GASTROENTEROLOGY 2004;127:859-869

Differing Roles of Protein Kinase C-C in Disruption of Tight
Junction Barrier by Enteropathogenic and Enterohemorrhagic

Escherichia coli

FAROL L. TOMSON,* ATHANASIA KOUTSOURIS,* V. K. VISWANATHAN,* JERROLD R. TURNER,*

SUZANA D. SAVKOVIC,* and GAIL HECHT*'S

*Department of Medicine, Section of Digestive Diseases and Nutrition, University of lllinois at Chicago, Chicago; TDepartment of Pathology, The
University of Chicago, Chicago; and SUniversity of lllinois and Chicago Veterans Affairs Healthcare System, West Side Branch, Chicago, lllinois

Background & Aims: Enteropathogenic Escherichia coli
and enterohemorrhagic E. coli harbor highly homolo-
gous pathogenicity islands yet show key differences in
their mechanisms of action. Both disrupt host intestinal
epithelial tight junctions, but the effects of enteropatho-
genic E. coli are more profound than those of entero-
hemorrhagic E. coli. The basis for this is not understood.
The atypical protein kinase C isoform, protein kinase C-{,
associates with and regulates the tight junction com-
plex. The aim of this study was to compare the role of
protein kinase C-( in the disruption of tight junctions
after infection with enteropathogenic E. coli and entero-
hemorrhagic E. coli. Methods: Model intestinal epithelial
monolayers infected by enteropathogenic E. coli or en-
terohemorrhagic E. coli were used for these studies.
Results: Neither bisindolylmaleimide nor G66976, which
block several protein kinase C isoforms but not protein
kinase C-, protected against the decrease in transepi-
thelial electrical resistance after enteropathogenic E.
coli infection. Rottlerin at concentrations that block
novel and atypical isoforms, including protein kinase
C-(, significantly attenuated the decrease in transepi-
thelial electrical resistance. The specific inhibitory pep-
tide, myristoylated protein kinase C-{ pseudosubstrate,
also significantly decreased the enteropathogenic E.
coli-associated decrease in transepithelial electrical re-
sistance and redistribution of tight junction proteins. In
contrast to enteropathogenic E. coli, the level of protein
kinase C-{ enzyme activity stimulated by enterohemor-
rhagic E. coli was transient and minor, and protein ki-
nase C-{ inhibition had no effect on the decrease in
transepithelial electrical resistance or the redistribution
of occludin. Conclusions: The differential regulation of
protein kinase C-{ by enteropathogenic E. coli and en-
terohemorrhagic E. coli may in part explain the less
profound effect of the latter on the barrier function of
tight junctions.

nteropathogenic Escherichia coli (EPEC) and entero-
hemorrhagic Escherichia coli (EHEC) are noninvasive
enteric pathogens that cause acute watery diarrhea.! The

mechanisms by which these pathogens cause disease,
however, are not fully defined. Neither EPEC nor EHEC
is invasive, but both interact in an intimate fashion with
host intestinal epithelial cells via expression of virulence
genes housed in their genetically similar pathogenicity
islands, called the loci of enterocyte effacement (LEEs).
Contained within these loci are genes that encode pro-
teins involved in intimate attachment and type III se-
cretion. One mechanism that contributes to diarrhea
associated with EPEC and EHEC infection is disruption
of the intestinal epithelial tight junction (T]) barrier.?
Although some strains of EHEC, but not EPEC, produce
Shiga-like toxins, these toxins have no effect on TJs.?
One signaling pathway used by both organisms to alter
the TJ barrier is myosin light chain kinase (MLCK),%>
which phosphorylates the myosin light chain (MLC),
thus inducing cytoskeletal contraction, including the
perijunctional actomyosin ring. Contraction of this ring
in response to both physiological® and pathologic®>7
stimuli has been shown to perturb T] permeability.
Inhibition of MLCK with either pharmacological inhib-
itors®> or cell-permeant inhibitory peptides® attenuates
the decrease in transepithelial electrical resistance (TER),
a physiological measurement of TJ permeability, in re-
sponse to EPEC and EHEC.

In contrast, several differences in the effects of EPEC
and EHEC have been described. For example, although
both organisms alter TJs, the disruption inflicted by
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EHEC occurs slower and to a lesser extent than that seen
with EPEC.? Although the LEEs of EPEC and EHEC are
94% identical, transformation of nonpathogenic E. coli
HB101 with the LEE of EPEC, but not of EHEC, confers
the ability to perturb TJs.'® Both pathogens insert their
own receptor, translocated intimin receptor (Tir), into
host cells, but EPEC Tir is subsequently phosphorylated
and recruits the adapter molecule Nck, whereas EHEC
Tir remains unphosphorylated and does not recruit
Nck.''-13 In addition, the adapter molecules Grb2 and
CrKkII are present in EPEC-induced attaching and effac-
ing (A/E) lesions but absent from those formed in re-
sponse to EHEC.!'* These molecules, via protein/protein
interactions, may regulate downstream signaling events.
Therefore, although EPEC and EHEC are genetically
similar, significant differences exist in their pathogenic
mechanisms.

TJs are composed of scaffolding proteins, signaling
molecules, including protein kinase C (PKC)-{, and
transmembrane proteins, namely occludin, and claudins,
whose extracellular loops form the actual barrier. PKC
has long been recognized as a regulator of TJs.'>-'7 The
number and expression of different PKC isoforms is
cell-type specific; however, in epithelial cells, the atypi-
cal isoform PKC-{ was the only isoform found at the TJs
of Madin-Darby Canine Kidney (MDCK) and Caco-2
cells.'” EPEC and EHEC have been shown to activate the
conventional PKCs, specifically, PKC-a for EPEC.%18 It
is interesting to note that the general PKC inhibitor
staurosporine, which does not block PKC-{, had no
protective effect on the perturbation of the T] barrier by
EPEC,’ yet the staurosporine analogue CGP41251 pro-
vided some degree of protection against barrier disrup-
tion by EHEC.4 The aim of this study was to investigate
the role of the atypical isoform PKC-{ in disruption of
the TJ barrier by EPEC and EHEC.

Materials and Methods
Cell Culture

Tgy cells (polarized human intestinal epithelial cells)
were grown in a 1:1 (vol/vol) mixture of Dulbecco—Vogt
modified Eagle medium (Invitrogen, Carlsbad, CA) and
Hams F-12 (Invitrogen) with 6% newborn calf serum (In-
vitrogen) at 37°C in 5% CO,.'%1? Caco-2 cells were grown
in high-glucose Dulbecco—Vogt modified Eagle medium
supplemented with 10% fetal calf serum (Invitrogen) at

37°C in 5% CO,.

Growth of Bacteria and Infection
of Host Cells

The EPEC strain E2348/69 and the EHEC strain
SE806/85-170, a derivative of O157, which does not express
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Shiga toxins, were used in these studies. Wild-type EPEC or
EHEC was grown as previously described.!® Tgy or Caco-2
monolayers were infected with EPEC at a multiplicity of
infection (MOI) of 100, but for EHEC they were infected at an
MOI of 1000 to achieve equivalent numbers of adherent
bacteria.” After 1 hour, medium was aspirated and replaced.
Monolayers were incubated for additional time periods as
indicated.>-29:21

Protein Kinase C Inhibition

Cells were treated for 1 hour before infection with
select PKC inhibitors. The specific activities of these inhibitors
on PKC isoforms in Ty cells have been published previously.??
G66976 [(12-(2-cyanoethyl)-6,7,12,13-tetrahydro-13-methyl-
5-oxo0-5H-indolo(2,3-a)pyrrolo(3,4-c)-carazole); Calbiochem,
La Jolla, CA} was used at 5 pmol/L. Bisindolylmaleimide
[BIM; (2-[1-(3-dimethylaminopropyl)-1H-indol-3-yl}-3-(1H-
indol-3-yl)maleimide, HCIl; Calbiochem} was used at 5
pmol/L. Rottlerin (mallotoxin; Calbiochem) was used at 6 and
30 wmol/L. Myristoylated PKC-{ pseudosubstrate (Calbio-
chem) was used at a concentration of 50 pmol/L. An N-
terminal myristoylated pseudosubstrate sequence from PKC-a
and PKC-[3 that is cell-membrane permeant (Calbiochem) was
also used to inhibit these specific isoforms (8 pwmol/L).

Electrophysiological Studies

TER was measured as previously described.>-23

Protein Fractionation, Extraction, and
Immunoprecipitation

The cytosolic and membrane fractions were deter-
mined by using the procedures described by Song et al.?? For
immunoprecipitation, proteins were extracted,'® and clarified
whole-protein extracts (0.5 mg) were rotated for 2 hours at
4°C with 5.0 pg of anti-occludin or anti—PKC-{ antibodies,
followed by a 2-hour incubation at 4°C with protein A/Sepha-
rose beads. Beads were washed 3 times with extraction buffer,
and proteins were eluted by boiling for 10 minutes in sodium
dodecyl sulfate sample buffer. Proteins (100 pg) were resolved
by 12% sodium dodecyl sulfate-polyacrylamide gel electro-

phoresis and analyzed by immunoblotting.?*

Immunofluorescence Microscopy

Control and EHEC/EPEC-infected monolayers of Tgy
and Caco-2 cells were fixed on glass coverslips with 3.7%
paraformaldehyde and then permeabilized with 0.2% Triton
X-100 for 15 minutes. Cells were incubated with 2.5% bovine
serum albumin for 1 hour and then with primary antibody
against PKC-{, occludin, or zonula occludens-1 for 1 hour
followed by rhodamine- or fluorescein isothiocyanate—conju-
gated secondary antibody for 1 hour. Monolayers were washed
and mounted on glass microscope slides with Antifade reagent
(Molecular Probes, Eugene, OR). Stained monolayers were
visualized and photographed with a Nikon Opti-Phot inverted
microscope equipped with the Spot-RT digital imaging sys-
tem (Diagnostic Instruments, Sterling Heights, MI).



September 2004

Protein Kinase C-{ Activity Assays

PKC-{ activity assays were preformed as previously
described.??

Statistical Analysis

Data were analyzed with the Student 7 test for inde-
pendent samples. Differences were considered significant if P
was =0.05.

Results

Inhibition of atypical, but not conventional,
PKCs protects against disruption of the TJ barrier by
EPEC. EPEC activates the conventional isoform PKC-
o,'® but its pathophysiological role has not been ex-
plored. To determine whether conventional calcium-de-
pendent PKC isoforms were involved in the disruption of
the TJ as measured by TER, Tgs monolayers were pre-
treated with G66976, which blocks only the o and BI
isoforms. G66976 had no effect on the decrease in TER
associated with infection by EPEC, as shown in Figure
1A. These data suggested that either a novel or an
atypical PKC isoform is involved in the loss of barrier
function. Staurosporine, a general inhibitor of PKCs
(including PII), had no effect on disruption of the TJ
barrier after EPEC infection.> Staurosporine, however,
does not inhibit the atypical isoform PKC-{. In fact,
BIM, which inhibits conventional PKC isoforms (o and
BI), as well as the calcium-independent isoforms PKC-8
and -€, but not -{, also afforded no protection against the
EPEC-induced resistance decrease (Figure 1A). Rottlerin
was originally shown to be isospecific for PKC-0 at low
concentrations (50% inhibitory concentration, 3—6
pwmol/L) but blocks other PKC isoforms (€, {, and ) at
higher concentrations.?> Figure 1B shows that high (30
pmol/L), but not low (6 pmol/L), concentrations of
rottlerin protected the effect of EPEC on TER. Concen-
trations >>30 pwmol/L significantly decreased the TER of
control monolayers (data not shown) and therefore could
not be used. Tg4 cells have been reported to express only
5 of the 13 known PKC isoforms (o, BII, 9, €, and {).2¢
Subtractive analysis of the data obtained from these
pharmacological inhibitors suggested that PKC-{ might
be involved. We therefore focused on the role of PKC-{
in EPEC-induced disruption of TJs.

EPEC infection induces PKC-{ translocation. PKC-{
has been shown to localize to TJs'¢ and to participate in
the regulation of TJs.?” EPEC infection disrupts both the
structure and barrier function of TJs,'%-?% but the mech-
anisms and signaling pathways are not fully defined. We
have previously reported that EPEC induces PKC-{
translocation and activation in intestinal epithelial
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Figure 1. Conventional PKC inhibitors do not prevent EPEC disruption
of the TJ barrier. (A) Inhibition of conventional PKC isoforms either by
GO6976 or by the general PKC inhibitor bisindolylmaleimide (BIM) was
unable to attenuate the decrease in TER resulting from EPEC infec-
tion. Tg4 cells grown on Transwell (Corning Incorporated, Corning, NY)
filters were infected with EPEC with and without G66976 or BIM, and
TER was measured after 6 hours. The data represent mean * SEM for
data obtained at 6 hours after infection (n = 6-9 for each group). (B)
Rottlerin 6 wmol/L had no effect on EPEC-induced decreases in TER,
yet 30 wmol/L significantly diminished the decrease in TER resulting
from EPEC infection. Data represent mean = SEM (n = 6-11 for each
group; P = 0.02).
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Figure 2. EPEC infection induces PKC-{ translocation. Tg4 monolayers were infected with EPEC for 1 hour and then dual-stained for PKC-¢ and
occludin. Panels in the left column were stained with anti-occludin antibody (green), those in the middle column were stained with an anti-PKC-{
antibody (red), and the panels in the right column show the overlay of the 2 images. In control monolayers, occludin is primarily localized to the
periphery of the cells, and PKC-{ is primarily situated in the cytoplasm, with some residing at the membrane. After 1 hour of infection with EPEC,
the distribution of occludin was essentially unchanged, but a significant portion of PKC-{ had translocated to the membrane, as evidenced by its
colocalization with occludin (right panel). Similar changes were seen at 30 and 120 minutes after infection (not shown).

cells.?? To assess whether membrane-associated PKC-{
colocalized with TJs, dual immunofluorescent staining
for PKC-{ and occludin was performed (Figure 2). In
uninfected monolayers, occludin staining is limited to
TJs, whereas PKC-{ is primarily cytoplasmic. Although
some PKC-{ associates with TJs under control condi-
tions,!” at 1 hour after infection there is a clear shift of
PKC-{ to the periphery of the cell, correlating with
membrane translocation.?? Occludin (green) and PKC-{
(red) colocalization is shown by the merging of these
images (yellow). PKC-{ has been reported to bind oc-
cludin at its coil/coil domain3® and to regulate its phos-
phorylation and localization.3!

To determine whether EPEC infection altered the
interaction between occludin and PKC-{, coimmunopre-
cipitation studies were performed. PKC-{ was immuno-
precipitated from uninfected monolayers and those in-
fected with EPEC for 30, 60, and 120 minutes. Samples
were separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and then immunoblotted for occludin
and PKC-{. When expressed as a ratio of immunopre-
cipitated PKC-, there was no significant increase in the
amount of PKC-{-associated occludin after EPEC infec-
tion (data not shown), thus suggesting that the colocal-
ization seen was not due to direct protein/protein inter-
actions.

PKC-{ inhibition with myristoylated PKC-{ pseudosub-
strate attenuates the EPEC-induced decrease in TER. Al-

though general pharmacological inhibitors are useful in the
study of signaling events, specific inhibitory peptides for
individual PKC isoforms have recently become available.
To selectively examine the effect of PKC-{ inhibition on
EPEC-induced alteration of the TJ barrier, monolayers were
pretreated with a myristoylated PKC-{ pseudosubstrate.
We recently showed that this inhibitory pseudosubstrate
significantly reduced the activation of PKC-{ by EPEC.?
This inhibitory peptide diminished the translocation of
PKC-{ to the membrane after EPEC infection, as shown in
Figure 3A.

Incubation of uninfected monolayers with the PKC-{
inhibitory pseudosubstrate had no effect on TER. In
contrast, this inhibitory peptide significantly attenuated
the decrease in TER after EPEC infection (Figure 3B).
Protection was observed at 4 hours after infection, and
although the protective trend was still evident at 6
hours, the data were not statistically significant (data not
shown). These experiments were also performed in
Caco-2 cells and yielded similar results. We have noted
that Caco-2 cells have a more rapid response to the effects
of EPEC than do Ty cells (data not shown). In Caco-2
monolayers, a significant decrease in TER occurred as
early as 2 hours (—21% * 6%) and was significantly
attenuated by the PKC-{ pseudosubstrate (—9% *+ 6%;
P = 0.03; n = 6-9). No protection was seen at 4 hours,
similar to the trend seen in Tgy cells. To explore the
specificity of this response, a myristoylated PKC-a/3
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Figure 3. Specific inhibition of B
PKC-{ with a myristoylated
PKC-{ pseudosubstrate pre-
vents EPEC-induced transloca-
tion of PKC-{, a decrease in
TER, and relocalization of TJ
proteins. (A) EPEC-infected Tg4
monolayers in the absence and
presence of a PKC-{ pseudo-
substrate were stained for
PKC-{. In control monolayers,
most PKC-{ was cytoplasmic, al-
though some PKC-{ can be seen
at the membrane. EPEC infec-
tion causes most PKC-{ to shift
to the membrane. Treatment
with the inhibitory PKC-{ pseudo-
substrate significantly attenu-
ated EPEC-induced PKC-{ trans-
location. (B) Treatment with
PKC-{ pseudosubstrate before
infection with EPEC significantly
attenuated the EPEC-induced
decrease in TER at 4 hours (P =
0.02). The data represent mean
+ SEM (n = 6-9 for each
group) from 3 separate experi-
ments. (C) In uninfected mono-
layers, zonula occludens (ZO)-1
localizes primarily to the area of
the TJ. After EPEC infection,
Z0-1 staining is irregular, with
beading and small discontinui-
ties. ZO-1 rearrangement is pre-
vented by the PKC-{ inhibitory
pseudosubstrate. (D) Similar
protection against the redistri-
bution of occludin by EPEC is
seen with the PKC-{ pseudosub-
strate.
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pseudosubstrate was also tested. In contrast to the pro-
tective effect of the PKC-{ pseudosubstrate, the PKC-
o/ pseudosubstrate had no effect on the EPEC-induced
decrease in TER (—53% * 3% vs. —52% =% 5% change
in TER for EPEC and EPEC plus PKC-a/3 pseudosub-
strate, respectively; n = 6; P = 0.85). These results
indicate that a PKC-{—dependent pathway is involved at
least in the early phases of barrier disruption associated
with EPEC infection.
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We previously reported that EPEC alters the structure
and function effects of TJs and that these changes corre-
late temporally.'® We therefore queried whether inhibi-
tion of PKC-{ prevented the redistribution of zonula
occludens-1 or occludin. As shown in Figure 3C and D,
the PKC-{ pseudosubstrate prevented the redistribution
of both zonula occludens-1 and occludin.

EHEC induces translocation but only minimal activa-
tion of PKC-{. Both EPEC and EHEC increase TJ per-
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meability, but the kinetics differ greatly.” Because EHEC
attaches less efficiently than EPEC to host cells, we
increased the MOI for EHEC by 10-fold and thus
achieved equivalent numbers of attached bacteria (1.5 X
107 = 4.6 X 10%vs. 1.3 X 107 * 4.4 X 10° for EHEC
and EPEC, respectively, at 6 hours). Despite equal num-
bers of attached organisms, the decrease in TER by
EHEC (—51% % 0.7%) was still significantly less than
that associated with EPEC infection (—88% = 2.3%; P
< 0.005; n = 3). Therefore, the higher MOI was used for
EHEC to negate any differences in attachment.

As shown in Figure 4A, the level of PKC-{ remained
constant over the course of infection, as was previously
published for EPEC.?° Cell fractionation studies to assess
EHEC-induced PKC-{ translocation?® showed a trend
for PKC-{ translocation at 1-2 hours after infection, but
the data were not statistically significant (Figure 4B).
When assessed by immunofluorescence, however, EHEC
did seem to cause PKC-{ translocation (Figure 4C), as
was seen with EPEC. Although immunofluorescence mi-
croscopy suggested colocalization with occludin (yellow),
coimmunoprecipitation studies for PKC-{ and occludin
showed no increased association (data not shown). The
effect of EHEC infection on PKC-{ activity was deter-
mined by performing kinase activity assays with myelin
basic protein as a substrate. Only a slight increase in
PKC-{ activity was seen at 30 minutes after infection,
and it was not sustained (Figure 4D). In contrast, EPEC
significantly increased PKC-{ activity as early as 15
minutes, reaching a peak activation of 3.0-fold at 30
minutes that was sustained for at least 1 hour.??

Inhibition of neither conventional PKCs nor PKC-{
prevents EHEC-induced barrier alterations. As was
found for EPEC, neither G66976 nor BIM blocked the
EHEC-induced decrease in TER (Figure 5A). To inves-
tigate whether PKC-{ participated in the barrier disrup-
tion by EHEC, Tjg4 monolayers were treated with rot-
tlerin or the PKC-{ pseudosubstrate. In contrast to
EPEC, neither of these inhibitors altered the decrease in
TER caused by EHEC. In Caco-2 cells, the decrease in
TER in response to EHEC was not significant at either 2
or 4 hours, consistent with our observation of slower
kinetics.® Therefore, the effect of the PKC-{ pseudosub-
strate could not be assessed at these early times. By 6
hours, TER had decreased significantly (—32% * 2%),
and the PKC-{ pseudosubstrate was not protective
(—29% £ 12%; P = 0.7; n = 6-9). This could be due
to a lack of effect of the pseudosubstrate at this later time
point, as was observed in EPEC-infected Tg4 monolayers,
or to the lack of involvement of PKC-{ in EHEC-
induced perturbation of TJs. In support of the latter
conclusion, the inhibitory pseudosubstrate also failed to
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prevent the EHEC-induced changes in occludin in
Caco-2 monolayers at 3 hours (Figure 5B), thus suggest-
ing that PKC-{ is not involved in the disruption of TJs
by EHEC.

EPEC-activated PKC-{ and MLCK work through the
same pathway to alter TJs. We have previously shown
that EPEC in part disrupts the TJ barrier through the
activation of MLCK.> Having shown that PKC-{ also
participates in this process, we questioned whether these
signaling pathways are linked or function independently.
To address this question, MLCK was blocked with the
cell-permeant inhibitory peptide membrane-Permeant
inhibitor of MLC kinase (PIK).® As shown in Figure 6A,
although PIK prevented the redistribution of occludin
after EPEC infection, it had no effect on PKC-{ trans-
location, thus suggesting either that these 2 signaling
pathways work by distinct mechanisms or that the in-
fluence of PKC-( is via MLCK or MLC, because inhibi-
tion of PKC-{ also protected against the decrease in TER
and the redistribution of occludin. We further tested the
relationship of these pathways by examining the com-
bined effects of the MLCK and PKC-{ inhibitors. For
these studies, monolayers were treated with PIK alone or
with a constant dose of the PKC-{ pseudosubstrate in the
presence of increasing concentrations of PIK (30, 100,
and 300 pwmol/L) before infection with EPEC. As shown
in Figure 6B, the addition of PKC-{ pseudosubstrate to
PIK afforded no additional protection compared with
PIK alone. These data suggest that PKC-{ intersects the
MLCK pathway at a proximal point, or MLC directly,
leading to diminished TER. Previous reports have shown
a role for PKC in MLC phosphorylation.32

Discussion

A high degree of homology exists between the
LEEs of EPEC and EHEC. Encoded on the LEE are
proteins comprising and secreted by a type III secretory
apparatus.?? Significant identity exists for genes encod-
ing the structural components of the type III secretory
apparatus of EPEC and EHEC.?4 More variability is seen,
however, within the secreted and effector molecules, in
particular the Tir that serves as a receptor for the outer
membrane adhesin, intimin. EPEC Tir contains a C-
terminal tyrosine residue (Y474) that is phosphorylated
after delivery into host cells and is critical for pedestal
formation and recruitment of the adapter molecule Nck
and subsequently Wiskott-Aldrich syndrome protein
(W ASP) and Arp2/3, which nucleate actin. EHEC Tir, in
contrast, harbors a serine residue at this site that is not
phosphorylated and fails to bind Nck.''-13 EHEC none-
theless recruits numerous cytoskeletal proteins to the
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Figure 4. EHEC infection has no effect on PKC-{ expression and minimal effect on PKC-{ translocation and activation. (A) Tg4 cells were infected
with EHEC, and proteins were extracted at the indicated times. As shown in this representative immunoblot, EHEC |nfect|on did not alter the level
of PKC-{ expression. (B) Cytosolic and membrane extracts from control Tg,4 cells and after 30, 60, and 120 minutes of EHEC infection were
separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and blotted for PKC-{. Although a trend toward membrane translocation
is suggested, densitometric analysis of 4 independent experiments showed no significant change in the amount of cytosolic or membrane-
associated PKC-{ after EHEC infection. (C) EHEC-induced translocation was also assessed by dual-label immunofluorescent staining of occludin
and PKC-¢ after 1 hour of EHEC infection. The panels in the left column represent occludin (green), the middle column represents PKC- (red),
and the right panels show the overlays of the 2 images. Occludin is primarily localized to the periphery of the cells (left panel), and PKC-C is
located in the cytoplasm, with some residing at the membrane (middle panel). After 1 hour of EHEC infection, the distribution of occludin is
unchanged, but PKC-{ has shifted to the periphery of the cells. The merged images suggest that these 2 proteins localize to similar areas (right
panel). These changes were also seen at 30 and 120 minutes after infection (not shown). (D) Cellular extracts from uninfected monolayers and
those infected with EHEC for 30 minutes and 1 and 2 hours were immunoprecipitated for PKC-{ and reacted with myelin basic protein in the
presence of [y-32PJadenosine triphosphate. Samples were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and
autoradiography was performed and analyzed by densitometry. Analysis of 3 independent experiments showed a small but significant increase
(P = 0.01) in PKC-{ activity only at 30 minutes after infection.
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AJ/E lesion and induces pedestal formation, presumably
through the use of an accessory factor possibly outside of
the LEE. This is supported by the fact that transforma-
tion of the LEE of EPEC,*> but not EHEC,3¢ into K12
nonpathogenic E. co/i conferred the ability to form A/E
lesions in cultured cells, again indicating a role in EHEC
for non-LEE factors in this process. The variations be-
tween EPEC and EHEC suggest that different signaling
pathways may be activated in host cells after infection by
the 2 pathogens. Supporting this possibility is the find-
ing that EHEC, in contrast to EPEC, fails to recruit 2
adapter molecules to the A/E lesion: Grb2 and CrkII.'4
These proteins contain SH2 and SH3 domains that me-
diate protein/protein interactions and thus influence sig-
naling events. The ultimate effect of these differences has
not been defined but could account for some of the
variability in physiological responses by the intestinal
epithelium to these similar pathogens.

Adherence of EHEC to intestinal cells is less than that
of EPEC. We were able to overcome this variable by
increasing the MOI of EHEC. Despite equal numbers of
adherent organisms, EHEC still had a lesser effect than
EPEC on TJ permeability. We therefore compared the
effect of these related pathogens on signaling pathways
that could potentially regulate the TJ barrier. The role of

PKC{-pseudosubstrate
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Figure 5. Inhibition of PKC
does not alter the EHEC-in-
duced decrease in TER or the
alterations in occludin localiza-
tion. (A) Tg4 monolayers were
pretreated with G66976, bisin-
dolylmaleimide (BIM), rottlerin,
or PKC-{ pseudosubstrate. Nei-
ther general inhibitors of PKC
nor specific PKC-{ inhibitors pro-
tected against the EHEC-in-
duced decrease in TER. Data
represent mean £ SEM (n =
6-9 for each group; P > 0.05).
(B) PKC-{ pseudosubstrate did
not prevent changes in occludin
after 3 hours of EHEC infection.

EHEC +

Occludin

PKC-{ in TJ physiology is a topic currently under in-
tense investigation. Several studies have shown a role for
PKC-{ in the formation, but not the maintenance, of
TJs.!>-1¢ Inhibition of atypical PKCs with either phar-
macological inhibitors or expression of dominant nega-
tive constructs retarded the reformation of the TJ barrier
and of cell polarity after their disruption by calcium
switch.!>37 In contrast, these perturbations had no effect
on the barrier function or the cell polarity of established
monolayers. Our data confirm the latter finding by show-
ing that PKC-{ inhibition with either enzyme inhibitors
or the myristoylated PKC-{ pseudosubstrate had no ef-
fect on the TER of intestinal epithelial monolayers. It is
interesting to note that, however, inhibition of PKC-{
protected against disruption of the TJ barrier after
EPEC, but not EHEC, infection. The lack of a protective
response in EHEC-infected monolayers, as opposed to
significant protection in those infected with EPEC, may
be explained by the difference in the degree of enzyme
activation.

Although it is possible that other PKC isoforms may
also be involved in EPEC pathogenesis, Tg4 cells have
been reported to express only 5 of the 13 identified
isoforms (o, BII, B, €, and {).2° Although PKC inhibitors
are not entirely selective, previous publications regarding
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Figure 6. (A) Inhibition of MLCK
with PIK protected against
EPEC-induced changes in occlu-
din but not PKC-{ translocation.
Monolayers were infected with
EPEC in the absence and pres-
ence of the MLCK inhibitor PIK
and stained for occludin and
PKC-{. PIK inhibited the rear-
rangement of occludin after
EPEC infection. In contrast, PIK
did not alter EPEC-induced
translocation of PKC-{, thus
suggesting that these EPEC-ac-
tivated signaling pathways inde-
pendently affect TJs. (B) The in-
hibition of both MLCK and PKC-{
had no additive protection
against the EPEC-induced de-
crease in TER over MLCK inhibi- B
tion alone. Monolayers were

treated with either PIK alone 0+
(30, 100, or 300 pmol/L) or
together with PKC-{ pseudosub-
strate (50 pmol/L), and TER
was measured after 4 hours of
EPEC infection. Similarly, the ef-
fects of 30 and 100 pmol/L PIK
plus PKC-{ pseudosubstrate, as
compared with PKC-{ pseudo-
substrate alone, were not signif-
icant (P = 0.21 and 0.22, re-
spectively; n = 5-6). These
data suggest that these signal-
ing molecules act through the
same pathway.

%TER

-60-

the profile of the inhibitors used in Tgy cells provide a
firm foundation for our conclusions.???¢ The protective
effects of the PKC-{ inhibitory pseudosubstrate and the
lack of protection by the PKC-a/3 pseudosubstrate pro-
vide the strongest support for our argument that PKC-{
is essential for barrier disruption due to EPEC infection.

The exact way in which protection is rendered is not
known, but it is interesting to point out that overexpres-
sion of active PKC-\, which can act as a PKC- substi-
tute, disrupted the cellular polarity of confluent MDCK
monolayers.!> Corresponding TER data were not pro-
vided. We have recently published that EPEC also dis-
rupts cell polarity, which may contribute to pathogenesis
by allowing the EPEC adhesin, intimin, access to a
cellular binding partner, 31 integrin, which is typically
restricted to the basolateral domain.’® Together these
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EPEC + PIK
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data suggest that atypical PKCs may have dual roles with
regard to TJ function and cell polarity. Although PKC-{
has been found to associate with the TJ transmembrane
protein occludin,?® neither EPEC nor EHEC infection
significantly enhanced the association of these proteins.
In addition to occludin, PKC-{ has been shown to com-
plex in mammalian epithelial cells (MDCK) with atyp-
ical PKC isotype-specific interacting protein (ASIP)/par-
titioning-defective protein (PAR-3), PAR-6,37 and 14-
3-3,3° which is crucial for the establishment of cell
polarity. The effects of EPEC on this polarity complex
have not been examined.

Having shown that EPEC disrupts both the structure
and the function of intestinal epithelial TJs, our labora-
tory has focused on understanding the mechanisms by
which this pathophysiological event occurs. On the basis
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of the data presented here and in previous studies, we are
able to construct a temporal sequence with which EPEC-
initiated events occur. Of course, one caveat is that these
studies were performed with cell lines and not animal
models. We believe that the relevance of this in vitro
model system is supported by the fact that the cell lines
are of human origin and are intestinal epithelia. Both
EPEC and EHEC are human pathogens, and as a result,
ideal animal models do not exist. In addition, other A/E
family members, such as the mouse pathogen Citrobacter
rodentinm, show significant differences in infection com-
pared with EPEC (data not shown); therefore, findings
obtained in C. rodentium—infected mice cannot simply be
extrapolated to EPEC and EHEC infection of humans.
Nonetheless, in our in vitro model of EPEC infection,
A/E lesion formation occurs within 15—30 minutes, fol-
lowed by the activation of signaling pathways.?* One
early event triggered by an unidentified signal is the
recruitment of the membrane/cytoskeleton linker pro-
tein, ezrin, to A/E lesions. Ezrin is threonine phosphor-
ylated and activated in a type III secretion system—
dependent manner and then participates in the cross-talk
between EPEC and host cells that results in disruption of
the TJ barrier, as shown by overexpression of dominant
negative ezrin.>* Although PKC-{ activity increases at
15 minutes after infection,2® ezrin has not been identified
as a PKC-{ substrate. PKC-a, however, can phosphory-
late ezrin.®© Between 1 and 2 hours after infection, MLC
is also phosphorylated,> an event indicative of perijunc-
tional actomyosin ring contraction, one mechanism that
increases T] permeability.® Inhibition of MLCK affords
partial protection against EPEC-induced barrier disrup-
tion.>® PKC-{ inhibition has similar effects. The finding
that inhibition of MLCK did not block the translocation
of PKC-{ after EPEC infection suggests either that these
2 pathways independently affect the TJ barrier or that
PKC-{ acts proximally in the MLCK pathway. The
studies examining the effect of blocking both pathways
suggest that the latter explanation is the case. The in-
terplay between PKC and MLC phosphorylation is com-
plex32: direct and indirect interactions have been de-
scribed. Activation of PKC by phorbol esters has been
shown to influence the MLCK/MLC pathway at several
levels. PKC can phosphorylate MLC at sites distinct from
MLCK; phosphorylate MLCK, reducing its affinity for
calmodulin; and phosphorylate myosin Ser/Thr phospha-
tase 1, leading to inhibition of its activity.>> Further
complicating the dissection of these interactions is that
they are cell specific. Nevertheless, our data suggest that
EPEC-activated PKC-{ and MLCK participate in the
same signaling cascade that eventually leads to disrup-
tion of TJ structure and function.

GASTROENTEROLOGY Vol. 127, No. 3

In contrast to EPEC, EHEC has only minimal effects
on PKC-{ activity but, like EPEC, stimulates MLCK,
which participates in perturbation of the TJ barrier.
Whether the lack of involvement of PKC-{ in EHEC-
induced changes in TJs is at least in part responsible for
the slower kinetics as compared with EPEC is not
known. Because PKC-{ has also been shown to partici-
pate in activation of the inflammatory response induced
by EPEC,? it is possible that PKC-{ plays some role in
the inflammatory response associated with EHEC. Con-
tinued comparisons of the related pathogens EPEC and
EHEC will undoubtedly uncover additional variations in
their mechanisms of pathogenesis.
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