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Intestinal epithelial activation of nuclear factor kappa B (NF-�B) exerts both detrimental and beneficial functions in response to
various luminal insults, including ones associated with mucosa-associated pathogens. Gastrointestinal infection with entero-
pathogenic Escherichia coli (EPEC) causes severe injuries in epithelial integrity and leads to watery diarrhea. The present study
was conducted to investigate the prolonged epithelial responses to persistent EPEC infection via NF-�B activation. EPEC infec-
tion led to sustained activation of NF-�B signal in mouse intestinal epithelial cells in vivo and in vitro, which was positively as-
sociated with a type III secretion system, whereas early NF-�B is regulated. Moreover, prolonged NF-�B activation was found to
be a part of macrophage inhibitory cytokine 1 (MIC-1)-mediated signaling activation, a novel link between NF-�B signaling and
infection-associated epithelial stress. EPEC infection induced gene expression of MIC-1, a member of the transforming growth
factor � (TGF-�) superfamily, which then activated TGF-�-activated kinase 1 and consequently led to NF-�B activation. Func-
tionally, both EPEC-induced MIC-1 and NF-�B signaling mediated epithelial survival by enhancing the expression of cyclin D1,
a target of NF-�B. In summary, the results of the present study suggest that MIC-1 serves as a mediator of prolonged NF-�B acti-
vation, which is critical in maintaining gut epithelial integrity in response to infection-induced injuries.

Intestinal epithelial cells (IECs) express a variety of pattern rec-
ognition receptors (PRRs), including Toll-like receptors

(TLRs), either constitutively or after induction by various stimuli
(1). Nuclear factor kappa B (NF-�B) is one of the main down-
stream effectors of bacterial PRR activation. Increased activation
of NF-�B leads to detrimental effects by inducing the expression
of proinflammatory mediators with subsequent tissue damage (2–
4). However, it is hard to distinguish between molecular patterns
of commensal bacteria and those of primary pathogenic bacteria
via PRRs. To prevent overstimulation of NF-�B activation by
commensal bacteria in the gut intestinal epithelial barrier and
maintain homeostasis, IECs have developed various regulatory
machineries. Disruption of these regulatory factors can lead to
persistently elevated proinflammatory signaling, including that
mediated by NF-�B due to enteric bacteria, and subsequent
chronic inflammation. This involves sustained production of pro-
inflammatory mediators such as cytokines, chemokines, and oxi-
dative radicals. On the other hand, transient NF-�B activation can
be beneficial by triggering antigen sampling and leukocyte recruit-
ment, resulting in bacterial clearance. The beneficial function of
NF-�B has been also observed in epithelial cells (2–4). In particu-
lar, epithelial NF-�B contributes to epithelial barrier reestablish-
ment and host homeostasis by inducing the transcription of genes
involved in epithelial cell survival, wound healing, and tissue re-
modeling after injury due to pathogens and inflammation.

Infection with enteropathogenic Escherichia coli (EPEC) is
common among infants and young children in developing coun-
tries (5), yet the pathophysiology of the resulting diarrhea remains
unclear. Moreover, mucosa-associated Escherichia coli including
EPEC is frequently observed in the intestinal surface of chronically
diseased patients such as inflammatory bowel disease (IBD) and
colon cancer patients (6–9). Frequently, patients with these
chronic diseases can suffer from superinfection with EPEC (6, 9).

E. coli strains can be found in the mucosa of some IBD patients
that are able to activate NF-�B similar to known pathogenic
strains (7). EPEC strains are not invasive microorganisms and do
not produce recognized enterotoxins (10, 11). While the precise
mechanism by which EPEC causes diarrhea is presently unknown,
numerous studies have addressed pathogen-specific effects on
host epithelial cells (12–14). It has generally been presumed that
diarrhea results from the direct interaction of EPEC with the small
intestinal epithelium. EPEC adheres to enterocytes and produces a
characteristic “attaching and effacing” (A/E) lesion in the brush
border membrane (15, 16). The pathogenic bacteria uses a type III
secretion system (TTSS) to deliver the toxic effectors to the host
epithelial cells, whose absorptive microvilli are lost (effacement)
(17). EPEC produces proinflammatory molecules including bac-
terial flagellin (18). In contrast, EPEC also injects anti-inflamma-
tory virulence effector molecules into host epithelial cells via a
TTSS (19, 20). One central consequence of EPEC infection is
NF-�B activation, which in turn promotes the expression of pro-
inflammatory chemokines such as interleukin-8 (IL-8). Along
with proinflammatory stimulation, EPEC can downregulate the
proinflammatory response to the bacterial products and host-de-
rived cytokines such as tumor necrosis factor alpha (TNF-�) and
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IL-1� (14). These suppressive effects of EPEC on an overstimu-
lated inflammatory response might be essential for the survival of
these noninvasive bacteria.

Macrophage inhibitory cytokine 1 (MIC-1) is also known as
growth differentiation factor 15 (GDF15), placental bone mor-
phogenetic protein (PLAB), placental transforming growth factor
� (PTGF-�), or nonsteroidal anti-inflammatory drug-activated
protein 1 (NAG-1) (21, 22). It is a member of the transforming
growth factor � (TGF-�) superfamily and was first isolated from a
subtracted cDNA library enriched for genes associated with mac-
rophage inactivation. MIC-1 is synthesized as a 308-amino-acid
(62-kDa) propeptide with an RXXR cleavage site. After being
cleaved by a furin-like protease, this factor is secreted as a 25-kDa,
disulfide-linked dimer. MIC-1 shares relatively low sequence ho-
mology with other TGF-� superfamily members and does not
cluster within existing TGF-� families (21, 22). Since MIC-1 is a
newly identified factor, its functionality has not been extensively
characterized, and the nature of its effects depends on the cellular
context (23, 24). The placenta is the only tissue with high levels of
MIC-1 expression under normal physiological conditions al-
though most epithelial cells constitutively express a low level of
MIC-1 (25). However, pathogenic processes, including inflam-
mation and carcinogenesis, elevate the cellular levels of MIC-1
expression, indicating that this protein plays specific roles in cel-
lular behavior under stressful conditions. MIC-1 mediates apop-
tosis in cancer cells as well as normal epithelial cells. As one of the
major secreted proteins induced by p53, MIC-1 is thought to be
important for translating p53-mediated activity associated with
cell cycle arrest and apoptosis (26). Moreover, MIC-1 has also
been linked to modulating the survival of migrating cells in the
extracellular matrix and circulation (27, 28). Although the exact
intracellular action of MIC-1 has not been well studied, MIC-1-
induced growth inhibition requires a functional TGF-� receptor
type II-linked signaling pathway (29).

The purpose of this study was to examine the effects of persis-
tent EPEC infection on NF-�B activation in human intestinal ep-
ithelial cells. Our results indicated that intestinal cells exposed to
EPEC showed sustained activation of NF-�B signaling which was
positively associated with a TTSS. Moreover, the mechanism un-
derlying prolonged NF-�B activation was examined in the context
of MIC-1-mediated signaling activation by EPEC, thereby sug-
gesting a new link between sustained NF-�B activation and epi-
thelial stress by infection.

MATERIALS AND METHODS
Ethics statement. This research was conducted in accordance with the
Declaration of Helsinki and/or with the Guide for the Care and Use of
Laboratory Animals as adopted and promulgated by the U.S. National
Institutes of Health. All animal experiments were also approved by Pusan
National University’s Institutional Animal Care and Use Committee (ap-
proval number PNU-2010-000189).

Cell culture conditions and reagents. Intestinal epithelial cell lines
HCT-8, HCT-116, IEC-18, and CACO-2 were purchased from the Amer-
ican Type Culture Collection (Manassas, VA, USA). HCT-8, CACO-2,
and HCT-116 cells were maintained in RPMI medium (Welgene, Daegu,
South Korea), and IEC-18 cells were grown in Dulbecco’s modified Ea-
gle’s medium (DMEM; Welgene). All media were supplemented with
10% (vol/vol) heat-inactivated fetal bovine serum (FBS; Sigma-Aldrich
Chemical Co., St. Louis, MO, USA), 50 unit/ml penicillin (Welgene), 1%
essential amino acids (Welgene), and 50 �g/ml streptomycin (Welgene)
at 37°C in a 5% CO2 humidified incubator. The number of cells and cell

viability were assessed by staining with trypan blue (Sigma-Aldrich
Chemical Co.) and use of a hemocytometer. (5Z)-7-Oxozeaenol, a TGF-
�-activated kinase 1 (TAK1) inhibitor, was purchased from Tocris Bio-
sciences (Bristol, United Kingdom). All other chemicals were purchased
from Sigma-Aldrich.

Bacterial strains and infection. The wild-type (WT) EPEC used for all
experiments was the Escherichia coli O127 strain E2348/69; this strain and
EPEC �escN were kindly provided by Ilan Rosenshine (The Hebrew Uni-
versity of Jerusalem, Jerusalem, Israel). To visualize infection of mucosa
by EPEC under fluorescence microscope, EPEC was transformed with a
pGFPuv plasmid containing the green fluorescent protein (GFP) gene
(Clontech Laboratories, Inc., Mountain View, CA, USA). Briefly, the bac-
teria were shaken overnight in LB broth (Duchefa Biochemie, Haarlem,
The Netherlands) at 37°C, and EPEC �escN cells were maintained in 100
�g/ml kanamycin. Bacteria were further subcultured in antibiotic- and
serum-free RPMI 1640 medium supplemented with 1% mannose (Sigma-
Aldrich Chemical Co.) at 37°C until the absorbance (optical density
[OD]) at 600 nm reached 0.5 to 0.6. EPEC was then added to the apical
surface of the HCT-116 cell culture at a ratio of 50:1 (bacteria to cells).

For mouse EPEC infection, 6- to 8-week-old C57BL/6J mice were
purchased from Jackson Laboratories (Bar Harbor, ME, USA) and al-
lowed to acclimate for 7 days. All mice were individually housed in ven-
tilated cages with free access to food and water. EPEC or EPEC �escN was
grown to stationary phase in LB broth. Aliquots of the broth culture (1 ml)
were centrifuged, and the bacterial pellet was suspended in 1.25 ml of
phosphate-buffered saline (PBS). A suspension containing approximately
2 � 108 E2348/69 or EPEC �escN cells in 200 �l of PBS was introduced
into the animals by gavage with a curved needle 4 cm in length with a steel
ball at the tip. Control animals received 200 �l of sterile PBS. Over the
course of infection, the mice were observed daily to assess activity levels
and water intake, and body weight was measured. At various times fol-
lowing infection (5, 11, 13, and 15 days), the animals were sacrificed after
anesthetization by isoflurane inhalation, and intestinal tissues were pro-
cessed for further analysis.

Immunohistological assessment. Mice were euthanized by cervical
dislocation. The colon and small intestine were then excised and washed
gently in PBS to remove fecal debris. The colon and small intestine were
then dissected in half, with one half rolled into a “Swiss roll” formation
and fixed in a neutral buffered 4% paraformaldehyde solution. Intestine
samples were dehydrated, embedded in paraffin, and cut into 5-�m sec-
tions for immunohistochemical analysis. Before being subjected to im-
munostaining, formalin-fixed paraffin-embedded tissues from mouse in-
testines were cut (5 �m), deparaffinized, and rehydrated. Tissue slides
were heated in 10 mM sodium acetate (pH 9.0) for 5 min at 121°C for
antigen retrieval and bathed in a 3% H2O2-PBS solution for 15 min at
room temperature in the dark to quench endogenous peroxidase. After
samples were washed with Tris-HCl–Tween 0.5%, tissue sections (5 �m)
were blocked with 3% bovine serum albumin (BSA) in PBS, incubated at
a 1:200 dilution of the primary antibodies overnight at 4°C, and repeatedly
washed using PBS. Incubation of the horseradish peroxidase-conjugated
secondary antibody was done for 2 h at room temperature, followed by
repeated washing with PBS. The bound antibodies were identified using
freshly prepared substrate buffer (0.05% diaminobenzidine [DAB; Sig-
ma-Aldrich Chemical Co.], 0.015% H2O2 in PBS) for 2 min. After a final
wash in PBS and distilled water, the slides were counterstained with a 50%
dilution of hematoxylin (Santa Cruz Biotechnology) for 1 min and dehy-
drated in graded alcohols (50%, 70%, 80%, 90%, 95%, 100%, and 100%).
Sections were examined at various magnifications using an Axio Imager
(Carl Zeiss MicroImaging, GmbH, Oberkochen, Germany). Images of
normal tissue and lesions were captured and processed using Photoshop,
version 7.0 (Adobe Systems, Inc., San Jose, CA, USA) following image
acquisition.

Western blot analysis. Segmented intestines were homogenized in the
lysis buffer consisting of 1% (wt/vol) sodium dodecyl sulfate (SDS), 1.0
mM sodium orthovanadate, and 10 mM Tris, pH 7.4, and cultured en-
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terocyte cells were washed with ice-cold phosphate buffer, lysed by boiling
in lysis buffer, and sonicated for 5 s. Total cellular proteins in the lysates
were quantified using a bicinchoninic acid (BCA) protein assay kit
(Pierce, Rockford, IL, USA). Fifty micrograms of protein was separated by
10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) using a mini-
gel apparatus (Bio-Rad, Hercules, CA, USA). The proteins were then
transferred onto polyvinylidene fluoride membranes (Amersham Phar-
macia Biotech, Piscataway, NJ, USA), and each membrane was blocked
with 5% skim milk in Tris-buffered saline plus 0.05% Tween (TBST). The
blots were probed with primary antibodies, followed by horseradish per-
oxidase-conjugated anti-mouse, anti-rabbit, or anti-goat secondary anti-
body. The primary antibodies used were anti-MIC-1, anti-p65, anti-poly-
(ADP-ribose) polymerase 1/2 (PARP1/2), anti-actin (all from Santa Cruz
Biotechnology, Santa Cruz, CA, USA), and anti-phospho-p65 and anti-
phospho-TAK1 (both from Cell Signaling Technology). Bands were visu-
alized by an enhanced chemiluminescence kit (Elpis Biotech, Taejon,
South Korea) according to the manufacturer’s instruction.

Confocal microscopy. After treatment with bacteria, epithelial cells
and tissues were fixed with 4% formaldehyde diluted in PBS (USB, Cleve-
land, OH, USA). The fixed cells were permeabilized with 0.1% NP-40 in
PBS for 10 min. After cells were blocked for 1 h with 3% bovine serum
albumin (Sigma-Aldrich Chemical Co.) in PBS, they were stained with
100 ng/ml fluorescein isothiocyanate (FITC; Sigma-Aldrich Chemical
Co.) in PBS for 30 min. Fluorescence microscopy images were obtained
with a Fluoview 1000 confocal laser scanning microscope (Olympus, To-
kyo, Japan) using a single line (520 nm). Images were acquired and pro-
cessed with FV10-ASW software (version 1.7; Olympus).

Conventional and real-time reverse transcription-PCR (RT-PCR).
Total RNA was extracted using TRIzol (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s instructions. An aliquot of RNA (100 ng)
from each sample was transcribed into cDNA using Prime RT premix
(Genetbio, Nonsan, South Korea). The amplification step was performed
using TaKaRa HS Ex Taq DNA polymerase (TaKaRa Bio Inc., Shiga, Ja-
pan) in a Mycycler Thermal Cycler (Bio-Rad Laboratories, Inc., Hercules,
CA, USA) with the following program: denaturation at 94°C for 2 min
followed by 25 cycles of denaturation at 98°C for 10 s, annealing at 59°C
for 30 s, and elongation at 72°C for 45 s. An aliquot of each PCR product
was subjected to 1.2% (wt/vol) agarose gel electrophoresis and visualized
by staining with ethidium bromide. The 5= forward- and 3= reverse-com-
plement primers for PCR amplification of each gene were as follows: hu-
man IL-8, 5=-ATG ACT TCC AAG CTG GCC GTG GCT-3= and 5=-TCT
CAG CCC TCT TCA AAA ACT TCT-3=; human cyclin D1, 5=-CCC TGG
GTG TCC TAC TTC AA-3= and 5=-TGG CAT TTT GGA GAG GAA
GT-3=; human MIC-1, 5=-ACG CTA CGA GGA CCT GCT AA-3= (for-
ward) and 5=-AGA TTC TGC CAG CAG TTG GT-3= (reverse); Aequorea
victoria (jellyfish) GFP, 5=-GCC CGA AGG TTA TGT ACA GG-3= and
5=-AAA GGG CAG ATT GTG TGG AC-3=; and human glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), 5=-TCA ACG GAT TTG GTC
GTA TT-3= and 5=-CTG TGG TCA TGA GTC CTT CC-3=.

For real-time PCR, 6-carboxyl-fluorescein (FAM) was used as the
fluorescent reporter dye and was conjugated to the 5= ends of the probes to
detect cDNA amplified in an iCycler Thermal Cycler (Bio-Rad). The fol-
lowing program was used: denaturation at 94°C for 2 min and 40 cycles of
denaturation at 98°C for 10 s, annealing at 59°C for 30 s, and elongation at
72°C for 45 s. Each experiment was tested in triplicate to ensure statistical
significance. Relative gene expression was quantified using the compara-
tive threshold cycle (CT) method. CT is defined as the number of PCR
cycles at which a statistically significant increase in fluorescence has oc-
curred. The CT required for FAM intensities to exceed a threshold just
above background was calculated for the test and reference reactions.
GAPDH was used as the endogenous control for all experiments.

IL-8 ELISA. IL-8 was quantified from each cell supernatant using an
enzyme linked immunosorbent assay (ELISA). HCT-8 cells (3 � 104)
were dispensed in each well of a 24-well plate. After infection with EPEC
or EPEC �escN, the medium was collected and centrifuged to remove cell

debris. Levels of IL-8 were determined by ELISA using an OptEIA human
IL-8 ELISA kit (BD Biosciences, Franklin Lakes, NJ) according to the
manufacturer’s instructions. Briefly, capture antibody was coated onto
ELISA plates overnight at 4°C. After the plate was washed with phosphate-
buffered saline (PBS) containing Tween 20 (PBST) and blocked with PBS
supplemented with 10% (vol/vol) FBS overnight at 4°C, plates were incu-
bated with serial dilutions of IL-8 and standards. After treatment with
detection antibody and tetramethylbenzidine (TMB) substrate, absor-
bance was measured at 405 nm using an ELISA reader. The assay detection
limit was 3.1 pg/ml of IL-8.

Flow cytometry analysis. Cells (5 � 105) were plated, incubated, and
treated with EPEC. After EPEC treatment, the cells were harvested,
washed with PBS, suspended in 200 �l of PBS and 200 �l of FBS, fixed by
the slow addition of cold 70% ethanol to a total of 1.6 ml, and stored
overnight at 4°C. The fixed cells were pelleted, washed once with PBS, and
stained with propidium iodide (PI) supplemented with RNase in PBS for
20 min. Cells were examined by flow cytometry using a FACSort appara-
tus (BD Biosciences, Franklin Lakes, NJ, USA) equipped with CellQuest
software (BD Biosciences) and analyzed by gating on an area-versus-
width dot plot to exclude cell debris and aggregates. Apoptosis was mea-
sured, using CellQuest software, by the level of subdiploid DNA in the
cells after treatment with EPEC 2348/69.

Stable transfection. An MIC-1 short hairpin RNA (shRNA) expres-
sion vector was kindly provided by Jong-Sik Kim (Andong National Uni-
versity, South Korea) and Seong-Joon Baek (University of Tennessee, TN,
USA). Transfection was performed using Trans-LT1 transfection reagent
(Mirus, Madison, WI, USA) according to the manufacturer’s protocol.
The cells were cotransfected with an MIC-1 shRNA expression vector
(pShMIC-1) construct with pcDNA3.1-neo (Invitrogen). Cyclin D1-spe-
cific shRNA targeted to the 5=-TGG CAT TTT GGA GAG GAA GT-3=
sequence was cloned into a pSilencer 4.1-CMV-neo vector (where CMV is
cytomegalovirus) (Applied Biosystems/Ambion, Austin, TX, USA). Fol-
lowing transfection, cells underwent 2 weeks of selection with 400 �g/ml
G418 (Invitrogen). Single resistant colonies were expanded and main-
tained in medium supplemented with 200 �g/ml G418. The efficiencies of
all transfections were around 50 to 60%, as confirmed by expression of a
pMX-enhanced GFP vector.

Fecal sample collection and bacterial DNA extraction. The fecal
samples were collected aseptically, transferred to sterile tubes, and trans-
ported to the laboratory in ice coolers. The fecal samples were shipped
overnight on dry ice and stored at �70°C until further processing. DNA
extraction from fecal samples was performed using a FastDNA spin kit for
soil (MP Biomedical, Illkirsh, France) according to the supplier’s instruc-
tions. The DNA concentrations were measured using a UV spectropho-
tometer. The DNA extracts were stored at �20°C until further processing.

Statistical analyses. Data were analyzed using SigmaStat for Windows
(Jandel Scientific, San Rafael, CA, USA). For comparative analysis of two
groups of data, a Student’s t test was performed. For comparative analysis
of multiple groups, data were subjected to analysis of variance (ANOVA),
and pairwise comparisons were made by the Student-Newman-Keuls
(SNK) post hoc ANOVA method. Data not meeting the normality as-
sumption were subjected to Kruskal-Wallace ANOVA on ranks, and then
pairwise comparisons were made by the SNK method.

RESULTS
Sustained p65 phosphorylation in EPEC-infected intestinal ep-
ithelial cells. NF-�B activation is a central signaling pattern of the
epithelial cellular response to early exposure to bacterial infection.
Animal models have been used to investigate the epithelial re-
sponse to EPEC homologues (30, 31); these models include rab-
bits infected with rabbit-specific EPEC and mice infected with
Citrobacter rodentium. Although diseases due to infection with
rabbit-specific EPEC or C. rodentium are similar to other EPEC-
induced diseases, these homologue models are limited due to dif-
ferences in many pathophysiological patterns observed in the
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EPEC-triggered infection. The present study used an established
mouse model of EPEC infection (32, 33). C57BL/6J mice are par-
ticularly susceptible to infection by EPEC and serve as a suitable in
vivo model for studying epithelial responses to EPEC infection.
EPEC primarily causes gastrointestinal illness by colonizing the
epithelial lining of the small intestine. To visualize the persistent
presence of EPEC in mucosa of the experimental animal, GFP
expression vector-introduced EPEC was monitored in the feces
and intestinal mucosal tissue of both uninfected and infected mice
for 15 days (see Fig. S1A and S1B in the supplemental material),
which is consistent with a recent report on the persistent coloni-
zation at high densities for up to 31 days in the same model (34).
During the 15-day period of infection with EPEC, small and large
intestinal epithelia were observed for the activation of NF-�B sig-
naling. NF-�B activation was maximally observed in the cells of
the epithelium and glands even at 15 days after infection with
EPEC (Fig. 1). As a negative control, an EPEC mutant (EPEC
�escN) did not trigger extended activation of NF-�B in intestinal
mucosa. Considering the general pattern of short-term activation
of NF-�B signaling by proinflammatory triggers in many inflam-
matory models, the in vivo pattern of NF-�B activation observed
in the present study seemed relatively prolonged. NF-�B activa-
tion was also evaluated in HCT-8 epithelial cell cultures treated
with EPEC. HCT-8 cells are a frequently used human epithelial
cell culture model for microbial infection and inflammatory dis-
eases (35–37). In terms of p65 activation, confocal analysis of p65
was performed in the epithelial cells infected with wild-type and
mutant EPEC. Interestingly, wild-type EPEC infection enhanced
total levels of p65 (Fig. 2A), subsequently providing more p65 in
the nuclear region (Fig. 2B), but the EPEC mutant did not. Since
EPEC can regulate NF-�B signals via a TTSS, as reported in many
previous studies (14, 38, 39), the earlier (�2 h after infection)
pattern of p65 activation was observed in wild-type EPEC- or
EPEC �escN-infected cells (Fig. 3). Particularly at 30 min after
infection, p65 phosphorylation was higher in EPEC �escN-in-
fected cells than in the wild-type EPEC-infected cells, as previ-
ously reported, although total p65 expression was upregulated
only in the wild-type EPEC-infected cells (Fig. 3A and D). Along

with the early p65 activation, subsequent IL-8 induction was also
higher in the EPEC �escN-infected cells than in the wild-type
EPEC-infected cells (Fig. 3B and C). However, differently from
the early p65 activation, the phosphorylated p65 and total p65
expression were persistent in the wild-type EPEC-infected cells,
whereas p65 activation was transient in EPEC �escN-infected cells
(Fig. 3A), suggesting that early strong p65 activation may be more
crucial in IL-8 induction than the late p65 activation. Taken to-
gether, our data show that EPEC induced sustained activation of
NF-�B in intestinal epithelial cells in vivo and in vitro.

Simultaneous induction of MIC-1 expression and NF-�B ac-
tivation. As a modulator of sustained NF-�B signaling, macrophage
inhibitory cytokine 1 (MIC-1) expression was assessed in the murine
infection model. MIC-1 expression was observed together with
NF-�B activation in the ileal villus of mice infected with EPEC (Fig.
4A). The coexistence of MIC-1 with activated NF-�B was confirmed
in each segmented part of the mouse small intestine (Fig. 4B). Along
with findings in the animal experiment, wild-type EPEC infection
also enhanced MIC-1 gene expression in cultured epithelial cells, but
this was suppressed in EPEC�escN-infected cells (Fig. 5A), indicating
a positive involvement of the TTSS in MIC-1 induction. The pattern
of coexistence of MIC-1 and active p65 in the animal experiment was
also observed in EPEC-infected human intestinal epithelial cells in-
cluding HCT-8, CACO-2, IEC-18, and HCT-116 cells (Fig. 5B). To
measure the effect of MIC-1 on NF-�B activation by EPEC infection,
p65 phosphorylation was analyzed in cells transfected with an MIC-
1-specific shRNA. MIC-1 knockdown attenuated NF-�B activation
in EPEC-infected cells, indicating the involvement of MIC-1 in ex-
tended NF-�B activation (Fig. 5C). Moreover, the secretion of IL-8, a
target of NF-�B, was also partly suppressed by MIC-1 knockdown
(Fig. 5D). Taken together, our findings show that NF-�B activation
simultaneously occurred with MIC-1 expression in gut epithelia in-
fected with EPEC. In particular, MIC-1 positively affected prolonged
NF-�B activation induced by EPEC via the TTSS.

MIC-1 induces p65 phosphorylation via TAK1. The molecu-
lar mediator of MIC-1-linked NF-�B activation was addressed in
terms of the MIC-1-activated kinase signaling pathway. MIC-1 is
a member of the TGF-� superfamily and binds to TGF-� receptor

FIG 1 Effects of EPEC on p65 phosphorylation in gut epithelia infected with EPEC. Tissues of ileal and colonic epithelia from C57BL/6J mice infected with
wild-type EPEC or EPEC �escN were examined by immunohistochemistry. NF-�B activation was visualized with anti-p-p65 antibody (brown) which was
counterstained with a 50% dilution of hematoxylin (blue).
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II (29). The TGF-�-activated phosphorylation signaling cascade
involves a key step kinase, TGF-�-activated kinase 1 (TAK1),
which can lead to NF-�B activation. Therefore, our study was
conducted based on the assumption that MIC-1 may activate

NF-�B phosphorylation via the TAK1 pathway. First, we observed
that EPEC infection triggered TAK1 phosphorylation in human
enterocytes. This was decreased by suppressing MIC-1 expression
(Fig. 6A), indicating that MIC-1 activates TAK1 signaling in these

FIG 2 Effects of EPEC on p65 expression and nuclear localization in intestinal epithelial cells infected with EPEC. HCT-8 ileocecal epithelial cells were infected
with wild-type EPEC or EPEC �escN at a ratio of 50:1 (bacteria to cells) at each time point. EPEC-infected epithelial cells were stained with anti-p65 antibody for
fluorescence microscopic observation (A), and the relative density of nuclear p65 was quantified (B). All results are representative of three independent
experiments. Values are the means 	 standard errors of the means (n 
 4 to 6). *, P � 0.05 compared to the wild-type EPEC-infected group at each time point.
A Student’s t test was used to comparatively analyze the two groups of data. DAPI, 4=,6=-diamidino-2-phenylindole.

FIG 3 Early effects of EPEC on phosphorylated p65 (p-p65) and IL-8 induction in intestinal epithelial cells infected with EPEC. (A) HCT-8 intestinal epithelial
cells were infected with wild-type EPEC or EPEC �escN at a ratio of 50:1 (bacteria to cells) at each time point. Total proteins from the epithelial cellular lysate were
subjected to Western blot analysis. (B) The levels of IL-8 mRNA were measured by real-time RT-PCR. Values are the means 	 standard errors of the means
(n 
 4 to 6). *, P � 0.05, compared to the wild-type EPEC-infected group at each time point. A Student’s t test was used to comparatively analyze the two groups
of data. (C) IL-8 secretion in the culture supernatants was measured using an ELISA. Bars with different letters are significantly different (P � 0.05). Pairwise
comparisons were performed using SNK post hoc ANOVA. (D) Enterocyte proteins at 0.5 h after infection were compared using Western blot analysis.
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cells. As direct evidence of the association, administration of
recombinant MIC-1 protein was also shown to increase TAK1
phosphorylation (Fig. 6A, right panel). When enzymatic activ-
ity of TAK1 was abolished by its specific inhibitor, (5Z)-7-

oxozeaenol, EPEC-activated p65 expression and its phosphor-
ylation were suppressed (Fig. 6B), indicating that TAK1
activates NF-�B signaling during EPEC infection. Taken to-
gether, our results indicate that MIC-1 activated TAK1 signal-

FIG 4 Effects of EPEC infection on MIC-1 and NF-�B in ileal epithelia in mice. (A) C57BL/6J mice infected with wild-type EPEC or EPEC �escN were sacrificed
15 days after infection, and the ileal epithelia were examined by immunofluorescence staining. Proteins were visualized with an anti-MIC-1 antibody (green) and
anti-p-p65 (red). (B) Proteins from each small intestine segment of C57BL/6J mice infected with EPEC were analyzed by Western blotting. C, control.

FIG 5 Roles of MIC-1 in EPEC infection in intestinal epithelial cells. (A) HCT-8 intestinal epithelial cells were infected with wild-type EPEC or EPEC �escN at
a ratio of 50:1 (bacteria to cells) at each time point. Total proteins from the epithelial cellular lysate were subjected to Western blot analysis. (B) Intestinal
epithelial cells (HCT-8, HCT-116, CACO-2, and IEC-18) were infected with EPEC at a ratio of 50:1 (bacteria to cells) for 4 h. Total proteins from epithelial
cellular lysates were subjected to Western blot analysis. All results are representative of three independent experiments. (C) Stable cell lines (control and HCT-8
cells stably expressing MIC-1-specific shRNA) were infected with EPEC at a ratio of 50:1 (bacteria to cells) for the indicated times. Total proteins from the
epithelial cellular lysate were subjected to Western blot analysis. (D) Stable cell lines (control and HCT-8 cells expressing MIC-1-specific shRNA) were pretreated
with vehicle (dimethyl sulfoxide) or 20 �M BAY 11–7082 (an NF-�B inhibitor) and then infected with EPEC for 1 h. IL-8 secreted into the culture supernatant
was analyzed using an ELISA. Values are the means 	 standard errors of the means (n 
 6 to 12). Bars with different letters are significantly different (P � 0.05).
Pairwise comparisons were performed using SNK post hoc ANOVA.
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ing following EPEC infection, which consequently led to
NF-�B activation in gut epithelial cells.

Cyclin D1, a target of NF-�B, is involved in epithelial survival
of infection-induced cytotoxicity. Functions of extended NF-�B
in association with MIC-1 were assessed in terms of epithelial
survival of infection-mediated cytotoxicity. EPEC infection trig-
gered epithelial apoptosis, which was measured in terms of
PARP1/2 cleavage (Fig. 7A). In contrast, an EPEC mutant (EPEC
�escN) had fewer proapoptotic effects on the intestinal epithelial
cells. Moreover, genetic ablation of MIC-1 using an shRNA in-
creased PARP1/2 cleavage, indicating negative regulation of
MIC-1 in EPEC-induced apoptosis. In addition to MIC-1 knock-
down, NF-�B inhibition also increased epithelial cell death in re-
sponse to EPEC infection (Fig. 7B), suggesting the involvement of
these two mediators (MIC-1 and NF-�B) in epithelial survival
responses. Cell survival was also monitored by measuring cyclin
D1, an indicative cell cycle modulator in actively proliferating
cells. EPEC infection caused significant induction of cyclin D1
expression as a defense mechanism against cytotoxic infection
(Fig. 7C). However, MIC-1 knockdown, NF-�B inhibition, and
TAK1 inhibition all attenuated cyclin D1 induction, suggesting
positive involvements of MIC-1, NF-�B, and TAK1 in cyclin D1
expression. Cyclin D1 is a critical mediator of epithelial cell sur-
vival, and, not surprisingly, suppressing the expression of this fac-
tor using shRNA made epithelial cells susceptible to infection-
mediated apoptosis (Fig. 7D). This supports our hypothesis that
MIC-1 and NF-�B enhance epithelial cell survival through the
induction of cyclin D1 expression.

FIG 6 Involvement of TAK1 in MIC-1-linked signaling in EPEC-infected
intestinal epithelial cells. (A) Stable cell lines (control and HCT-8 cells express-
ing MIC-1-specific shRNA) were infected with EPEC at a ratio of 50:1 (bacteria
to cells) for 4 h. Phosphorylated TAK1 (p-TAK1) was detected by Western
blotting (left). HCT-8 cells were treated with 10 ng/ml recombinant MIC-1 for
the indicated times (right). Total proteins from the epithelial cellular lysate
were subjected to Western blot analysis. (B) HCT-8 cells were pretreated with
vehicle (dimethyl sulfoxide) or 100 nM (5Z)-7-oxozeaenol (5Z-OXO), a
TAK1 inhibitor, and then infected with EPEC for the indicated times. Total
proteins from the epithelial cellular lysate were subjected to Western blot anal-
ysis. All results are representative of three independent experiments.

FIG 7 The role of cyclin D1 in MIC-1-associated survival of EPEC-infected intestinal epithelial cells. (A) HCT-8 intestinal epithelial cells were infected with E.
coli K-12, wild-type EPEC, or EPEC �escN at a ratio of 50:1 (bacteria to cells) at each time point. Total proteins from the epithelial cellular lysate were subjected
to Western blot analysis. (B) Stable cell lines (vector- and shMIC-1-transfected HCT-8 cells) were pretreated with 5 �M BAY 11–7082. Next, the cells were
infected with EPEC at a ratio of 50:1 (bacteria to cells) for 12 h. Apoptosis was quantified by staining with propidium iodide (PI) and performing fluorescence-
activated cell sorting analysis. All results are representative of three independent experiments. (C) Stable cell lines (vector- and shMIC-1-transfected HCT-8 cells)
were pretreated with vehicle (dimethyl sulfoxide), 20 �M BAY11-7082, or 100 nM (5Z)-7-oxozeaenol and then infected with EPEC for 12 h. The total epithelial
cellular lysates were subjected to real-time RT-PCR. (D) HCT-8 cells expressing either control or cyclin D1-specific shRNA were infected with EPEC at a ratio of
50:1 (bacteria to cell) for 12 h. Apoptosis was quantified by staining with propidium iodide (PI) and performing fluorescence-activated cell sorting analysis.
Values are the means 	 standard errors of the means (n 
 3 to 6). Bars with different letters are significantly different (P � 0.05). Pairwise comparisons were made
using SNK post hoc ANOVA.
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DISCUSSION

Prolonged NF-�B activation in epithelial cells was observed in
animals infected with EPEC. Similar patterns of prolonged NF-�B
signaling were also observed in cultured intestinal epithelial cells
exposed to persistent EPEC infection although an EPEC-associ-
ated TTSS transmits negative regulators of transient NF-�B acti-
vation during the early stage of infection. Moreover, the results in
the present study suggest that MIC-1 mediates prolonged activa-
tion of the NF-�B signaling pathway, all of which contributed to
epithelial survival from pathogen-induced epithelial cell death
(Fig. 8).

Various pathogen-associated molecular patterns (PAMPs)
have been observed during EPEC infection of human epithelia
(12, 40, 41). Like other bacteria, EPEC is recognized by innate host
receptors such as TLRs and nucleotide-binding oligomerization
domain protein (NOD)-like receptors that detect conserved mi-
crobial molecules, including flagellin and lipopolysaccharides. Al-
though the EPEC homologue C. rodentium causing attaching and
effacing (A/E) lesions induces TLR4-linked colitis and chemokine
production via the NF-�B pathway, host defenses are also broken
in a TLR4-deficient model. This finding indicates that TLR4-acti-
vated NF-�B helps protect against infection. EPEC flagellin is a
TLR5 agonist that is also known to trigger the production of pro-
inflammatory mediators, including IL-8, macrophage inflamma-
tory protein 3�, and monocyte chemotactic protein 1 (38, 41, 42).
However, at the late phase of infection, flagellin-independent ac-
tivation of proinflammatory mediators is also observed.

Although EPEC-linked PAMPs, including flagellin, are impor-
tant in NF-�B activation, various EPEC effector molecules trans-
located through the TTSS are also known to regulate proinflam-
matory responses (14, 38, 39). Therefore, an EPEC strain with a
mutant TTSS (EPEC �escN) produces more proinflammatory
stimulation, such as NF-�B activation and subsequent cytokine
induction, than the wild-type EPEC. Anti-inflammatory action of
EPEC effectors through the TTSS is obvious during the early stage
of infection, but EPEC �escN had fewer persistent effects on p65
activation than the wild-type EPEC. The prolonged NF-�B acti-
vation by the wild-type EPEC was also due to the TTSS. The un-
identified bacterial effector molecules contributed to MIC-1 in-

duction and prolonged p65 induction. NF-�B signal can be both
detrimental and beneficial to epithelial cells exposed to EPEC. We
observed that intestinal NF-�B induced the expression of IL-8,
which could trigger the recruitment of inflammatory cells and
injure the tissue of the gut. Moreover, sustained NF-�B activation
can prolong chemokine production. While early activated NF-�B
signals are important for transcriptional activation of proinflam-
matory cytokine genes, extended NF-�B activation via MIC-1 was
shown to be involved in epithelial survival from the cytotoxic
EPEC infection. The beneficial effects of NF-�B can be observed in
other types of gut epithelial injuries. In particular, epithelial
NF-�B contributes to barrier reestablishment by inducing the
transcription of genes involved in epithelial cell survival, wound
healing, and tissue remodeling after tissue injuries from patho-
gens and inflammation (43, 44). In the present study, NF-�B pro-
tects intestinal epithelial cells against apoptosis induced by toxic
insults, which is a defensive function important for maintaining
the gut barrier. In addition to microbial stimulation, specific
NF-�B activators, such as the bile salt taurodeoxycholate, pro-
mote epithelial reconstruction after physical injury (45). A loss-
of-function study in an animal model also demonstrated the pro-
tective roles of enterocyte-derived NF-�B in the maintenance of
intestinal homeostasis after different epithelial insults, including
irradiation and ischemia-reperfusion injuries (46, 47). In the pres-
ent study, NF-�B was found to be potentially crucial for epithelial
protection against EPEC-induced barrier disruption and cytotox-
icity. Intestinal NF-�B is also important for the spatial organiza-
tion of the tight junction protein ZO-1, which is vital for main-
taining epithelial integrity (48). In response to mucosal microbial
infection, prolonged NF-�B activation can be beneficial by pro-
moting epithelial reconstitution and repressing cellular apoptosis,
whereas transient NF-�B activation can trigger proinflammatory
recruitment.

EPEC infection does not always promote proinflammatory re-
sponses. Although mucosal inflammation undoubtedly repre-
sents the net effect of EPEC infection, pathogens also develop
defensive strategies to evade the host immune response which can
recruit immune cells and eliminate bacteria. The suppressive ef-
fects of EPEC on overstimulated inflammatory responses are es-
sential for the survival of these noninvasive bacteria. EPEC may
exert these effects by injecting into the host cells pathogenic effec-
tors that disrupt the NF-�B pathway, an essential modulator of the
early host defense (14, 49). In addition to surface PAMPs, EPEC
possesses a TTSS that acts like a molecular syringe which delivers
bacterial non-locus of enterocyte effacement (LEE)-encoded ef-
fectors (Nle). Recent studies reported that the anti-inflammatory
zinc protease NleC disrupts the NF-�B pathway (14, 49) in coop-
eration with NleE; this accounts for most of the immune suppres-
sion caused by EPEC. Originally, MIC-1 was identified in mono-
cytes as a mediator that regulates macrophage activation by
limiting proinflammatory cytokine production (22). Although
MIC-1 was found in the present study to play critical roles in
prolonging of the activation of NF-�B signaling, regulatory func-
tions during the whole process of infection-mediated epithelial
inflammation should be examined in other models. MIC-1 in
monocyte-derived cells can behave differently from epithelium-
produced MIC-1 by inducing anti-inflammatory resolution after
infection.

The present study suggested that MIC-1 is a modulator of pro-
longed NF-�B signaling. Mechanistically, MIC-1-activated TAK1

FIG 8 The mechanism underlying sustained activation of NF-�B signaling
associated with MIC-1 in intestinal epithelial cells infected with EPEC. EPEC
infection can trigger prolonged NF-�B activation. Although the bacteria can
regulate transient NF-�B activation and cytokine production via a type III
secretion system during the early infection period, it extends p65 activation in
a MIC-1-linked signaling pathway, which contributes to epithelial survival
from bacteria-induced apoptotic death.
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was found to be a signaling kinase critical for NF-�B activation.
This is the first report showing MIC-1-activated proinflammatory
signaling via TAK1 phosphorylation. MIC-1 protein binds to the
TGF-� receptor II (TGFRII) which can either activate or repress
gene expression. In addition to TAK1-associated NF-�B activa-
tion, TGFRII-linked Smad proteins can interact with NF-�B pro-
teins, such as p52 (50), leading to modified transcriptional activa-
tion of proinflammatory genes. Another EPEC-linked PAMP may
stimulate the innate nucleotide oligomerization domain 2
(NOD2) receptors that detect bacterial muramyl dipeptide, a
minimal recognition part of bacterial peptidoglycan. Since EPEC
contains muramyl dipeptide in the cell wall, these microorgan-
isms can theoretically be sensed by NOD2 although this has not
been previously reported. Additional studies should be performed
to examine the role of specific EPEC PAMPs in epithelial recogni-
tion, particularly in terms of MC-1 gene induction.

Prolonged MIC-1 production and NF-�B signaling in mucosal
epithelia do not always positively affect human health. Infection-
triggered MIC-1 may be involved in tumor metastasis in cancer
patients, and high serum levels of mature-type MIC-1 produce
other procarcinogenic effects. In colon cancer, increased MIC-1
expression is associated with the development of colonic adeno-
mas into invasive cancer (27). In terms of mucosal pathogen-
induced carcinogenesis, a murine model of EPEC infection using
Citrobacter rodentium developed colonic hyperplasia and showed
an enhanced response to chemically induced carcinogenesis and
genetic susceptibility to epithelial cancer (51, 52). It was recently
reported that EPEC suppresses the expression of a DNA repair
protein and can therefore play a potential role in human intestinal
carcinogenesis (8). Therefore, further investigation of the chronic
action of MIC-1 in both normal and transformed gut epithelia is
necessary to elucidate the exact effects of mucosal EPEC infection
and their potential impact on human health.
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