B inhibit migration of IEC-6 cells.

 

To
establish the involvement of Rho family proteins in migration,
IEC-6 cells were allowed to migrate for 3 h in the presence of
toxins A and B in the medium. Both toxins inhibited migration
in a dose-dependent fashion (Fig. 1, 

 

A

 

 and 

 

B

 

). The lowest dose
of toxin A to inhibit migration was 100 ng/ml (50% inhibition),
whereas, 1,000 ng/ml, the highest dose used, inhibited migra-
tion almost completely by 92%, causing cell rounding and
sometimes detachment. Based on their dose–response rela-
tionship, toxin B was 

 

z

 

 100 times more potent inhibiting mi-
gration. The low dose of 0.1 ng/ml, was already highly effective
impairing migration by 27%, whereas the high dose of 100 ng/
ml abolished migration completely.

 

Rho-GDI inhibits cell migration.

 

To confirm the results ob-
tained with the toxins A and B, recombinant Rho-GDI–GST
protein was microinjected at a concentration of 0.3 mg/ml,
whereas GST protein served as control. Cell migration was de-
termined 4 h after injection (Fig. 2). Rho-GDI blocked migra-
tion up to 70% when compared with noninjected and control
GST-injected cells, whereas GST protein alone did not signifi-
cantly alter cell migration compared to noninjected control
cells.

 

C. botulinum C3 toxin blocks cell migration.

 

To narrow the
focus of our investigation within the Rho subfamily, next we
examined the effect of the Rho-selective C3 ADP-ribosyl-
transferase on cell migration by adding the toxin to the me-
dium 15 h before the assay. This lengthy preincubation was
necessary because the toxin is not readily taken up by the cells.
Treatment with C3 inhibited IEC-6 cell migration in a dose-
dependent manner (Fig. 3 

 

A

 

). The lowest effective dose to in-
hibit migration was as little as 1.0 

 

m

 

g/ml causing 30% inhibi-
tion, compared with nontreated cells. Similarly, with IEC-6

Figure 1. C. difficile toxins A and B inhibit cell migration. Monolay-
ers were wounded to induce migration, and toxins A (A) and B (B) 
were added to the medium. Cell migration was determined 3 h later. 
Both toxins inhibited cell migration in a dose-dependent fashion, 
toxin B was z 100 times more potent than toxin A. Data are
expressed as migrating cells per millimeter of scratched area 
(mean6SEM, n 5 6). *Significant differences when compared to the 
nontreated group using ANOVA (P , 0.05).

Figure 2. Microinjection of Rho GDI inhibits IEC-6 cell migration. 
Cell migration was compared between cells microinjected with 0.3 
mg/ml of either Rho GDI-GST, or GST alone and noninjected con-
trols. GST alone did not impair cell migration whereas, in cells micro-
injected with Rho GDI-GST, migration was reduced by 70%. Ap-
proximately 200 cells were injected per assay. Noninjected control 
cell migration was considered 100%, and data are expressed as per-
cent of control (mean6SEM, n 5 4). *A significant difference when 
compared to the noninjected group using ANOVA (P , 0.05).
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cells, the migration of Caco-2 human colon carcinoma cells
was also inhibited in the presence of 10 

 

m

 

g/ml C3 toxin (Fig. 3

 

B

 

). The inhibition increased from 60% at 6 h after wounding
to 76% after 24 h, while cell viability was not affected.

Distribution of F-actin in IEC-6 cells was monitored with
rhodamine–phalloidin staining after incubation with 6 

 

m

 

g/ml
C3. Control IEC-6 cells showed long stress fibers traversing
the cytoplasm, a thick network of cortical actin fibers just be-
neath the plasma membrane, and fine actin fibers extending
into numerous filopodia and microspikes (Fig. 4 

 

A

 

). Numerous
lamellipodia were observed in migrating cells. After treatment
with C3 toxin, cells localized in the proximity of the wound
showed fewer actin stress fibers, and F-actin appeared disorga-
nized throughout the cytoplasm. Cells along the migrating
edge appeared to spread out, and showed numerous mem-
brane ruffles towards the leading edge (Fig. 4 

 

B

 

). Stimulation
with EGF for 3 h increased migration, as also evidenced by the
increased spaces between migrating cells and the abundant
presence of stress fibers (Fig. 4 

 

C

 

). The increase in stress fibers

in cells could be observed as early as 5 min after addition of
EGF to the medium (data not shown). The phenotype charac-
terized by decrease in stress fibers, observed previously in C3-
treated cells, was even more pronounced after combined treat-
ment with C3 and EGF (Fig. 4 

 

D

 

).
C3 toxin was also microinjected into the cytoplasm of IEC-6

cells located close to the wound edge. Microinjection of C3
toxin, just like its medium application, inhibited migration in a
dose-dependent fashion (Fig. 5). Cells injected with solvent
showed no significant reduction in their migration compared
to noninjected controls. After the microinjection of C3 toxin,
cultures were stained with fluorescein–phalloidin. Noninjected
control cells or solvent-injected cells marked by rhodamine–
dextrane revealed a pattern of scattered stress fibers with in-
terconnected bundles of actin filaments throughout the cyto-
plasm (Fig. 6 

 

A

 

). The injection of 0.1 mg/ml C3 toxin solution
reproduced the effects on the organization of F-actin observed
previously after incubation with 6 

 

m

 

g/ml toxin for 15 h (Fig.
6 

 

B

 

). A visual correlation between the inhibition of migration
and disappearance of stress fibers was apparent after microin-
jection of high doses of C3 toxin. The injection of doses higher
than 0.1 mg/ml not only inhibited the formation of new fibers,
but also led to the complete disappearance of preexisting stress
fibers. After microinjecting C3 at a concentration of 1 mg/ml,
cells rounded up, and only the cortical F-actin remained de-
tectable (data not shown). Nonetheless, cells remained at-
tached to the matrix.

 

C3 toxin selectively ADP-ribosylates RhoA in IEC-6 cells.

 

To establish the specificity of C3 toxin treatment for Rho pro-
teins in IEC-6 cells, ADP-ribosylation reactions were carried
out in vitro using [

 

32

 

P]NAD. Autoradiography showed a single
band with an apparent molecular mass of 21 kD both in the cy-
tosolic and crude membrane fractions (Fig. 7 

 

A

 

). The amount
of C3 substrate in the cytosolic fraction was much higher than
in the membrane fraction (Fig. 7 

 

A

 

). To identify the 21-kD
proteins present in the labeled band, 2DGE was applied. Au-
toradiography of 2DGE revealed only a single spot, with pI
5.9, which is identical to that of RhoA (Fig. 7 

 

B

 

). The identity
of the C3-labeled band was also confirmed by Western blot-
ting with the anti-RhoA–specific monoclonal antibody (data
not shown). Confirming the results of the 2DGE-autoradiog-
raphy, reverse transcription-PCR (RT-PCR) and Southern
analysis of RhoA, B, and C in IEC-6 cells revealed only the ex-
pression of RhoA, whereas RhoB or C, if expressed, were be-
low the detectability of these assays (data not shown).

 

Dominant negative forms of RhoA inhibit cell migration.

 

To confirm that the effects of C3 on cell migration were due to
the selective modification of Rho proteins in situ, wild-type
recombinant protein RhoA was ADP-ribosylated in vitro.
Subsequently, C3 was removed by immunoprecipitation, and
the modified protein was microinjected into migrating cells.
The ADP-ribosylated protein is unable to activate its targets
but, because of its intact GTPase cycle, it competes with endog-
enous Rho for exchange factors thus acting as a dominant
negative mutant (23). Recombinant true dominant negative
RhoT19N mutant form of the GTPase was also prepared and
microinjected, along with wild-type RhoA protein. Both forms
of dominant negative RhoA inhibited cell migration: RhoT19N
inhibited by 

 

z

 

 50%, whereas ADP-ribosylated RhoA inhib-
ited by 

 

z

 

 70% (Fig. 8). Microinjection of buffer after addition
and immunoprecipitation of C3 did not affect migration, con-
firming the lack of functionally relevant amounts of residual

Figure 3. Application of C3 toxin to the culture medium inhibits the 
migration of IEC-6 and Caco-2 cells. On day 3 C3 toxin (0.5–10.0 mg/ml) 
was added in serum free medium. After a 15-h incubation, monolay-
ers were wounded and 5% dFBS was added to the medium, and cell 
migration was monitored 3 h later for IEC-6 cells (A), 6 and 24 h later 
for Caco-2 cells (B). Caco-2 cells were incubated with a single dose of 
10 mg/ml C3 toxin. Data are expressed as migrating cells per millime-
ter (mean6SEM, n 5 6). *Significant differences from control group 
using ANOVA (P , 0.05).



 

220

 

Santos et al.

 

C3 in the preparation. On the other hand, microinjection of 0.7
mg/ml wild-type RhoA did not affect cell migration (Fig. 8).

To study the effects of these recombinant proteins on
F-actin distribution, subconfluent IEC-6 cells were microin-
jected with wild-type RhoA (0.7 mg/ml) or dominant negative
RhoT19N (0.4 mg/ml), whereas buffer was used as control.
F-actin was stained with rhodamine–phalloidin after 30 min of
incubation. Buffer-injected cells showed numerous actin stress
fibers traversing the cytoplasm, and thick bundles of cortical
F-actin. Lamellipodia were frequently present (Fig. 9 

 

A

 

). Mi-

croinjection of wild-type RhoA slightly increased the number
of stress fibers, compared to buffer-injected cells (Fig. 9 

 

B

 

). In
contrast, cells microinjected with RhoT19N were devoid of
stress fibers, and showed an accumulation of cortical F-actin.
However, lamellipodia were preserved (Fig. 9 

 

C

 

). These phe-
nomena and the distribution of F-actin was similar to that ob-
served in cells microinjected with C3 toxin (Fig. 6 

 

B

 

).

 

Microinjection of Rho GDI and C3 toxin also inhibit EGF-

induced cell migration.

 

 Epidermal growth factor stimulates
migration of intestinal cells in vivo and in vitro, playing a phys-

Figure 4. C3 toxin inhibits stress fiber formation in migrating IEC-6 cells. F-actin staining with rhodamine phalloidin in migrating IEC-6 cells, 
cultured for 15 h in control medium (A), medium containing 6 mg/ml C3 toxin (B), 30 ng/ml EGF (C), or 6 mg/ml C3 toxin 1 30 ng/ml EGF (D). 
Migrating C3 toxin-treated cells showed fewer stress fibers, yet displayed numerous membrane ruffles over the leading edge (arrows, B). EGF 
treatment increased stress fibers in migrating cells leading to an increase in the size of gaps between cells (C). Cells treated with C3 toxin plus 
EGF were spread, showing disorganization of the actin cytoskeleton and numerous membrane ruffles (arrow, D). Confocal images; calibration 
bar, 25 mm.
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iologically relevant role during the early phase of wound heal-
ing in the small intestine (15). To determine if Rho proteins
are also involved in EGF-stimulated migration, 0.3 mg/ml of
Rho GDI-GST or C3 toxin was microinjected into serum-
starved cells along the edge of the wound and 30 ng/ml EGF
was added to the medium. Migration was measured after 3 h.
EGF treatment increased migration by z 50% over control. In
contrast, microinjection of C3 or Rho-GDI abolished com-
pletely the stimulatory effect of EGF (Fig. 10).

Discussion

In this study, we demonstrate for the first time that Rho pro-
teins are important for spontaneous and EGF-induced migra-
tion of intestinal epithelial cells, suggesting that inhibition of
Rho function may delay the early phase of the mucosal healing
process. This conclusion bears pathological significance and is
supported by several lines of evidence.

Toxins A and B are the virulence factors secreted by C. dif-

ficile, which enter intestinal cells through surface receptors and
cause the disruption of the cytoskeleton, rounding up and re-
traction of the cell body (36). Toxin A also produces fluid se-
cretion, mucosal damage, and intestinal inflammation when in-
jected into the rodent intestine (37). Toxin B is z 1,000 times
more potent than toxin A as a cytotoxin in tissue culture and it
was recently shown to be also enterotoxic in the human co-
lonic mucosa (38). We found that exposure of IEC-6 cells to
toxins A or B inhibited cell migration in a dose-dependent
manner, with toxin B being z 100-fold more potent with an
EC50 in the 1 ng/ml range (Fig. 1 B). In vitro, both toxins spe-
cifically glucosylate Rho (A, B, and C), Rac, and Cdc42 pro-
teins, and block their function. Just et al. (39) showed that
overexpression of RhoA protein in cells attenuated cell round-
ing caused by exposure of cells to toxin B. Corroborating these
results, Dillon et al. (40) found that the stability of B toxin–
modified RhoA in NIH3T3 fibroblasts is reduced and it disap-
pears within hours from the membrane, without detectable ef-
fects on the stability of Cdc42 and Rac1.

Rho-GDI is an inhibitory exchange factor regulator for
members of the Rho subfamily (12), which binds preferentially
to the GDP-bound form of the GTPase (41). Microinjection of
Rho-GDI into IEC-6 cells almost completely abolished migra-
tion (Fig. 2), confirming the importance of the Rho family GTP-
ases in this process. However, Rho GDI has a broad specificity

Figure 5. Microinjection of C3 toxin inhibits IEC-6 cell migration. 
Cells located in the migrating edge were microinjected with different 
doses of C3 immediately after wounding, and migration was mea-
sured 4 h later. Approximately 200 cells were injected per group.
The number of migrating cells per millimeter in the control was
considered 100%, and data are expressed as percent of control 
(mean6SEM, n 5 4). *Significant differences when compared to the 
control-injected group using ANOVA (P , 0.05).

Figure 6. Microinjection of C3 toxin inhibits stress fibers formation in migrating IEC-6 cells. Cells located in the migrating edge were microin-
jected with solvent (A) or 0.1 mg/ml C3 toxin (B). F-actin was stained 3 h later using fluoresceine-phalloidin. The arrow points to a cell showing 
disorganized F-actin. Approximately 200 cells were injected per group. Confocal images; calibration bar, 25 mm.
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(12), and consequently, it does not permit the identification of
which of the Rho GTPases is necessary for normal cell migra-
tion.

Among the over 50 members of the family of small G pro-
teins, only Rho proteins (RhoA, B, and C) are ADP-ribosy-
lated by C3 toxin. Rac proteins are very poor substrates for
this enzyme in vitro (42). After C3 treatment, IEC-6 cell mi-
gration was inhibited, accompanied by significant alterations
in the distribution of F-actin in migrating cells without any in-
dication of cell detachment. Morphological features accompa-
nying C3 treatment, such as the reduction of actin stress fibers
in migratory cells, appear to be linked to the inhibition of mi-
gration because migrating control IEC-6 cells showed many
stress fibers, and EGF, which stimulated cell migration, also
stimulated stress fiber formation. The effects of C3 on migra-

tion were not limited to small intestinal crypt cells, since the
Caco-2 human colon carcinoma cells were also affected in a
similar way by this toxin.

The potency of C3 toxin is greatly limited by its poor up-
take into cells, which varies from cell line to cell line. To cir-
cumvent the uptake limitation, different doses of C3 were
microinjected. C3 toxin not only inhibited migration in a dose-
dependent manner, but also inhibited the formation of stress
fibers. After microinjection of a high concentration of C3, those
few cells that crossed the wound line were not labeled with
rhodamine–dextrane. Thus, some noninjected cells started
from behind the region of injection and migrated through gaps
between the stalled C3-injected cells. Furthermore, microin-
jection of in vitro ADP-ribosylated recombinant RhoA into
migrating cells potently impaired migration when compared to
buffer-injected cells, indicating that the effects observed after
medium application or microinjection with C3 were consistent
and likely to be due to the selective ADP-ribosylation of Rho
(Fig. 8). Moreover, microinjection of the dominant negative
protein RhoT19N, which is permanently locked into the GDP-
bound inactive state and competes for exchange factors during
activation of Rho (43), also inhibited migration, confirming the
importance of the activation of Rho during migration (Fig. 8).
On the other hand, the fact that wild-type Rho did not alter cell
migration suggests that migration is not limited by the avail-
ability of Rho in IEC-6 cells. Our results differ from those ob-
tained by Ridley et al. in MDCK cells (44), showing that the mi-
croinjection of activated Rho inhibits spreading and scattering,
while inhibition of Rho function leads to the disappearance of
stress fibers and peripheral bundles but does not prevent
HGF-induced motility. These differences might be attributed,
at least in part, to the differences in the cell types and their en-
dogenous migratory properties.

In IEC-6 cells, we also showed that C3 specifically ADP-
ribosylates both cytosolic and membrane-bound RhoA. In
2DGE, only one ribosylated protein was detected, with a pI
corresponding to that of RhoA (45; Fig. 7 B). We did not de-
tect RhoB or RhoC as substrates for C3 with 2DGE autora-
diography. Furthermore, under the conditions applied during
the migration assay, we could not detect mRNA for RhoB and
RhoC after RT-PCR followed by Southern hybridization (data
not shown). However, the possibility of RhoB and RhoC ex-
pression only in migratory cells can not be ruled out. Our re-

Figure 7. RhoA is the target for C3 toxin-medi-
ated ADP-ribosylation in IEC-6 cells. Cells were 
fractionated into cytosolic and crude membrane 
fractions and cell lysates were ADP-ribosylated 
by C3 in vitro, using [32P]NAD as substrate. Au-
toradiography of the fractions separated by 15% 
SDS-PAGE showed that only a single 21 kD 
band was labeled (A). Cytosolic and crude mem-
brane fractions were ADP-ribosylated by C3 in 
vitro, using [32P]NAD as substrate and samples 
were analyzed by 2DGE (pH range 3.0–10.0) fol-
lowed by autoradiography (B). Only a single spot 
with pI 5.9 was labeled, which corresponds to 
RhoA. The position of RhoB and RhoC are 
marked by arrows, based on parallel ADP-ribosy-
lation of PC12 pheochromocytoma extracts, 
which contain all three Rho proteins.

Figure 8. Microinjection of dominant negative forms of RhoA inhib-
its cell migration. Cells located along the migrating edge were micro-
injected with different recombinant proteins: wild-type RhoA (0.7 
mg/ml), RhoA ADP-ribosylated in vitro (0.4 mg/ml), or dominant 
negative RhoT19N (0.4 mg/ml). C3 toxin was removed by immuno-
precipitation with a polyclonal anti-C3 antibody. Control cells were 
microinjected with buffer before (open bar) and after immunoprecip-
itation of C3 (dotted bar). Microinjection was done immediately after 
wounding and migration was measured 5 h later. Approximately 200 
cells were injected per group. The control cell migration rate for each 
dish (noninjected cells) was considered 100%, and data are expressed 
as percent of control (mean6SEM, n 5 4). *Significant differences 
from the control group using ANOVA (P , 0.05).



Rho Regulates Mucosal Restitution 223

sults showed that the C3 substrate was approximately three
times more abundant in the cytosol of IEC-6 cells, corroborat-
ing the results of Fritz et al. (46), reporting that in most tissues
Rho proteins are 2–3-fold more abundant in the cytosol than
in the membrane fraction.

Upon ligand activation, several tyrosine kinase growth fac-
tor receptors induce a substantial reorganization of the actin
cytoskeleton. This change in actin superstructure is necessary
to produce multiple motile responses within the target cells
(47). Because EGF has been shown to be a physiologically rel-
evant regulator of motility and regeneration in intestinal epi-
thelial cells, we analyzed the impact of Rho proteins on EGF-
induced migration. Microinjection of Rho-GDI and C3 toxin
completely blocked EGF-induced motility (Fig. 10), reinforc-

ing the idea that the impairment of Rho proteins might delay
the healing process in the small intestine by inhibiting endoge-
nous as well as growth factor–induced migration. Previous re-
ports have shown that Rho function may be directly related to
random motility, which is different from the directional migra-
tion of IEC-6 cells. For example, C3 toxin inhibits spontaneous
and chemoattractant-induced motility of neutrophils (48), as
well as spontaneous motility of sperm cells (49). After microin-
jection of C3 in 308R keratinocytes, hepatocyte growth factor
(HGF)-induced nondirectional motility was inhibited for up to
24 hours (50).

Here, we propose that Rho proteins are essential for migra-
tion of intestinal epithelial cells. However, we did not rule out
the possibility or argue against the hypothesis that Rac or

Figure 9. Microinjection of dominant negative RhoT19N induces the 
disassembly of actin stress fibers. Subconfluent cells were microin-
jected with buffer (A), wild-type RhoA (0.7 mg/ml, B), or RhoT19N 
(0.4 mg/ml, C). After microinjection, cells were incubated for 30 min, 
fixed, and stained with rhodamine–phalloidin. Wild-type RhoA did 
not alter F-actin distribution, whereas RhoT19N-injected cells were 
devoid of actin stress fibers. Confocal images; calibration bar, 20 mm.
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Cdc42 proteins are also important in the regulation of Rho
during migration of IEC-6 cells, as they certainly are in other
cells. In Swiss 3T3 cells, for example, the constitutively acti-
vated mutant V12Rac causes the generation of leukotrienes,
which in turn induce stress fiber formation. However, leuko-
triene-dependent stress fiber formation also requires Rho pro-
teins (51). Therefore, in these cells it is likely that Rac acts up-
stream of Rho in the regulation of stress fiber formation.
Moreover, it appears that different events involved in motility
are regulated differently by small GTP-binding proteins. For
example, in MDCK cells microinjection of the dominant nega-
tive A17Rac mutant blocks HGF- and Ras-induced spreading
and actin organization, although V12Rac alone does not stim-
ulate either response (44). The upstream regulation of Rho in
migrating IEC-6 cells is currently under investigation in our
laboratory.

In addition, our findings on the essential role of Rho pro-
teins in intestinal cell migration are important because Rho-
modifying toxins are directly involved in antibiotic-associated
diarrhea and the potentially fatal form of pseudomembranous
colitis. The enterotoxin toxin A and the cytotoxin toxin B, are
the virulence factors secreted by C. difficile strains that cause
these diseases and also induce depolymerization of actin fila-
ments and morphological changes by glucosylation of Rho (24,
25). Hecht et al. (26), using intestinal T84 cells, reported that
the organization of the perijunctional F-actin and tight junc-
tions were also affected by toxin A treatment leading to in-
creased epithelial permeability. Corroborating these data, Nus-
rat et al. (52) reported that in polarized epithelial T84 cells,
Rho regulates F-actin distribution preferentially in the apical
pole. Our results using unpolarized IEC-6, and polarized
Caco-2 intestinal cells show that Rho is important for cell mi-
gration in both cell lines. Therefore, we propose that Rho
plays an important role in the disease mechanism of pseudo-
membranous colitis, not only through the regulation of epithe-
lial permeability and barrier function (26, 52), but also through
affecting cell migration that is essential for the maintenance of
epithelial integrity and mucosal restitution.
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