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The cytotoxic necrotizing factor 1 (CNF1) activates Rho GTPases by deamidation of glutamine-63 and
thereby induces redistribution of the actin cytoskeleton and formation of stress fibers. Here, we have studied
the effects of CNF1 on the transepithelial resistance of Caco-2 cells, a human intestinal epithelial cell line, in
comparison with the Rho-inactivating toxin B of Clostridium difficile. Whereas toxin B decreased the trans-
epithelial resistance of Caco-2 cells by about 80% after 4 h, CNF1 reduced it by about 40%. Significant changes
of the transepithelial resistance induced by CNF1 were detected after 3 h of incubation. Half-maximal effects
were observed with 10 and 41 ng of CNF1 and toxin B per ml, respectively. Flux measurement revealed no
CNF1-induced increase of fluorescein isothiocyanate-dextran permeation within the first 4 h of incubation and
a 2.9-fold increase after 24 h of incubation. In contrast, toxin B induced a 28-fold increase of permeation after
24 h. As detected by rhodamine-phalloidin staining, CNF1 increased polymerization of F actin at focal contacts
of adjacent cells and induced formation of stress fibers. The data indicate that not only depolymerization but
also polymerization of actin and subsequent reorganization of the actin cytoskeleton alter the barrier function
of intestinal tight junctions.

The organization of actin filaments is crucial for the assem-
bly of intestinal tight junctions (31, 32, 35). It is now well-
established that Rho GTPases regulate the organization of the
cytoskeleton (14, 37, 40). Several communications report on
the effects of Rho-modifying bacterial toxins on intestinal ep-
ithelial cells (7, 8). The Rho-inactivating toxin Clostridium dif-
ficile toxins A and B, which glucosylate Rho GTPases (15, 21,
22), or Clostridium botulinum C3 exoenzyme, which ADP-ri-
bosylates Rho (1, 4, 5), was used to show that breakdown of the
actin cytoskeleton causes an increase in intestinal permeability
(28, 34). Recently, it was reported that cytotoxic necrotizing
factor 1 (CNF1), an ;115-kDa protein produced by patho-
genic Escherichia coli strains (10), activates Rho GTPases by
deamidation of glutamine at position 63 (12, 41). This activa-
tion of Rho GTPases results in polymerization of F actin,
increased formation of stress fibers, and multinucleation of
cells.

Here, we show that treatment of Caco-2 cells with CNF1
induces a decrease in transepithelial electrical resistance which
is accompanied by an increased paracellular permeability.
Thus, activation of Rho GTPases by CNF1 does not support
intestinal barrier function, but, similar to inactivation of Rho
proteins, leads to disintegration of monolayers.

MATERIALS AND METHODS

Cell culture. Caco-2 cells of passage 52 were obtained from the German
Cancer Research Center (Heidelberg, Germany). Cells were cultured in Dul-
becco modified Eagle medium (DMEM) supplemented with 10% fetal bovine
serum, 1% nonessential amino acids, 100 U of penicillin per ml, and 100 mg of
streptomycin per ml. The cells were subcultured every week and seeded on filter
inserts (12-mm diameter) at a density of approximately 4 3 104 cells cm22 for
flux studies and determination of transepithelial resistance. For phase-contrast

and fluorescence microscopy, cells were seeded on poly-L-lysine-coated cover-
slips.

Expression and purification of the CNF1 and CNF1-C866S mutant. The
GST-CNF1 vector (pGEX-2T) was transformed into E. coli (BL21-DE3 strain)
by heat shock at 42°C (42). Expression of the glutathione S-transferase (GST)
fusion protein in BL21 cells growing at 37°C was induced by adding isopropyl-
b-D-thiogalactopyranoside (final concentration, 0.2 mM) at an optical density at
600 nm (OD600) of 0.5. Six hours after induction, cells were collected and lysed
by sonication in lysis buffer (20 mM Tris-HCl [pH 7.4], 10 mM NaCl, 5 mM
MgCl2, 1% Triton, 2.5 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride)
and purified by affinity chromatography with glutathione-Sepharose (Pharma-
cia). Loaded beads were washed five times in washing buffer A (20 mM Tris-HCl
[pH 7.4], 10 mM NaCl, 5 mM MgCl2) and washing buffer B (150 mM NaCl, 50
mM Tris-HCl [pH 7.5]) at 4°C. GST-CNF1 was eluted from the beads by gluta-
thione elution (10 mM glutathione, 50 mM Tris-HCl [pH 8.0]) for 15 min at
room temperature. CNF1 was eluted from the beads by thrombin digestion (200
mg of thrombin per ml, 150 mM NaCl, 50 mM triethanolamine-HCl [pH 7.5], 2.5
mM CaCl2) for 45 min at room temperature. Thrombin was then removed by
incubation with benzamidine-Sepharose beads.

Purification of C. difficile toxin B and Clostridium limosum exoenzyme C3. C.
difficile toxin B (9, 24) and C. limosum exoenzyme C3 (20) were purified as
described elsewhere.

Measurement of transepithelial resistance. Transepithelial resistance was de-
termined with an epithelial volt-ohm meter (World Precision Instruments, Sara-
sota, Fla.) equipped with a chamber for filter inserts. Filters with confluent cell
monolayers were used at days 6 to 9 after seeding. For long-term experiments, we
used standard medium as described above for apical and basolateral bath solu-
tions. Only filters with an initial resistance of $100 V cm2 were used. The mean
of transepithelial resistance of all experiments was 524 6 803 V cm2 (n 5 79).
Due to high standard deviation of initial resistances, the results were expressed
as percentages of the means of initial resistances of each data set. Statistical
analyses were performed by the two-tailed unpaired Student t test, for which
values of P , 0.05 were considered significant. Values are expressed as means 6
standard deviations.

Flux measurement. For paracellular flux studies, filters were incubated in
bicarbonate-buffered Ringer solution (115 mM NaCl, 50 mM NaHCO3, 2.8 mM
KH2PO4-K2HPO4 [pH 7.4], 1.2 mM CaCl2, 1.2 mM MgCl2, 10 mM glucose)
added to the apical and basolateral reservoir. Fluorescein isothiocyanate (FITC)-
labeled dextran (molecular mass of 11,000 Da) given to the apical reservoir at a
final concentration of 100 mM was used as the marker substance. After 4 and 24 h
of incubation, samples were taken from the apical and the basolateral reservoir
and the marker substance was measured in a fluorescence spectrophotometer at
475- and 520-nm excitation and emission wavelengths, respectively.

[32P]ADP ribosylation of Rho proteins. Modification of Rho proteins of
Caco-2 cells after treatment with CNF1 and toxin B was checked by subsequent
in vitro [32P]ADP ribosylation. Therefore, Caco-2 cells were incubated for 4 h
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with 100 ng of CNF1 or 100 ng of toxin B per ml. Incubation was stopped by
rinsing cells with ice-cold phosphate-buffered saline (PBS). Cells were harvested
and homogenized by sonification. The cell lysate was resuspended in ADP
ribosylation buffer to a final concentration of 50 mM HEPES (pH 7.4), 5 mM
MgCl2, 2.5 mM dithiothreitol, 2.5 mM NAD, 10 mM thymidine, and 0.5 mCi of
[32P]NAD in a final volume of 50 ml. To start ribosylation, 0.25 mg of C. limosum
C3 toxin was added. Labeled proteins were analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and subsequent phosphorim-
aging.

Rhodamine-phalloidin staining. Cells on coverslips were incubated with CNF1
or toxin B in cell culture medium for the indicated times. After washing with
PBS, the cells were fixed in 3% formaldehyde and 0.05% Triton X-100 in PBS for
10 min. The cells were washed three times and incubated in 30 mg of rhodamine-
phalloidin per ml in PBS for 30 min. Thereafter, the cells were washed and
subjected to fluorescence microscopy.

RESULTS

As shown in Fig. 1A, GST-CNF1 decreased transepithelial
resistance in a time- and concentration-dependent manner.
The effects of GST-CNF1 occurred with a lag phase of 30 to 60
min. Differences in transepithelial resistance during this time
were caused by changing the medium. Therefore, the transep-
ithelial resistance value at the time point 1 h was taken as
100%. No effects were observed at concentrations of #1 ng of

GST-CNF1 per ml within 5 h of incubation. Maximum effects
on transepithelial resistance were observed at a concentration
of 100 ng of GST-CNF1 per ml. At this concentration, trans-
epithelial resistance decreased by 39% of baseline resistance
after 5 h of incubation. The rate of the decrease in transepi-
thelial resistance was slightly accelerated at 50 times-higher
concentrations (5 mg of GST-CNF1 per ml). The half-maximal
effect (EC50) of GST-CNF1 to decrease transepithelial resis-
tance after 4 h was calculated to be 9.85 ng/ml (Fig. 1B).

To prove that the effect on transepithelial resistance resulted
from activation of Rho GTPases and not from receptor-medi-
ated signals, we applied an inactive GST-CNF1 mutant (CNF1-
C866S) (42) to Caco-2 monolayers (Fig. 2). Like heat-inactivated
GST-CNF1 (10 min at 95°C), GST-CNF1-C866S caused no
decrease in transepithelial resistance (105.6% 6 2.5% and
104.6% 6 4.2%, respectively) after an incubation period of 4 h.
We also tested whether GST-CNF1 shows the same activity as
CNF1 liberated from GST by thrombin. Like GST-CNF1,
CNF1 decreased transepithelial resistance to 39.8% 6 1.1%
after 4 h. Purified GST had no effect on transepithelial resis-
tance (98.6% 6 0.6%).

C. difficile toxin B, which inactivates Rho by glucosylation
(22), decreased the transepithelial resistance of Caco-2 cells
(Fig. 3A). The effects of toxin B on Caco-2 cells were observed
at concentrations of higher than 1 ng/ml. A maximal reduction
of transepithelial resistance of about 90% was observed at a
concentration of 1,000 ng/ml after 4 h of incubation. The EC50
of toxin B was calculated to be 41 ng/ml (Fig. 3B). The effects
of GST-CNF1 and of toxin B could not be reversed when the
cells were washed 15 min after the addition of toxin (data not
shown).

Corresponding to the observed decrease in transepithelial
resistance, the paracellular permeability for macromolecules
increased after GST-CNF1 or toxin B treatment as measured
by fluxes of FITC-dextran. In the controls, FITC-dextran
(11,000 Da) exhibited a permeation of 0.0036% 6 0.0008%
cm22 h21 within the first 4 h and 0.0022% 6 0.00043% cm22

h21 after 24 h of incubation under control conditions (Fig. 4).

FIG. 1. Effect of GST-CNF1 on the transepithelial resistance of Caco-2 cells.
(A) Caco-2 cells incubated for the indicated times with increasing concentrations
of GST-CNF1. Thereafter, transepithelial resistance (TER) was determined as
described in Materials and Methods. (B) EC50 of GST-CNF1 (9.85 ng/ml)
calculated from changes in transepithelial resistance after 4 h of incubation with
the toxin. The effect of GST-CNF showed a lag period of 0.5 to 1 h, in which no
significant changes in transepithelial resistance were detectable. Data are
means 6 standard deviations (n 5 4).

FIG. 2. Effects of GST-CNF1 and GST-CNF1-C866S on transepithelial re-
sistance. Caco-2 cells were incubated with GST-CNF1 (100 ng/ml), CNF1 liber-
ated from GST (100 ng/ml), heat-inactivated (10 min, 95°C) GST-CNF1 (200
ng/ml) and the enzymatically inactive mutant GST-CNF1-C866S (200 ng/ml),
and purified GST (200 ng/ml) for 4 h. Thereafter, transepithelial resistance
(TER) was determined. Data are means 6 standard deviations (n 5 4, *P ,
0.05).
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Although GST-CNF1 and toxin B decreased transepithelial
resistance after 4 h of incubation, the permeability for FITC-
dextran was not increased during this period (0.0018% 6
0.0008% cm22 h21 and 0.0038% 6 0.011% cm22 h21). As a
positive control, cells were disrupted by the addition of 0.05%
Triton X-100. Under this condition, increase of flux was 0.1%
6 0.08% cm22 h2 after 4 h. After 24 h of incubation, the fluxes
of dextran were significantly increased to 0.0064% 6 0.0016%
cm22 h21 for GST-CNF1, 0.062% 6 0.018% cm22 h21 for
toxin B, and 0.058% 6 0.06% cm22 h21 for Triton X-100-
disrupted cells, compared to control values for the same data
set. Differences in permeation values between the 4- and 24-h
data sets are due to decreasing gradients of marker during
incubation. These flux data were confirmed by measurement of
transepithelial resistance after 24 h of incubation. Whereas
GST-CNF1-treated cells exhibited a residual transepithelial
resistance of 46.6 6 2.4 V cm2, no transepithelial resistance
was detected after incubation for 24 h with toxin B (data not
shown).

Because Rho proteins are activated by CNF1 and inacti-
vated by toxin B, we investigated the effects of both toxins
applied in combination. Preincubation of cells with GST-CNF1
for 60 min showed no alteration in the time course and extent

of toxin B-induced decrease in transepithelial resistance com-
pared to nonpreincubated cells (Fig. 5). Addition of GST-
CNF1 1 h after application of toxin B did not reduce the effect
of toxin B on transepithelial resistance.

Modifications of Rho proteins of Caco-2 cells treated with
CNF1 and toxin B for 4 h were detected by subsequent
[32P]ADP ribosylation of Rho. In this assay, C. limosum C3
transferase and [32P]NAD were added to the lysate of toxin-
treated cells, and the labeled proteins were analyzed by SDS-
PAGE. As shown in Fig. 6, [32P]ADP-ribosylated Rho proteins
of GST-CNF1-treated cells were shifted to a higher apparent
molecular mass compared to [32P]ADP-ribosylated Rho pro-
teins of control cells, indicating covalent modification of Rho
proteins by deamidation (41). In contrast to CNF1-modified
GTPases, Rho proteins, which are glucosylated by toxin B, are
no longer substrates for C3-catalyzed ADP ribosylation. Ac-
cordingly, in Caco-2 cells which were preincubated with toxin
B, Rho was not labeled by C3-catalyzed [32P]ADP ribosylation
(Fig. 6). Thus, the data indicate that after 4 h of incubation of
Caco-2 cells, Rho proteins are completely modified by CNF1
or toxin B.

Then, we studied the effects of CNF1 and toxin B on the
morphology of confluent Caco-2 cells by phase-contrast mi-
croscopy. CNF1 treatment of Caco-2 cells for 5 h caused cell
swelling and multinucleation; however, attachment to adjacent
cells was still observed. Cell borders of control cells appeared
as light dotted lines (Fig. 7A) but were hardly visible after
CNF1 treatment by phase-contrast microscopy (Fig. 7B). Cells
incubated with the inactive mutant GST-CNF1C866S showed
the same morphology as control cells (Fig. 7C). Toxin B in-
duced shrinking and rounding of cells, with complete disinte-
gration of the cell monolayer (Fig. 7D). Cells preincubated for
1 h with CNF1 and subsequently incubated with toxin B for an
additional 4 h exhibited the typical toxin B phenotype (Fig.
7E).

The rhodamine-phalloidin staining of control cells exhibited
a strong actin staining at the cortex or growth zone of cells,
whereas almost no cytoplasmic filaments or stress fibers were
observable (Fig. 8). CNF1 induced elongation of cortical actin
cables and formation of stress fibers. Additionally, overlapping
growth zones of cells are visible. The CNF1 effect was accom-
panied by strong formation of actin filaments in the focal
contacts of adjacent cells, whereas the actin filaments of GST-
CNF1C866S-treated cells remained unaffected. Treatment
with toxin B induced a retraction of actin filaments to the
perinuclear region with only few actin cables left. When cells
were first treated with CNF1 and afterward incubated in the
presence of toxin B, cells revealed the toxin B phenotype of the
cytoskeleton.

DISCUSSION

Here, we report that treatment of Caco-2 cells with CNF1,
which activates Rho by deamidation of glutamine-63 (12), in-
duced an increased permeability of the cell monolayer. The
effects of CNF1 on the transepithelial resistance were time and
dose dependent and occurred with a lag phase of about 60 min.
This delay is most likely due to internalization processes. The
effects of CNF1 appear to be specific and depend on the
catalytic activity of CNF1, because the inactive mutant GST-
CNF1C866S (42) has no effect on transepithelial resistance.
This mutant, which has no catalytic activity but still harbors the
receptor-binding domain at its N terminus (29), did not induce
any morphological changes or alteration of the transepithelial
resistance. Therefore, we suggest that all CNF1 effects ob-
served are exclusively due to modification of Rho GTPases and

FIG. 3. Effect of C. difficile toxin B on transepithelial resistance (TER). (A)
Caco-2 cells treated with increasing concentrations of toxin B for the indicated
times. Thereafter, transepithelial resistance was determined. (B) EC50 (41 ng/ml)
of toxin B calculated for changes in the transepithelial resistance occurring after
4 h of incubation with the toxin. Data are means 6 standard deviations. (n 5 5
to 10).

VOL. 66, 1998 CNF1 AND INTESTINAL PERMEABILITY 5127



conclude that the activation of Rho GTPases by CNF1 induces
a decrease in transepithelial resistance and an increase in para-
cellular permeability. The mechanism by which CNF1 causes
the disintegration of the monolayer is not yet known. It has
been reported that CNF1 induces a delayed mortality of HeLa
cells after 5 days, due to inhibition of mitosis (6). Because the
maximal CNF1-induced reduction (;40%) of the transepithe-
lial resistance was determined 5 h after the start of toxin
treatment of cells, we do not believe that secondary effects
(e.g., inhibition of proliferation) significantly contribute to this
change in transepithelial resistance.

Staining by F actin of CNF1-treated Caco-2 cells revealed
enhanced formation of actin filaments along junctions and
cell-cell contact sites of adjacent cells and showed a large
increase in stress fibers. Similar effects of CNF1 for other cell
lines and tissues were previously reported (36). These findings
are in agreement with a role of Rho in formation of cell
adhesions (37), adherens junctions (3), and stress fibers (38,
39). The main barriers for paracellular fluxes appear to be tight
junctions (33). In addition to the transmembrane protein oc-
cludin, which connects the adjacent cells in the region of tight
junctions, several proteins located at the cytosolic sites of tight
junctions have been identified, including ZO-1 and ZO-2 (13,
17, 19). Rho proteins are involved in the regulation of tight
junctions. Specific inactivation of Rho by C3 decreased trans-
epithelial resistance and caused redistribution of ZO-1 pro-
teins (35). In turn, one expects that the activation of Rho by
CNF1 increases rather than decreases transepithelial resis-
tance. This discrepancy can possibly be explained as follows.
Recent studies in our laboratory suggest that CNF1 modifies
not only Rho but also Rac and Cdc42 in intact cells (29a).
Moreover, it was reported that depending on the cell type, Rho
and Rac/Cdc42 may regulate the actin cytoskeleton in an op-
posite manner (18, 30). Therefore, one can speculate that the
persistent activation of Rac and Cdc42 induced by CNF1 may
be important for the increase in transepithelial resistance ob-
served after CNF1 treatment of Caco-2 cells. However, not in
line with this assumption are recent studies by Takaishi and
coworkers (45) showing that in MDCK cells, Rho but not Rac

or Cdc42 is involved in regulation of tight junctions, whereas
all three GTPases play important roles in the regulation of
cell-cell adhesion sites. CNF1 was shown to stimulate tyrosine
phosphorylation of focal adhesion proteins and assembly of

FIG. 4. Flux measurement with FITC-dextran. Caco-2 cell monolayers were treated with GST-CNF1 (100 ng ml21) or toxin B (100 ng ml21) for 4 and 24 h,
respectively. At the indicated times, the permeability of the monolayer was determined by measurement of FITC-dextran fluxes as described in Materials and Methods.
As a positive control, the cells were treated with 0.05% Triton X-100. Data are means 6 standard deviations (n 5 4 to 5; p, P , 0.05).

FIG. 5. Effects of CNF1 on toxin B-induced decrease in transepithelial re-
sistance (TER). Caco-2 cell monolayers were incubated for 1 h with CNF1 (100
ng/ml [upper panel]) and toxin B (ToxB, [100 ng/ml [lower panel]), respectively.
Thereafter, toxin B (100 ng/ml [upper panel]) or CNF1 (100 ng/ml [lower panel])
was added, and the incubation was continued for the indicated times. At the
indicated time points, transepithelial resistance was determined. Data are
means 6 standard deviations (n 5 5).
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focal adhesion plaques (27). Again, both processes would
rather support organization of epithelial cell monolayers. In-
terestingly, lysophosphatidic acid, which is also known to acti-
vate RhoA (18, 26), causes recruitment of tyrosine-phospho-
rylated proteins and actin formation at focal adhesion plaques
but decreases transepithelial resistance when given to brain

endothelial cells (43). Furthermore, Turner et al. described the
importance of the phosphorylation of the myosin light chain in
the regulation of epithelial tight junctions and hypothesized
that increased tension of the perijunctional actomyosin ring
may decrease transepithelial resistance (46). Thus, the effects
of CNF1 on transepithelial resistance may be due to activation
of MLC phosphorylation via RhoA and Rho-kinase, which was
shown to inhibit myosin phosphatase (25).

Recently, Hofman et al. reported that CNF1 decreases
transmigration of leukocytes in the T84 monolayer without
affecting tight junction permeability (16). The reason for these
discrepancies is not known at present. However, in these stud-
ies a different cell line revealing higher transepithelial resis-
tances was used, and CNF1 was applied at a concentration (10
ng/ml) lower than that described here.

Fiorentini et al. reported that preincubation with CNF1 for
18 h impairs toxin B-induced effects (11). For studies of the
combined actions of toxins on transepithelial resistance, we
preincubated Caco-2 cells with CNF1 for only 1 h. A longer
preincubation period reduced transepithelial resistance to val-
ues which no longer allowed differentiation between the effects
of CNF1 and toxin B. Although the EC50 of CNF1 to decrease
transepithelial resistance was sixfold lower than that of toxin B,
preincubation with CNF1 did not alter the effect of toxin B

FIG. 6. [32P]ADP ribosylation of Rho in lysates of CNF1- and toxin B-
treated Caco-2 cells. Caco-2 cells were treated for 4 h without (control) and with
GST-CNF1 (100 ng/ml) and toxin B (100 ng/ml), respectively. Thereafter, cells
were lysed and Rho proteins were [32P]ADP ribosylated in the presence of
[32P]NAD and C3 exoenzyme. The labeled proteins were analyzed by SDS-
PAGE and phosphorimaging (shown). C3 labeled Rho with an apparent molec-
ular mass of 23 kDa. Treatment of cells with GST-CNF1, which deamidates Rho,
causes a gel shift to higher apparent molecular mass. Toxin B-induced glucosy-
lation of Rho prevents subsequent ADP ribosylation by C3.

FIG. 7. Phase-contrast microscopy of CNF1- and toxin B-treated Caco2 cells. Caco-2 cells were untreated (A) or treated with GST-CNF1 (100 ng ml21) (B), with
GST-CNF1C866S (100 ng ml21) (C), or with toxin B (100 ng ml21) (D) for 6 h. (E) Cells were also treated with CNF1 (100 ng ml21) for 1 h, and then toxin B was
added for a further 5 h. After treatment, the cells were fixed and applied for phase-contrast microscopy.
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when it was applied at the same concentrations. These data
indicate that toxin B exhibits a dominant effect on Rho. This
finding is in line with recent observations that glucosylation of
Rho (44) and Ras (23) by C. difficile toxin B and Clostridium
sordellii lethal toxin, respectively, uncouples the interaction of
the GTPases with their effectors.

In summary, our findings indicate that not only inhibition of
Rho proteins by bacterial toxins but also activation of these
GTPases by CNF1 causes significant changes in transepithelial
resistance and in the permeability of epithelial monolayers.
Further studies are necessary to clarify whether these effects

are of relevance for a role of CNF1 as a virulence factor of E.
coli.
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