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The effects of Escherichia coli O157:H7 (strains E30480 and PM601) and the associated verotoxins (VTs),
VT1 and VT2, on stress-activated protein kinase and nuclear factor kappa B (NF-�B) signaling were investi-
gated with Vero cells, which are extremely sensitive to the cytotoxic effects of E. coli O157:H7 in vitro. Cell-free
supernatants prepared from E30480 and PM601 cultures and purified VT1 and VT2 stimulated a strong and
prolonged (>4-h) activation of both c-Jun N-terminal kinase (JNK) and p38 mitogen-activated protein kinase.
However, JNK activity stimulated in response to E30480 supernatants was substantially reduced following
pretreatment with anti-VT1 and anti-VT2 antibodies, while a VT1 and VT2 gene knockout mutant of PM601
was unable to stimulate JNK activity. E30480 supernatants also caused a sustained activation of NF-�B DNA
binding, degradation of inhibitory kappa B alpha (I�B�), and an increase in inhibitory kappa B kinase �
activity, although PM601 supernatants and VT1 and VT2 had no effect. However, preincubation with VTs
prolonged the transient activation of NF-�B and I�B� degradation stimulated by either tumor necrosis factor
alpha or interleukin 1�, while preincubation with anti-VT antibodies prevented the prolonged loss of I�B� and
partially reduced DNA binding in response to E30480 supernatants. These results strongly suggest that in Vero
cells, VT plays an essential role in sustained JNK and NF-�B signaling in response to E. coli O157:H7 and that
this action may underpin their cell-selective cytotoxic effects. These studies also suggest that another compo-
nent released by strain E30480 contributes to the early activation of JNK and NF-�B.

Infection with Escherichia coli O157:H7 (verotoxigenic E.
coli [VTEC]) can lead to diseases such as hemorrhagic colitis
and hemolytic-uremic syndrome, mediated in part via the pro-
duction and release of toxins termed verotoxins (VTs) (3). The
two major VTs produced by VTEC, VT1 and VT2, have been
well described (34, 35). Following initial infection, E. coli
O157:H7 adheres to intestinal epithelial cells, inducing char-
acteristic attaching and effacing lesions (1) and leading to the
development of bloody diarrhea, one of the hallmarks of hem-
orrhagic colitis. It is likely that this disruption of the epithelial
barrier contributes to the VTs entering the bloodstream and
spreading to target organs such as the kidneys (24, 40) in
addition to their reported ability to translocate directly
through epithelium (39). Both VT1 and VT2 bind to globotri-
aosylceramide (Gb3 [CD77]) receptors (21) and exert a pro-
found cytotoxic effect on target cells such as microvascular
endothelial cells, renal tubular epithelial cells, renal cortical
cells, and African green monkey kidney cells (Vero cells) (24,
26, 28, 57). The VTs are known protein synthesis inhibitors and
inducers of apoptosis (2, 19, 35). Renal endothelial and epi-
thelial cells are at particular risk (24, 49, 50); the development

of the hemolytic-uremic syndrome, characterized by microan-
giopathic anemia, thrombocytopenia, and acute renal failure,
is a common cause of mortality among infants and the elderly
following infection with E. coli O157:H7 (9, 54, 55). Although
VT1 and VT2 have been shown to be cytotoxic to tubular
epithelial cells, Vero cells, and neurons (2, 19, 27, 49), they are
not cytotoxic to monocytes, despite their possession of Gb3

receptors (41). Instead, monocytes respond to VT stimulation
via the release of cytokines such as tumor necrosis factor alpha
(TNF-�) and interleukin 1 (51, 56). These findings suggest
differences in the mechanisms by which different cellular re-
sponses are initiated.

To date, very little is known about the cellular signaling
events which regulate either the release of cytokines by E. coli
O157:H7 and its VTs or the selective cytotoxicity of VT1 and
VT2 in kidney epithelial cells. However, two pathways can play
important roles in mediating responses to infection and toxic
challenge, namely, the stress-activated protein (SAP) kinases
and the family of transcription factors known as nuclear factor
kappa B (NF-�B). The SAP kinases consist of homologues of
c-Jun N-terminal kinase (JNK) and p38 mitogen-activated pro-
tein (MAP) kinase and are strongly activated by cytokines,
including interleukin 1 and TNF-�; cytokine inducers, such as
lipopolysaccharide (LPS); and physical trauma induced by os-
motic stress and UV irradiation (53). While JNK and p38 MAP
kinase have been consistently implicated in the release of cy-
tokines and in the enhanced expression of inflammatory pro-
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teins (4, 14, 48), both proapoptotic and cytoprotective roles
have been suggested for these kinases, depending on cell type,
their relative expression, the nature of the stimulus, and their
kinetics of activation (22, 33, 59, 62).

NF-�B (also known as Rel) proteins exist as homo- or het-
erodimers of p50 (NF-�B1), p65 (RelA), c-Rel, RelB, and p52
(NF-�B2), which are all related through a conserved sequence
of �300 amino acids known as the Rel homology domain.
NF-�B binding sites are found within the promoter sequences
of many inflammatory genes, including those for TNF-�, in-
ducible nitric oxide synthase, and cyclooxygenase-2 (7). At rest,
NF-�B is retained within the cytosol bound to inhibitory kappa
B (I�B); following cellular activation, NF-�B dissociates from
I�B and translocates to the nucleus. Dissociation is initiated by
the phosphorylation of I�B�, which is mediated by isoforms of
I�B kinase (IKK) (10, 42, 61). Although NF-�B is well recog-
nized as regulating inflammatory responses, its role in cellular
survival is still poorly defined, and both proapoptotic and pro-
tective effects have been proposed (reviewed in reference 32).

In this study, we examined the ability of E. coli O157:H7 and
the associated VTs, VT1 and VT2, to stimulate SAP kinase
and NF-�B signaling events in African green monkey kidney
cells (Vero cells), which are extremely sensitive to the cytotoxic
effects of E. coli O157:H7 in vitro. In Vero cells, supernatants
from E30480 and PM601 caused a sustained activation of JNK
that was dependent on the presence of either VT1 or VT2.
Furthermore, while VT alone had no effect on the NF-�B
signaling pathway, the toxin was required for a sustained
NF-�B response to E30480, primarily due to an inhibition of
the resynthesis of I�B. These toxin-mediated responses, which
distinguish E. coli O157:H7 from other, non-VT-producing E.
coli serotypes in Vero cells, may underpin the cell-selective
cytotoxic effects previously observed with this infective agent.

MATERIALS AND METHODS

All chemicals and reagents were obtained from appropriate commercial
sources. E. coli expression plasmids for glutathione S-transferase (GST)–MAP
kinase-activated protein kinase 2 (MAPKAPK-2) and GST–c-Jun(5–89) were
kind gifts from J. Woodgett (Toronto, Ontario, Canada) and C. J. Marshall
(Chester Beatty Laboratories, London, United Kingdom), respectively. E. coli
O157:H7 (strain E30480: VT1 and VT2 producing) (47) was purchased from the
Public Health Laboratory Service, National Collection of Type Cultures and
Pathogenic Fungi, Central Public Health Laboratory, London, United Kingdom.
The clinical isolate of E. coli O157:H7 (strain 00:BA152345) was obtained from
the University of Rochester clinical microbiology laboratory, Rochester, N.Y.,
and was termed PM601.

All bacterial cultures were grown to stationary phase in tryptic soy broth at
37°C with continuous agitation. Control cultures in all assays were incubated in
tryptic soy broth alone. Supernatants were obtained from the cultures following
centrifugation at 17,000 � g and were filtered through a 0.22-�m-pore-size filter
(Millipore). VT1, VT2, and monoclonal antibody to VT1 (SLT-13C4) were
purchased from Toxin Technology (Sarasota, Fla.). Both VT1 and VT2 were
purified (at Toxin Technology) by DEAE anion-exchange and Sephacryl S-100
gel filtration chromatography and were 50 and 25% pure, respectively, as deter-
mined by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
(PAGE). The relatively low purity was due to the high potency and instability of
the holotoxin (alpha and beta subunits), yet a 1-mg/ml concentration of either
toxin was verotoxigenic to at least a dilution of 10�7. Lipopolysaccharide (LPS)
contamination of the VTs was routinely found to be less than 1%. Monoclonal
antibody to VT2 was a kind gift from T. G. Obrig (University of Virginia). The
IKK�, I�B�, c-Rel, p50, and p65 antibodies were obtained from Santa Cruz
Biotechnology, Inc. (Santa Cruz, Calif.). Human recombinant TNF-� was pur-
chased from R&D Systems, Inc. (Oxon, United Kingdom).

Construction of VT1 and VT2 gene knockout strains. VT1 and/or VT2 gene
knockout strains of E. coli O157:H7 (PM601) were constructed by using a suicide

vector system as described by Donnenberg and Kaper (11). Deletion derivatives
of genes sltA1 and sltB1 and of genes sltA2 of sltB2, encoding VT1 and VT2,
respectively, were created by PCR from E. coli O157:H7 (PM601) genomic
DNA. The primer sequences were as follows: VT1a forward, 5�-ACAAAGCG
GAGCTCATTGTTGAAGG-3�, and VT1a reverse, 5�-CTAAAAATACGCGT
TTTCATATTAC-3�; VT1b forward, 5�-GTTATTACGCGTTGAGTCAGAA
TAG 3�, and VT1b reverse, 5�-ATCACCTTCTAGAGTAATCGCCTCC-3�;
VT2a forward, 5�-CAGCATTGAGCTCTACGAGTTTGA-3�, and VT2a re-
verse, 5�-CCCATTTAAATAAACGCGTCTTCATATA-3�; and VT2b forward,
5�-AGTGCAGTTTAATACGCGTTGAGGCAT-3�, and VT2b reverse, 5�-CGC
AAGTCTAGAGGCGACGCCG-3�.

The resulting deletion constructs lacked all but the initial coding region of the
toxin gene, but with the start and stop codons replaced with a unique MluI site.
The deletion fragments were flanked with a 5� SacI site and a 3� XbaI site. With
these sites, the deletion derivatives were cloned into suicide vector pCVD442.
The plasmids containing the gene deletion mutations of VT1 or VT2 were then
conjugated into E. coli O157:H7, and transcripts were selected on minimal
medium containing ampicillin. Ampicillin-resistant, sucrose-sensitive pro-
totrophs were subjected to further selection on modified Luria-Bertani (LB)
medium at 30°C as previously described (5). Sucr Amps clones were then
screened by PCR to confirm deletion of the toxin genes. The resulting strains
were PM676 (lacking VT1 [VT1�] but containing VT2 [VT2�]), PM635 (VT1�

VT2�), and PM678 (VT1� VT2�). In addition, PM678 was transformed with
plasmids bearing both the VT1 and the VT2 genes, giving rise to two new strains:
PM678/pMP208/pMP216 (	sltA1 	sltB1, 	sltA2 	sltB2, sltA1� 	sltB1�,
	sltA2� 	sltB2�; VT1� [high], VT2� [low]) and PM678/pMP211/pMP215
(	sltA1 	sltB1, 	sltA2 	sltB2, sltA1� 	sltB1�, 	sltA2� 	sltB2�; VT1� [low],
VT2� [high]), where slt is Shiga-like toxin, high is high-copy-number plasmid,
and low is low-copy-number plasmid). Hence, functional verotoxicity was re-
stored, mimicking that of the wild-type PM601 isolate, to ensure that any result-
ing inactivity of PM676 was due to the removal of the VT genes and not damage
by insertion of plasmids.

Cell culture. African green monkey kidney epithelial cells (Vero cells) were
maintained in M199 medium with Earle’s salts and supplemented with 5%
(vol/vol) fetal calf serum, 2 mM L-glutamine, 100 U of penicillin/ml, and 100 �g
of streptomycin/ml in a humidified atmosphere containing 5% CO2 at 37°C.

Western blotting. Detection of I�B� by SDS-PAGE was conducted as outlined
previously (29). The titers of all antibodies were determined for optimal condi-
tions.

JNK and p38 MAP kinase assays. Following termination by washing in ice-
cold phosphate-buffered saline (PBS), cells were lysed in the appropriate solu-
bilizing buffer, and precleared supernatants were added to the relevant substrate
as previously described (38). Briefly, following solubilization, lysates were clari-
fied by centrifugation at 13,000 � g for 5 min at 4°C, and supernatants were
retained. For the JNK assay, precleared supernatants (10 �g of protein) were
added to 20 �l of a slurry of GST–c-Jun(5–89)—glutathione-Sepharose beads
and mixed for 3 h at 4°C; for the p38 MAP kinase assay, full-length GST–
MAPKAPK-2 was used. The precipitates were resuspended in 25 �l of kinase
buffer (38), and the reaction was started by the addition of [
-32P]ATP (1 to 2
�Ci, 25 �M) and incubated for 20 min at 30°C. The addition of 10 �l of 4�
Laemmli sample buffer terminated the reaction. Samples were boiled for 5 min,
resolved by SDS–11% PAGE, and fixed in 20 ml of fixer solution (20% [vol/vol]
methanol, 10% [vol/vol] acetic acid) for 30 min. Gels were dried and subjected
to autoradiography overnight.

Electrophoretic mobility shift assay (EMSA). Following termination by wash-
ing in ice-cold PBS, agonist-stimulated cells were scraped, pelleted, resuspended
in 400 �l of buffer 1 (10 mM HEPES [pH 7.9], 10 mM KCl, 0.1 mM EDTA, 0.1
mM EGTA, 1 mM dithiothreitol [DTT], 0.5 mM phenylmethylsulfonyl fluoride,
0.5 mg of leupeptin/ml, 0.5 mg of aprotinin/ml), and incubated on ice for 15 min.
Twenty-five microliters of 10% (vol/vol) NP-40 was then added, followed by brief
vortexing. Detergent extracts were collected by centrifugation, and the pellet was
extracted in 50 �l of buffer 2 (20 mM HEPES [pH 7.9], 25% [vol/vol] glycerol, 0.4
M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT) at 4°C with shaking for 15
min. The final nuclear extract was obtained by sonication on ice in a bath-type
sonicator (twice for 30 s each time) followed by centrifugation at 13,000 � g for
15 min at 4°C.

NF-�B DNA binding was assayed by an EMSA with an NF-�B DNA probe,
5�-AGTTGAGGGGACTTTCCCAGGC-3�, which had been previously labeled
with 32P by using T4 polynucleotide kinase in accordance with the manufacturer’s
instructions (Promega). Samples were run on 5% nondenaturing polyacrylamide
gels, and binding was identified by autoradiography.

IKK assay. Cells were incubated with vehicle or agonist as appropriate,
washed twice in ice-cold PBS, and then lysed with solubilization buffer (20 mM
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Tris-HCl [pH 7.6], 1 mM EDTA, 0.5 mM EGTA, 150 mM NaCl, 0.1% [wt/vol]
Brij 35, 1% [wt/vol] Triton X-100, 20 mM sodium fluoride, 0.5 mM sodium
orthovanadate, 20 mM �-glycerophosphate, 10 �g of aprotinin/ml, 10 �g of
pepstatin A/ml, 10 �g of leupeptin/ml, 1 mM phenylmethylsulfonyl fluoride).
Extracts were clarified by centrifugation at 13,000 � g for 5 min at 4°C, equalized
for protein, and incubated with 1.5 �g of an anti-IKK� antibody precoupled to
protein G-Sepharose (2 h, 4°C) with rotation. Immunocomplexes were collected
by centrifugation (13,000 � g, 1 min) and washed once with solubilization buffer
and once with 25 mM HEPES buffer (pH 7.6) containing 25 mM �-glycerophos-
phate, 25 mM NaF, 15 mM MgCl2, and 1 mM DTT before incubation in the
same buffer containing [
-32P]ATP (25 �M, 5 �Ci) and 1 �g of a recombinant
fusion protein consisting of GST and the N terminus of I�B� (final volume, 30
�l) for 30 min at 30°C. Samples were boiled with 4� Laemmli sample buffer (5
min). Aliquots of each sample were then subjected to SDS–10% PAGE and fixed
in 20 ml of fixer solution for 30 min. After drying, phosphorylated I�B was
visualized by autoradiography overnight.

RESULTS

In Vero cells, supernatants from E. coli O157:H7 strain
E30480 strongly stimulated JNK activity (Fig. 1A). Maximal
activation was observed at between 30 and 60 min, was approx-
imately 20- to 25-fold basal levels, and was sustained for at
least 5 h (Fig. 1B). E. coli O157:H7 also strongly activated p38
MAP kinase (Fig. 1C) with biphasic kinetics, in that a 5- to
10-fold increase in the activity of the kinase was observed as
early as 15 min and before a return to basal levels by 60 min
(Fig. 1D). A second phase of activity was maximal by 2 h and
remained elevated for the rest of the time course. This effect
was also reflected at the level of MAPKAPK-2, the immediate
downstream target of p38 MAP kinase, which was also acti-
vated following stimulation, confirming that E30480 prolonged
the activation of SAP kinase signaling (results not shown). In
contrast, extracellular signal-regulated kinase was not acti-
vated by E30480 supernatants (results not shown). Further-
more, the effects of E30480 were not mimicked by LPS (50
�g/ml), which gave a negligible response (results not shown).
This finding was significant, as E30480 supernatants contained
22 ng of LPS/ml.

The cytotoxic agents of E30480 and PM601, VT1 and VT2,
were also examined for their ability to activate JNK in Vero
cells. Both toxins stimulated a sustained activation of JNK,
with kinetics similar to those observed with the supernatants
(Fig. 2A for VT2; results not shown for VT1). Although the
concentrations of VT1 and VT2 in the E30480 supernatants
(570 and 930 ng/ml, respectively) and the purified VTs (2
�g/ml) used to stimulate JNK activity were high relative to the
amount of toxin required to initiate cytotoxicity in Vero cells
(50% cytoxic dose, 5 ng/ml) (results not shown), VT2 at a
400-fold-reduced concentration (5 ng/ml) still caused a sub-
stantial and sustained increase in JNK activity (Fig. 2B); how-
ever, this activation was further delayed by approximately
1.5 h, reaching a maximum at 2 h.

Furthermore, we found that the activation of JNK by
E30480 supernatants was substantially reduced by preincuba-
tion of Vero cells with antibodies directed against VT1 and
VT2 (Fig. 3). Cells were incubated with 5 �g of either anti-VT1
or anti-VT2 antibody/ml, as this concentration was previously
found to completely inhibit either VT1- or VT2-stimulated
JNK activity (results not shown). Anti-VT1 antibody reduced
JNK activity stimulated by E. coli O157:H7 supernatants by
approximately 10%; however, anti-VT2 antibody was much
more effective, reducing the response by at least 50%. Treat-

ment of cells with both antibodies in combination essentially
abolished activity (Fig. 3).

In order to further determine the obligatory role of VTs in
the effects of E. coli O157:H7, we also tested the ability of E.
coli O157:H7 VT gene knockout bacteria derived from another
strain, PM601, to activate JNK signaling in Vero cells (Fig. 4).
Wild-type PM601 supernatants stimulated a strong and sus-
tained increase in JNK activity which was similar to that ob-
served with E30480 supernatants (Fig. 4A). However, the ki-
netics of activation were slightly delayed, such that maximal
activity was not reached until 2 h, similar to the results ob-
tained with purified VT2. The VT1 knockout strain, PM676,

FIG. 1. E30480-stimulated SAP kinase activity in Vero cells. (A
and C) Vero cells were exposed to E30480 supernatants for the times
indicated. Samples were assayed for JNK (A) and p38 MAP kinase
(C) activities as outlined in Materials and Methods. Each autoradio-
graph represents at least three experiments. (B and D) JNK and p38
activities were quantified by scanning densitometry, respectively; each
value represents the mean and standard error of the mean for three
experiments.
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and the VT2 knockout strain, PM635, induced similar sus-
tained increases in JNK activity, which was also maximal by 2 h
(Fig. 4C and D). The nonverotoxigenic double-VT knockout
strain, PM678, was unable to stimulate JNK activity at any time
point examined (Fig. 4B).

Furthermore, retransformation of PM678 with plasmids
bearing the VT1 and VT2 genes restored JNK activity to a
level which was not significantly different from that obtained
with the original wild type (Fig. 4F). This result suggested that
the effect of VT deletion from the original strain, PM601, was
not due to any artifacts associated with the deletion procedure.

While these experiments clearly suggested that the presence
of VTs is essential for a large component of JNK signaling in
response to E. coli O157:H7, some qualitative differences
could be observed between the E30480 and the PM601 super-
natants (Fig. 1A versus Fig. 4A), suggesting the presence in
E30480 of a component which resulted in a more rapid acti-
vation of JNK signaling. To further examine this phenomenon,
we used supernatants derived from the nonverotoxigenic E.
coli serotypes O166:H27 and O18ac:K77 (Fig. 5). Both super-
natants stimulated a rapid transient activation of JNK signal-
ing, which was maximal at 15 to 30 min and then returned to
basal levels by 2 h.

In addition to novel effects on JNK signaling, we also found

unusual effects on NF-�B signaling in response to E30480
supernatants and the toxins (Fig. 6). Supernatants from
E30480 stimulated a rapid increase in NF-�B DNA binding
activity, which was maximal by 60 min and sustained for a
further 4 h. Interestingly, this activity was accompanied by a
sustained decrease in the expression of I�B� (Fig. 6B), rather
than the normal transient decrease observed in other cell types
in response to cytokines (16, 52). Furthermore, we found that
E30480 supernatants also stimulated a strong increase in IKK�
activity (Fig. 6C), which was maximal by 30 min and then
returned to basal levels by 2 h. Additionally, and in contrast to
their effects on JNK signaling, VT1, VT2, and PM601 super-
natants at concentrations that strongly activated JNK signaling
had no significant effects on any intermediate of the NF-�B
signaling cascade (Fig. 6A and D). Again, the activation of
NF-�B by E30480 supernatants was not mimicked by LPS,
suggesting that the effects of E. coli O157:H7 are not mediated
by this contaminant (results not shown).

Using supernatants derived from other E. coli serotypes, we
observed further differences in the regulation of NF-�B signal-
ing (Fig. 7). In contrast to the sustained activation in response
to E30480, incubation of Vero cells with O166:H27 generated
a much more transient increase in NF-�B DNA binding activ-
ity; while peaking at 30 min at a level of stimulation compara-
ble to that observed with E30480 (20-fold), this activity re-
turned to basal levels by 2 h (Fig. 7A). This increase was
accompanied by a very transient decrease in I�B� expression,
which returned to basal levels by 60 min (Fig. 7B). This result
was not due to a more transient activation of IKK�, because
the activation was very similar to that observed with E30480
(compare Fig. 7C with Fig. 6C), suggesting that the differences
in the responses to the supernatants are likely to be manifested
at the level of I�B degradation.

To determine further the effects of VTs on the kinetics of

FIG. 2. Activation of JNK by VT2 in Vero cells. (A and B) Vero
cells were stimulated with VT2 at 2 �g/ml (A) or 5 ng/ml (B) for the
times indicated. Samples were assayed for JNK activity as outlined in
Materials and Methods. Each autoradiograph represents at least three
experiments. (C) JNK activity from panel A (2 �g/ml) was quantified
by scanning densitometry; each value represents the mean and stan-
dard error of the mean for three experiments.

FIG. 3. Effects of anti-VT-1 and anti-VT-2 antibodies on E30480-
stimulated JNK activity in Vero cells. (A) Vero cells were preincu-
bated with 5 mg of either anti-VT1 or anti-VT2 antibody/ml alone or
in combination for 60 min and then stimulated with VT1, VT2, or E.
coli O157: H7 supernatants for a further 60 min. Samples were assayed
for JNK activity as outlined in Materials and Methods. The autoradio-
graph represents at least three experiments. (B) JNK activity from
panel A was quantified by scanning densitometry; each value repre-
sents the mean and standard error of the mean for three experiments.
Asterisks indicate P of �0.05 compared to E30480 stimulation.
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NF-�B signaling, we incubated cells with either VT1 or VT2
prior to the addition of O166:H27 supernatants or TNF-� (40
ng/ml) (Fig. 8). While VTs alone had little effect on NF-�B
DNA binding in response to O166:H27 at 30 min, they mark-
edly prolonged the response at 4 h, such that the signal was
sustained and comparable to that observed with E30480 (Fig.
8A). This effect was also mimicked at the level of I�B� expres-
sion, where the presence of VTs maintained both O166:H27-
and TNF-�-stimulated decreases in I�B� expression for up to
4 h (Fig. 8B and C).

Figure 9 shows the effects of anti-VT antibodies on NF-�B

signaling in response to E30480. Pretreatment of cells with
anti-VT antibodies did not affect the initial decrease in cellular
I�B� expression stimulated by the supernatants (Fig. 9A).
However, in the presence of both anti-VT1 and anti-VT2 an-
tibodies, there was a complete reversal of the prolonged de-
crease in I�B� expression in response to the supernatants.
However, NF-�B DNA binding was only partially affected un-
der similar conditions, with a decrease of only 30% in E30480-
stimulated EMSA activity in the presence of the antibodies in
combination (results not shown). Therefore, additional exper-
iments were carried out with a supershift assay to determine

FIG. 4. Effect of VT1 and VT2 gene knockout strain PM601 on JNK activity in Vero cells. (A to D and F) Vero cells were incubated with
supernatants from PM601 (A), PM678 (B), PM635 (C), and PM676 (D) for the times indicated. Cells were incubated with PM601, PM635, PM676,
PM678, PM678/pMP208/pMP216, PM678/pMP211/pMP215, and E30480 for 3 h (F). Samples were assayed for JNK activity as outlined in
Materials and Methods. Each autoradiograph represents at least three experiments. (E) Values obtained in panels A to D were quantified by
scanning densitometry; each value represents the mean and standard error of the mean for three experiments.
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whether a selective decrease in the DNA binding of one iso-
form of NF-�B occurred (Fig. 9B). In nuclear extracts pre-
pared from E30480-stimulated cells, NF-�B DNA binding was
attributed to the p50 and p65 isoforms (Fig. 9B, E30480).
However, pretreatment with both anti-VT1 and anti-VT2 an-
tibodies did not selectively diminish the binding of either iso-
form; rather, there was a consistent, approximately 30 to 50%
decrease in both p50 and p65 binding (Fig. 9B, E30480 plus
antibodies).

DISCUSSION

In this study, we examined the intracellular signaling events
potentially relevant to the cytotoxic actions of E. coli O157:H7.
Our studies revealed differences in the actions of supernatants
derived from cultures of E. coli O157:H7, the associated vero-
toxins, VT1 and VT2, and supernatants from other serotypes.
E. coli O157:H7 strain E30480 stimulated a remarkably strong
and sustained activation of JNK and p38 MAP kinase that was

comparable to that seen with several other forms of extreme
cellular stress (8, 17). This response was distinct from that
observed with other nonverotoxigenic E. coli serotypes, sug-
gesting that VTs mediate a portion of this signal, particularly at
later time points. This suggestion was confirmed by further
experiments, which showed that either VT1 or VT2 alone
stimulated a sustained activation of JNK and that antibodies
directed against either toxin limited the degree of stimulation
obtained with E. coli O157:H7 supernatants. Additionally, a
gene knockout strain derived from PM601 was constructed and
was unable to activate JNK.

The ability of a toxin to sustain the activation of JNK may be
critical in determining whether the toxin and thus E. coli
O157:H7 are able to initiate cell death. This area of study is
controversial, and both protective and proapoptotic roles for
JNK have been identified (15, 43, 59, 62). Recent studies have
indicated that sustained JNK activity is more likely to result in
cellular apoptosis in different cell types (8, 17), including en-
dothelial cells, which are known target cells for VTs. However,
until studies are able to effectively limit the kinetics of JNK
through the use of either dominant-negative forms of JNK or
overexpression of the relevant deactivating phosphatase, then
this idea remains unproven. Nevertheless, it is interesting that
decreasing the concentrations of VTs not only delayed the
onset of JNK activation (Fig. 2) but also delayed the onset of
cell death (results not shown). Thus, while JNK alone may not
be responsible for VT-induced cytotoxicity, it may determine
the rate of cell death by acting in synergy with other events.
These events may include activation of caspases and inhibition
of protein synthesis, both of which have been shown to be
regulated by VTs (12, 23, 26, 36).

Although VTs were responsible for a large proportion of the
JNK signal induced by E. coli O157:H7, it was clear that other
nonverotoxigenic serotypes, for example, O166:H27, could
also stimulate the activation of JNK. This finding suggested
that a component of the supernatants common to these sero-
types was able to rapidly activate the JNK signaling pathway.
Thus, for E30480, the observed JNK signal was likely to com-
prise an early, non-toxin-dependent phase and a late, sustained
phase which was toxin dependent. This scenario was difficult to
determine without a very detailed analysis of the early kinetics
of the JNK response. However, a biphasic response was much
more apparent for p38 MAP kinase activity, with an initial
peak at 15 min followed by later sustained activity.

The rapid onset of SAP kinase activation in response to
E30480 and O166:H27 is consistent with a receptor-mediated
effect similar to that observed with cytokines and other G-
protein-coupled receptors (29, 38). LPS is not likely to be
involved, as this agent, when added exogenously to Vero cells,
did not initiate JNK or p38 MAP kinase activation. Various
investigators have shown that LPS is able to activate MAP
kinase homologues in numerous cells types (37, 46) through
the activation of Toll-like receptors (6, 45, 60). Since Vero cells
are unresponsive to LPS, this finding suggests that these cells
lack the relevant Toll-like receptor subtypes or the adaptor
proteins required to activate signaling responses. Soluble fac-
tors (outer membrane proteins, glycolipids, polysaccharides,
and secreted proteins) other than LPS are released from both
verotoxigenic and non-VT-producing strains of E. coli; some of
these could activate epithelial cells (25). Thus, it is possible

FIG. 5. Effects of non-VTEC serotypes on JNK activity in Vero
cells. (A and B) Vero cells were incubated with supernatants from
O166:H27 (A) and O18ac:K77 (B) for the times indicated. Samples
were assayed for JNK activity as outlined in Materials and Methods.
Each autoradiograph represents at least three experiments. (C) Values
obtained in panels A and B were quantified by scanning densitometry;
each value represents the mean and standard error of the mean for
three experiments.
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that an additional factor present in some strains of E. coli is
able to activate Vero cells. Intriguingly, the American isolate
PM601 did not have the same profile of JNK activity as
E30480, and a VT double-knockout strain did not give a JNK

response. These results suggest differences in the products that
different strains of E. coli O157:H7 can produce in cultures.

Differences in the regulation SAP kinase signaling responses
by different supernatants were also manifested at the level of

FIG. 6. Effects of E30480 and VT1 on NF-�B DNA binding, I�B� degradation, and IKK� activity in Vero cells. Vero cells were stimulated with
E30480 supernatants and VT1 for the times indicated and then assayed for DNA binding activity (A), I�B� content (B and D), and IKK� activity
(C) as outlined in Materials and Methods. Each autoradiograph represents at least three experiments. Error bars in graphs indicate standard errors
of the mean.
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another signaling cascade, the NF-�B pathway. Supernatants
from E30480 but not PM601 generated strong and sustained
increases in DNA binding and I�B� degradation and, as shown
for the first time, an increase in the activity of the upstream
intermediate IKK. Surprisingly, VT1 and VT2 had little effect
on any of these intermediates. These results reveal that despite
the presence on Vero cells of CD77, the putative VT receptor,
VTs are also unlikely to activate NF-�B in a manner similar to
that observed for cytokine receptors, i.e., involving receptor-
associated intermediates such as NF-�B-inducing kinase,
MyD88, and TNF receptor-associated factors (31, 33); rather,
they suggest an indirect activation of these pathways. However,
once again, the fact that both E30480 and O166:H27 are able
to rapidly initiate NF-�B signaling is consistent with the notion
that a component common to these organisms is likely to
involve the activation of a receptor which couples simulta-
neously to both NF-�B and SAP kinase.

Despite the inability of VTs to directly activate the IKK/
I�B�/NF-�B cascade, an important and additional action of
VTs was the conditional, sustained activation of NF-�B signal-
ing in Vero cells. This action was not due to effects on the
initiation of the NF-�B signaling pathway per se, since there
were no differences in the abilities of E. coli O157:H7 strain
E30480, which contains VTs, and O166:H27, which does not,
to activate the upstream intermediate IKK. Rather, the effect
of VTs was manifested at the level of I�B� degradation, which
was prolonged in response to E30480 but not other superna-
tants. Additional results were consistent with these findings;

the presence of VTs prolonged the activation of NF-�B sig-
naling and I�B� degradation in response to either O166:H27
or the cytokine TNF-�. Furthermore, the prolongation of
TNF-�-induced degradation of I�B� was observed following
incubation of cells with wild-type strain PM601 but not with
double-knockout strain PM678 (data not shown). Thus, irre-
spective of the agent used to generate the initial early NF-�B
signal, VTs are essential for that signal to be prolonged.

The effect of VTs on NF-�B signaling is likely to be due to
inhibition of the resynthesis of I�B�, a process which normally
occurs following NF-�B activation due to the presence on the
promoter of the I�B� gene of an NF-�B binding site (20). This
effect would in turn be consistent with the well-described ri-
botoxic effect of VTs (36). Attempts to address this question

FIG. 7. Effect of E. coli O166:H27 on the activation of NF-�B
DNA binding activity, I�B� degradation, and IKK� activation in Vero
cells. Vero cells were stimulated with E. coli O166:H27 for the times
indicated and then assayed for DNA binding activity (A), I�B� content
(B), and IKK� activity (C) as outlined in Materials and Methods. Each
autoradiograph represents at least three experiments.

FIG. 8. Conditional sustained activation of NF-�B DNA binding
and I�B� degradation by VTs in Vero cells stimulated with E. coli
O166:H27 and TNF-�. Vero cells were preincubated with vehicle or
VT1 for 60 min before further stimulation with E. coli O166:H27
supernatants or TNF-� (40 ng/ml) for 30 min or 4 h. Samples were
assessed for NF-�B DNA binding (A) or I�B� levels (B and C) as
outlined in Materials and Methods. Each autoradiograph represents at
least three independent experiments. Error bars in the graph indicate
standard errors of the mean.
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with protein synthesis inhibitors, such as puromycin and acti-
nomycin D, were only partially successful, as these agents
alone caused the degradation of I�B� (results not shown).
Nevertheless, this mechanism is most likely to explain the ac-
tions of VTs.

It should be noted, however, that despite the substantial
reversal of the loss of I�B�, preincubation of Vero cells with
antibodies to VTs did not substantially affect E. coli O157:H7-
stimulated NF-�B DNA binding. This result implies that other
isoforms of I�B undergo phosphorylation and degradation,
allowing sufficient translocation of NF-�B isoforms to the nu-
cleus. Our experiments consistently failed to detect I�B�; thus,
it is possible that I�Bε is involved in sustaining NF-�B activity.
However, if this is the case, then the implication is that there
is another component in the supernatants which has additional
effects on NF-�B signaling and is manifested even when the
actions of the toxins are inhibited. Nevertheless, the fact that
E. coli O157:H7 can sustain NF-�B DNA binding activity is
likely to have profound implications for the physiological out-
come for the cell, since NF-�B is implicated in both induction
of and protection from apoptosis (reviewed in reference 32).
However, it still remains unclear whether this effect contrib-
utes to the cytotoxicity induced by VTs.

The sustained effects of VT on JNK, p38 MAP kinase, and
NF-�B signaling may directly relate to the cell-selective cyto-
toxic effects of the VTs. In support of this notion, a recent
report (18) described a sustained activation of p38 in response

to VT1 stimulation in Vero cells which, when inhibited with
the specific p38 inhibitor SB203580, partially reduced cell
death. Cells of myeloid origin are not susceptible to VT-in-
duced cytotoxicity, and in neutrophils, VT is cytoprotective
(30). In preliminary experiments with human peripheral blood
monocytes, we found that VTs are unable to activate JNK or
prolong NF-�B activation and that the transient kinetics of
JNK and NF-�B activation by E. coli O157:H7 strain E30480
are far more consistent with those observed in response to
O166:H27 (P. Cameron, D. Rotondo, and R. Plevin, unpub-
lished data). In a recent study, Shiga toxin type 1 was shown to
directly activate both AP-1 and NF-�B in THP-1 cells (44),
suggesting variations in signaling responses even between dif-
ferent cells of myeloid origins. The difference between Vero
cells and monocytes with regard to VT responsiveness is un-
clear, as both express Gb3 receptors, but it is likely to involve
coupling of the receptors to distinct intracellular signaling in-
termediates. As mentioned above, very recently, caspases, par-
ticularly isoforms 1 and 3, were implicated in VT-induced cell
death (23, 26). Therefore, since caspase 3 activation, apoptosis,
and prolonged JNK activity have been shown to be linked
through the cleavage and sustained activation of upstream
MEKK-1 (13, 22, 58), this action may constitute a possible
pathway by which the cell-selective effects of VTs are medi-
ated. This pathway may also represent a new site for therapeu-
tic intervention.
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