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Enteropathogenic Escherichia coli-induced macrophage
inhibitory cytokine 1 mediates cancer cell survival: an in vitro
implication of infection-linked tumor dissemination
HJ Choi1, J Kim1, KH Do1, S-H Park1 and Y Moon1,2

Mucosally adherent Escherichia coli is frequently observed in intestinal surface of patients with colorectal cancer, but rarely in
healthy control. Particularly, enteropathogenic Escherichia coli (EPEC) is known to be closely associated with colorectal
carcinogenesis in human. In this study, one consequence of EPEC infection in human intestinal cancer cells was induction of
macrophage inhibitory cytokine 1 (MIC-1), which is a multifunctional cytokine with biological activities involved in cancer cell
growth, differentiation and migration. The present investigation assessed the involvement of MIC-1 protein in EPEC infection-
mediated cancer cell survival. The challenge with EPEC induced cancer cell detachment via cytoskeleton rearrangement, which was
positively associated with induced MIC-1 expression. Moreover, MIC-1 also mediated RhoA GTPase-linked survival of the detached
cancer cells. Blocking of MIC-1 or RhoA activity increased cellular apoptosis of the detached cancer cells. In terms of signaling
pathway, MIC-1 triggered transforming growth factorb-activated kinase 1 (TAK1), which enhanced expression of RhoA GTPase. We
conclude that EPEC enhances MIC-1 gene expression in the human intestinal cancer cells, which can be associated with enhanced
tumor cell resistance to anchorage-dependent tumor cell death via enhanced TAK1 and RhoA GTPase.
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INTRODUCTION
Intestinal tumors, including colorectal cancer, cause nearly half a
million of annual deaths, and colorectal cancer is one of the most
prevalent causes of cancer-related mortality in the Western
World.1–3 For the mechanistic explanation of the intestinal
epithelial carcinogenesis, environmental factor such as
inflammatory responses and gut microbial influences have been
recently addressed.4,5 Experimentally, it is well documented that
mucosal bacteria, including pathogens and commensals, survive
in typical gut environment, which are linked with chronic
inflammatory responses and intestinal carcinogenesis.6,7 Clinical
investigations suggested that mucosally adherent bacteria are
more frequently identified in colon of patients with
adenocarcinoma or chronic inflammatory bowel disease (IBD)
than in the control, and 70% of patients with colonic adenoma
and adenocarcinoma showed population dominancy of
Escherichia coli (E. coli) among identified bacteria from the
mucosa biopsies.8,9 E. coli in the gut mucosa generally takes
only o0.1% of total commensals in the healthy group.
Mucosa-associated E. coli groups, including enteropathogenic

E. coli (EPEC), are human enteric pathogens that attaches to
the surface of intestinal enterocytes.10,11 Although the precise
mechanism of EPEC-induced pathogenesis is presently not known,
numerous studies have identified specific patterns of the
pathogen on host epithelial cells. EPEC adheres to enterocytes
and produces a characteristic ‘attaching and effacing’ lesion in
the brush border membrane.12,13 The pathogen uses a type III

secretion system to deliver the effector proteins to the host
epithelial cell, whose absorptive microvilli are lost (effacement).14

After intimate interaction, enterocytes undergo cytoskeletal
rearrangement such as localized polymerization of actin, which
eventually leads to the formation of a pedestal-like structure
below the attached bacteria.15–19 At the level of host cell function,
EPEC stimulates pro- and anti-inflammatory pathways, disrupts
epithelial barrier function and alters epithelial ion and water
transport, and stimulates pro- and antiapoptotic pathways.14,20–22

In addition to the acute inflammatory pathogenesis, there have
been increasing reports that mucosa-associated E. coli has
important roles in the pathogenesis of colon cancer and chronic
IBDs.5,23 In terms of mucosal pathogen-induced carcinogenesis,
murine infection model for EPEC using Citrobacter rodentium
showed colonic hyperplasia and enhances response to
chemical-induced carcinogenesis and genetic susceptibility.23,24

Particularly, it was recently reported that EPEC suppressed DNA
repair protein, which can have a potential role in human intestinal
carcinogenesis.25

Macrophage inhibitory cytokine 1 (MIC-1, also known as
prostate-derived factor, growth differentiation factor-15, placental
bone morphogenetic protein, placental transforming growth
factor-b and non-steroidal anti-inflammatory drug-activated
protein 1)26,27 is a divergent member of the transforming
growth factor-b (TGFb) superfamily and was first isolated from a
subtracted cDNA library enriched for genes associated with
macrophage activation. Although most intestinal epithelial cells
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maintain a low level of MIC-1 expression, apoptotic mucosal
surface epithelial cell can induce relatively high level of MIC-1
expression.28 Therefore, epithelial pathogenic processes, including
apoptosis, inflammation and carcinogenesis, elevate the cellular
levels of MIC-1 expression, implicating the protein in specific roles
concerning epithelial cell behavior in stressful gut environments.
MIC-1, being one of the major secreted proteins induced by p53, is
thought to be important in translating p53-mediated activity
associated with cell cycle arrest and apoptosis.29 Moreover, MIC-1
has been linked to the modulation of cellular response of
migrating cells in the extracellular matrix and circulation.30,31 In
colon cancer, increasing MIC-1 expression is also associated with
the progression of colonic adenomas to invasive cancer and
subsequent metastasis.32 In the case of epithelial cancer, serum
MIC-1 levels increase with the progression of tumor to
metastasis.32–34

We hypothesized that EPEC could contribute to intestinal
epithelial carcinogenesis by modulating tumor dissemination-
associated genes, although infection-associated carcinogenesis
may be a complex event of chronic inflammation and mutagen-
esis. As a novel modulator of EPEC infection, we investigated MIC-
1-linked detachment and survival of the intestinal epithelial cancer
cells. This study will address intestinal cancer cell fate by
modulating cellular detachment and survival via MIC-1 in response
to mucosa-associated EPEC as a potent cancer trigger in the
diseased gut environment. The successful survival may enhance
the chance of dissemination of epithelial cancer cells into
submucosa and lymphatic circulation.

RESULTS
MIC-1 expression is induced by EPEC in the intestinal epithelial
cancer cells
Intestinal cancer cells were evaluated via in vitro EPEC infection.
Effects of EPEC on HCT-116 and HCT-8 human intestinal cancer
cells were investigated because these cancer cells are well-
recognized models for the study of intestinal epithelial carcino-
genesis.35–38 Initially, to determine whether EPEC could influence
MIC-1 expression, these cell lines were treated with EPEC for
defined times. As shown in HCT-116 cells in Figure 1a, MIC-1
protein was induced by EPEC exposure maximally around 4–8 h,
although the cancer cells express some basal degree of MIC-1
protein. In addition, HCT-8 cells also displayed markedly enhanced
MIC-1 induction in the presence of EPEC (Figure 1b). We compared
EPEC with another mucosa-associated enteroaggregative E. coli for
MIC-1 modulation. As a negative control, non-pathogenic control
E. coli DH5a had no effect on the levels of MIC-1 protein. Whereas
only EPEC triggered MIC-1 induction even at low density
(5 bacteria per a human cell), enteroaggregative E. coli induced
MIC-1 expression at higher density (20 bacteria per a human cell)
(Figure 1c). MIC-1 induction was also shown in other cancer cells,
including HT-29 and HCT-15 cells (Figure 1d). Moreover, MIC-1 was
also enhanced in the colon, but not in the small intestine of mice
infected with EPEC (Figure 1e). In particular, MIC-1 levels in the
colonic epithelial region were highly elevated by EPEC infection
(Figure 1f). Taken together, MIC-1 expression was induced by EPEC
infection in human intestinal epithelial cancer cells as well as the
normal colonic epithelia.

MIC-1 expression by EPEC mediates epithelial cancer cell
detachment
To address the function of EPEC-induced MIC-1 expression in
cancer cells, HCT-116 colon adenocarcinoma cells were observed
by phase-contrast microscopy at various times during exposure to
EPEC strain E2348/69. This microscopic analysis and counting of
detached cells demonstrated that EPEC induced HCT-116 cancer
cell detachment, and most cancer cells were floating around 6 h

after exposure (Figure 2a). Moreover, control epithelial colon
cancer cells were much more susceptible to infection-induced
detachment than cells with MIC-1 deficiency (Figures 2a and b),
implicating MIC-1 as a critical mediator of EPEC-induced detach-
ment of the intestinal cancer cells. Infection of cells with strains
harboring mutations in escN, which encodes a putative ATPase for
the EPEC type III secretion system had marginal effects on
epithelial detachment, suggesting that epithelial detachment is
dependent on type III secretion system of EPEC (Figure 2).
As EPEC is known to cause pedestal formation at the site of

intimate bacterial attachment and re-organize actin-polymeriza-
tion network extensively, cellular distribution and organization of
F-actin were assessed to monitor changes in the cytoskeleton
structure. In the control HCT-116 colon cancer cells, there was
relatively dense network of unpolarized actin filaments around the
cell periphery. By contrast, EPEC infection induced sequestering of
actin distribution around the pedestal formation and lessened
dense actin filaments around the cytoplasm (Figure 2c). However,
EPEC-induced change in distribution of F-actin was rare in MIC-1-
suppressed cancer cells, suggesting that MIC-1 may mediate EPEC-
induced disruption of actin network in association with pedestal
formation. As an extensively investigated regulator of the actin
cytoskeleton in the formation of stress fibers during cancer cell
migration,39–41 RhoA GTPase was assessed along with MIC-1
protein in terms of epithelial detachment and survival from the
anoikis. RhoA GTPase protein was induced by EPEC infection,
which was attenuated in MIC-1-suppressed cells, indicating a
positive regulation of RhoA expression by MIC-1 protein
(Figure 3a). Moreover, RhoA protein was also observed in the
infected cells. EPEC infection led to an upregulation of RhoA
expression, which was colocalized with sequestered F-actin, the
substrate of RhoA GTPase around the pedestal formation
(Figure 3b). By contrast, cancer cells with interfered MIC-1
expression had less induction and sequestering of RhoA and
F-actin, suggesting that MIC-1 is involved in alteration of
cytoskeleton via subsequently induced RhoA GTPase in the
intestinal cancer cells. RhoA was also elevated in MIC-1-expressing
region in the colonic epithelia of mice infected with EPEC, but
RhoA induction was almost shut down by antibiotic treatment
(Figure 3c). By eradicating EPEC with antibiotic, EPEC-induced
MIC1 and subsequent oncogene RhoA were downregulated
(Figure 3c).

MIC-1 and RhoA GTPase contribute to survival of detached cancer
cells following EPEC infection
Migrating cancer cells maintain viability in an anchorage-
independent manner to get successful metastasis and we
investigated whether pathogen-induced MIC-1 can also affect
survival of tumor cells. Fluorescence-activated cell sorting (FACS)
analysis demonstrated that 16% of EPEC-exposed total cancer cells
underwent apoptosis till 8 h (Figure 4a). However, MIC-1
interference increased death of cancer cells, which implicates
the involvement of MIC-1 in survival response of the detached
cancer cells. This positive association between MIC-1 induction
and survival from anoikis was also confirmed using DNA
fragmentation assay shown in Figure 4b. MIC-1 interference made
cancer cells susceptible to apoptotic death. Moreover, the
detached cancer cells were also monitored after 8 h EPEC
exposure. Among the detached cancer cells by EPEC infection,
more than 30% underwent apoptosis (Figure 5a). However, cells
expressing shRNA MIC-1 or dominant-negative RhoA protein had
more increased rate of apoptotic death after detachment.
Moreover, detached cancer cells with suppressed MIC-1 expres-
sion also had less level of RhoA proteins (Figure 5b). Taken
together, it can be concluded that EPEC-detached cancer cells can
survive from anoikis by enhancing MIC-1 protein and subsequent
RhoA GTPase.
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RhoA induction in detached cancer cells is triggered by
TGFb-activated kinase
As MIC-1 is a member of TGFb superfamily, the signaling mediator
of RhoA induction was assessed by observing TGFb-activated
kinase (TAK)-linked signaling pathway. EPEC infection activated
TAK1 phosphorylation in a time-dependent manner (Figure 6a).
Moreover, MIC-1 suppression reduced TAK1 phosphorylation
(Figure 6b), indicating that MIC-1 mediates TAK1 activation by
EPEC. Finally, TAK1 inhibition using 5Z-7-oxozeaenol, a TAK1
inhibitor, was shown to attenuate EPEC-induced RhoA expression
(Figure 6c). EPEC-induced MIC-1 activated TAK1 signal, which
enhanced RhoA expression in the cancer cells. The signaling
patterns in the detached cells were also similar to those in the
total cells infected with EPEC shown in Figure 6. Flow cytometry
analysis confirmed that RhoA GTPase induction by EPEC was
mediated by TAK1, which was activated by MIC-1 protein in the
detached cancer cells (Figure 7).

DISCUSSION
In this study, we provided evidences for the EPEC-associated
dissemination of the intestinal cancer cells. EPEC induced MIC-1
production in human intestinal cancer cells, which was closely
linked with cellular detachment and subsequent survival
responses. Mechanistically, MIC-1- and TAK1-mediated RhoA
protein was important in cancer cell detachment and

subsequent survival from the anoikis (Figure 8). RhoA, a well-
known member of the Rho family of GTPases, regulates
numerous biological functions related to cancer metastasis.39,42

Basically, enhanced RhoA activity in the cancer cells is mostly
due to RhoA overexpression because mutation of RhoA has not
been found in human cancers.43,44 Accumulating evidences
have shown that upregulation of RhoA mRNA and RhoA
protein levels have been well documented in various human
cancers.45–47 This study suggests one potent mechanism of
RhoA overexpression in cancer cells via MIC-1. Moreover, MIC-1-
upregulated RhoA contributed to the survival and migration
activity of the cancer cells in the presence of EPEC, which
provides a good therapeutic target of intervention of infection-
mediated cancer metastasis. However, further clinical
investigation is needed to assess the correlation between
MIC-1 and RhoA overexpression in the cancer patients.
Although changes in MIC-1 levels are associated with a
number of disease conditions, they are mostly strongly linked
to cancer progression.48,49 Increased MIC-1 expression has been
documented in a variety of epithelial cancer cell lines, including
breast, pancreas and colorectal cancers.33,50,51 In colon cancer,
increasing MIC-1 expression is associated with the progression
of colonic adenomas to invasive cancer and subsequent
metastasis.32 As MIC-1 particularly facilitates the migration of
the transformed cells, EPEC infection can facilitate dispersal of
tumor cells from the original foci to the circulation and target
organs, suggesting increased chances of tumor metastasis by
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Figure 1. Effects of EPEC on MIC-1 expression in intestinal cancer cells. (a) HCT-116 human intestinal cancer cells were infected with EPEC or E.
coli DH5a for the indicated times and the total cell lysate was examined by western blot. (b) HCT-8 ilocecal cancer cells were incubated with
EPEC for indicated times. Total cell lysates were subjected to western blot analysis. (c) HCT-116 cells were infected with each fold number of or
E. coli DH5a, EPEC and enteroaggregative E. coli (EAEC) for 4 h and the total epithelial cell lysate was analyzed using western blot. (d) HT-29
and HCT-15 human cancer cells were infected with EPEC for the indicated times and the total cell lysate was examined by western
blot. (e, f ) Proteins and slices from each intestinal segment of C57BL/6J mice infected with EPEC at 15th day after infection when MIC-1
expression is maximal were analyzed by western blotting or confocal microscopy, respectively. A full colour version of this figure is available at
the Oncogene journal online.
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microbial infection in cancer patients. However, parts of
detached cells underwent apoptotic cell death after EPEC
infection. EPEC is a non-invasive pathogen that attaches to the
apical surface of the epithelial cells. Therefore, EPEC-induced
MIC-1 can promote detachment of normal cells as well as the
transformed cells, which can be excluded through the gut
lumen. By contrast, MIC-1 also can enhance dissemination of the
epithelial cancer cells from the original tumor mass. It is thus
expected that some parts of detached alive cancer cells then can
migrate through underlying tissue and can circulate in the body.
As reported in the recent paper, mucosa-associated E. coli,
including EPEC, promotes mutagenic insults by downregulating
DNA mismatch repair protein in human colorectal
adenocarcinoma cells.25 Taken together with this study, it can
be speculated that mucosal pathogen-induced carcinogenesis
can be associated with MIC-1-mediated metastatic activation in
tumor initiation-susceptible environment.

Along with MIC-1-mediated survival responses, transient
phosphorylation of the a-subunit of translation initiation factor 2
(eIF2a) by eIF2a kinase integrates signaling in stressful conditions,
reduces the rate of translation initiation (potentially suppressing
the synthesis of proapoptotic proteins) and at the same time turns
on genes specific to the integrated stress response, both effects
contributing to cytoprotection in response to apoptotic cell
death.52,53 In the EPEC-exposed cancer cells, eIF2a-linked
integrated stress response was also observed in the present
model. EPEC induced integrated stress response by elevating
eIF2a phosphorylation and its central effector CHOP (C/EBP
Homologous Protein) in the epithelial cancer cells
(Supplementary Figures 1a and b). In terms of molecular
mechanism, CHOP mediated EPEC-induced MIC-1 expression.
EPEC-induced CHOP enhanced MIC-1 mRNA and transcriptional
activity (Supplementary Figures S1c and d) via CHOP’s binding to
MIC-1 promoter (Supplementary Figure S1e). In spite of the
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Figure 2. Involvement of EPEC-induced MIC-1 in detachment and morphological change. HCT-116 cells stably transfected with the empty
vector (control) or MIC-1 shRNA were infected with EPEC or EPEC DescN for 4–8 h. After cellular fixation and staining, attached epithelial
cancer cells were microscopically visualized (a) and detached cells were counted (b). (c) Each group of HCT-116 cells was infected with EPEC
for 4 h, fixed and stained with fluorescein isothiocyanate (FITC)-conjugated phalloidin (1mg/ml) and observed by confocal microscopy. Arrows
indicate EPEC-triggered sequestering of F-actin polymers in association with pedestal formation. The different letter over each bar of the
standard deviation represents significant differences between two groups by unpaired matched comparisons (Po0.05). ND represents
‘non-detectable’. A full colour version of this figure is available at the Oncogene journal online.

Modulatory mechanism of cellular survival by MIC-1
HJ Choi et al

4963

& 2013 Macmillan Publishers Limited Oncogene (2013) 4960 – 4969



antiapoptotic action of MIC-1, EPEC can also induce apoptotic cell
death in normal epithelial cells. As a potent proapoptotic effector,
EspF has been demonstrated to induce epithelial apoptosis by
attenuating antiapoptotic function of mammalian ribosomal
Abcf2.54,55 Abcf2 belongs to ABC transporter superfamily and
interact with eIF2a, which has a key role in the control of
translational arrest. Therefore, one possible speculation can be
that bacterial EspF modulates epithelial integrated stress response
via Abcf2-associated pathways. In response to the proapoptotic
action, cells develop defensive responses via MIC-1-linked
machinery.
Other several MIC-linked factors have been suggested for their

possible involvement in mucosal microenvironment. MIC-1
provides pathogenic environment favorable for the cancer growth
and metastasis of epithelial cells. MIC-1 and its target oncogenes,
including RhoA, enhanced cellular survival after epithelial
detachment in the tumor microenvironment. RhoA was elevated

in MIC-1-expressing region in the colonic epithelial cells, but it was
almost shut down in antibiotic-treated mouse since MIC-1 was not
induced. We reported that MIC-1 modulates gene expression of
plasminogen activator urokine (PLAU) and plasminogen activator
receptor (PAR).35 Moreover, RhoE and catenin d1 are target
molecules of MIC-1 during tumor cell metastasis.30 All the four
known target molecules (PLAU, PAR, RhoE and catenin d1) were
also enhanced by EPEC in the murine infection model, but were
decreased by antibiotic treatment (Supplementary Figure S2a). As
MIC-1 have key roles in cancer cell survival, blocking of its target
molecules, including PLAU and PAR activity, increased cellular
survival after cell detachment (Supplementary Figure S2b).
In addition to PLAU and PAR, catenin d1 and RhoE are both
associated with intercellular adhesion receptors, such as cadherin
at the intercellular junction, which are essential for the establish-
ment of the cell shape, maintenance of the differen-
tiated phenotype and adherence junctions between cells.30,56
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The whole additional studies support the opinion that MIC-1 can
be a potent convergence point of coordinating cellular survival
and resistance to infection-induced apoptosis.
As MIC-1 can be induced by EPEC in the normal epithelial tissue,

its role in the microbial infection should also be assessed. Infection-
mediated detachment of normal intestinal epithelial cells does not
always prelude negative effects in the host. MIC-1 can aid host
defense by shedding of luminal EPEC-attached gut epithelia, which
may reduce the chance of the mucosal pathogenicity by the non-
invasive pathogen. In contrast, pathogen-disrupted gut barrier can
be more susceptible to the next microbial translocation such as
pathogens and commensal microbes, which is a critical etiological
factor of IBD.57,58 Mucosa-associated E. coli strains with mannose-
resistant adhesion have a crucial role in the pathogenesis of
IBD.9,59 Moreover, compared with control group with no history
of IBD, patients with ulcerative colitis shows more enhanced

production of human a-defensins 5 and 6, b-defensins 1 and 2 and
lysozyme, which are involved in the first line of defense against
pathogenic E. coli.60 It can be thus suggested that mucosa-
associated E. coli may contribute to the onset or chronicity of IBD
via MIC-1 pathway.
Conclusively, challenge with EPEC induced cancer cell detach-

ment and survival, which were associated with MIC-1 induction,
implicating tumor dissemination into submucosa and lymphatic
circulation in vivo. Detached cells can suffer from apoptotic death,
but many of them survive and reattach by virtue of MIC-1-linked
factor, including TAK1 and RhoA GTPase protein. Infection-
associated carcinogenesis may be a complex event of chronic
inflammation and mutagenesis. It is thus warranted in the future
study to investigate therapeutic strategies to suppress intestinal
epithelial carcinogenesis by mitigating MIC-1-linked pathogenicity
of mucosa-associated E. coli.
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MATERIALS AND METHODS
Cell culture conditions and reagents
The HCT-116 and HCT-8 human intestinal epithelial cancer cell line was
purchased from the American Type Culture Collection (Rockville, MD, USA).
Cells were maintained in RPMI medium (Invitrogen, Carlsbad, CA, USA)
supplemented with 10% (v/v) heat-inactivated fetal bovine serum (Sigma-
Aldrich, St Louis, MO, USA), 50U/ml penicillin (Sigma-Aldrich) and 50 mg/ml
streptomycin (Sigma-Aldrich) in a 5% CO2 humidified incubator at 37 1C.
Cell number and viability were assessed using a standard assay of the
exclusion of Trypan blue dye (Sigma-Aldrich). However, during the
infection step, cells were incubated in antibiotic-free media after several
washing in antibiotics-free RPMI media.

Bacterial strains and infection
Wild-type EPEC used for all experiments was the E. coli O127 strain E2348/
69. EPEC mutant in type III secretion system-related ATPase gene escN
(EPEC DescN) was kindly provided by Dr Ilan Rosenshine (The Hebrew
University, Jerusalem, Israel) and Dr James Kaper (University of Maryland,
Baltimore, MD, USA). Briefly, bacteria were shaken in LB broth (Duchefa
Biochemie, Haarlem, The Netherlands) at 37 1C overnight. Bacteria were
further subcultured in antibiotic- and serum-free RPMI-1640 with 1%
mannose at 37 1C to get absorbance optic density (OD) of 0.5–0.6 at
600 nm. EPEC were then added to the apical surface of HCT-116 cell culture
at a ratio of 50:1 (bacteria to cell). Bacteria were grown to stationary phase
in LB broth containing the appropriate antibiotics. For mouse EPEC
infection, 6- to 8-week-old C57BL/6J mice were purchased from Jackson
Laboratories (Bar Harbor, MN, USA) and allowed to acclimate for 7 days. All
mice were individually housed in ventilated cages with free access to food
and water. EPEC were grown to stationary phase in LB broth. Aliquots of
the broth culture (1ml) were centrifuged and the bacterial pellet was
suspended in 1.25ml phosphate-buffered saline (PBS). A suspension
containing approximately 2� 108 E2348/69 cells in 200ml of PBS were
introduced into the animals by gavage with a curved needle 4 cm in length

with a steel ball at the tip. Control animals received 200ml sterile PBS and
the antibiotic treatments were performed by adding 2mg/ml streptomycin
in the drinking water for 7 days after EPEC infection. 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 following
infection (2, 5, 8, 10 and 13 days), the animals were killed and intestinal
tissues were processed for further analysis.

Western immunoblot analysis
Cells were washed with ice-cold phosphate buffer, lysed in boiling lysis
buffer consisting of 1% (w/v) sodium dodecyl sulfate (SDS), 1.0mM sodium
orthovanadate and 10mM Tris (pH 7.4) and sonicated for 5 s. Lysate
containing proteins were quantified using a BCA protein assay kit (Pierce,
Rockford, IL, USA). In all, 50 micrograms of protein was separated by 10%
SDS–polyacrylamide gel electrophoresis (SDS–PAGE) using a mini gel
apparatus (Bio-Rad, Hercules, CA, USA). Proteins were transferred onto a
polyvinylidene fluoride membrane (Amersham Pharmacia Biotech, Piscat-
away, NJ, USA) and each membrane was blocked with 5% skim milk in
Tris-buffered saline plus Tween 0.05% (TBST). Protein bands were probed
with primary antibody followed by labeling with horseradish peroxidase-
conjugated anti-mouse, anti-rabbit or anti-goat secondary antibody. The
antibodies used were: anti-MIC1, anti-phospho-ERK, anti-PARP (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) and anti-phospho-AKT (Cell Signaling
Technology, Beverly, MA, USA). Bands were visualized by enhanced
chemiluminescence (Amersham Pharmacia Biotech, Piscataway, NJ, USA)
according to the manufacturer’s instruction.

Conventional and real-time reverse transcription–polymerase
chain reaction
Total RNA was extracted from cells using Qiazol (Qiagen, Valencia, CA, USA)
and the RNA concentration was determined from the absorbance at
260 nm. First-strand DNA was reverse transcribed from 1 mg of total RNA in
a final volume of 20ml. The DNA was added to a 20ml polymerase chain
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reaction (PCR) reaction mixture with each set of gene-specific primers: The
50 forward- and 30 reverse-complement PCR primers for amplification of
each gene were as follows: human MIC-1 (F: 50-ACGCTACGAGGACCTGC-
TAA-30 ; R: 50-AGATTCTGCCAGCAGTTGGT-30); mouse MIC-1 (F: 50-GACAT-
CACTAGGCCC CTGAA-30 ; R: 50-GATACAGGTGGGGACACTCG-30); mouse
PLAU (F: 50-AGTGTGGCCAGAAGGCTCTA-30 ; R: 5-CCCGTGCTGGTACGTA
TCTT-30); mouse PAR (F: 50-GCCGCTATCCTACAGAGCAC-30 ; R: 50-GTAGC-
CACCAGGCACTGATT-30); mouse RhoE (F: 50-TCTTCGCTTTGTCCTTTCGT-30 ; R:
50-CCTGTGGGACACTTCAGGTT-30); mouse catenin D1 (F: 50-CCAGACTTT
GGGTCGTGATT-30 ; R: 50-GCCCATACTACGCTGGTCAT-30) and human/mouse
GAPDH (F: 50-TCAACGGATTTGGTCGTATT-30 ; R: 50-CTGTGGTCATGAGTC
CTTCC-30). The thermal cycling conditions used consisted of initial
denaturation at 94 1C for 4min, followed by 28 cycles of 94 1C for 30 s,
58 1C for 30 s and 73 1C for 45 s and a final extension for 10min at 72 1C.
The final PCR products were electrophoresed on a 1% agarose gel and
photographed under ultraviolet illumination. In the real-time PCR, FAM (6-
carboxyl-fluorescein) was used as a fluorescent reporter dye and
conjugated to the 50 ends of the probes to detect amplified cDNA in the
iCycler Thermal Cycler (Bio-Rad) using the following parameters: denatura-
tion at 94 1C for 2min and 40 cycles of reactions of denaturation at 98 1C
for 10 s, annealing at 59 1C for 30 s and elongation at 72 1C for 45 s. Each
sample was tested in triplicate to ensure statistical significance. Gene
expression was quantified using the comparative Ct method. The Ct value
is defined as the point where a statistically significant increase in the
fluorescence has occurred. The number of PCR cycles (Ct) required for the
FAM intensities to exceed a threshold just above background was
calculated for the test and reference reactions. In all experiments, GAPDH
was used as the endogenous control. Results were analyzed as a relative
quantity based on vehicle-treated samples.

Stable transfection
MIC-1 shRNA expression vector was kindly provided by Dr Jong-Sik Kim
(Andong National University, Gyeongsangbuk Korea) and Dr Seong-Joon
Baek (The University of Tennessee, Knoxville, TN, USA). The activated form
of Rho A expression plasmid (Q63L substitution) and dominant-negative
RhoA plasmid (T19N substitution) was provided from Upstate Biotech
(Lake Placid, NY, USA). Expression plasmid for dominant-negative CHOP
was kindly provided by Dr Tomomi Gotoh of Kumamoto University
(Kumamoto, Japan).61 Cells were transfected using Trans-LT1 transfection
reagent (Mirus, Madison, WI, USA) according to the manufacturer’s
protocol. MIC-1 shRNA expression vector was co-transfected with
pcDNA3.1-neo. Following transfection, cells underwent 2 weeks of
selection with 400mg/ml G418 (Life Technologies, Korea LLC, Seoul,

Korea). Single colonies were expanded and maintained in medium with
200mg/ml G418. All transfection efficiencies were maintained at around
50–60%, which was confirmed with pMX-enhanced GFP vector.

Rho activation assay
GST-Rhotekin RBD was produced in E. coli (DH5 strain). Bacterial cultures
were grown to A600¼ 0.6 and then induced with 5mM isopropyl-b-D-
thiogalactopyranoside for 4 h at 4 1C. The bacteria were harvested in lysis
buffer (50mM Tris, pH 7.4, 150mM NaCl, 5mM MgCl2, 1% Triton X-100)
containing protease inhibitors and were lysed by sonication (8� 15 s on
ice). After centrifugation (12 000 g for 30min at 4 1C), the GST-Rhotekin-
RBD was collected from the clarified supernatant by rocking at 4 1C for
45min with glutathione-agarose (Santa Cruz Biotechnology). The bead was
washed three times with assay buffer, resuspended in fresh buffer and
aliquots snap frozen in liquid N2 for future use. Cultured cells were rinsed
with Tris-buffered saline and lysed in buffer (250mM Tris-HCl (pH 8.7),
750mM NaCl, 50mM MgCl2, 5mM EDTA, 5% Triton X-100) containing
protease inhibitors. The lysates were clarified by brief centrifugation and
then incubated with the agarose bead-bound GST-Rhotekin-RBD for
45min at 4 1C. The beads and precipitated proteins were washed four
times in cold lysis buffer and then the proteins were eluted by boiling in
Laemmli buffer and separated by SDS–PAGE. Proteins were immuno-
blotted with Rho-specific antibodies (Santa Cruz Biotechnology), followed
by detection with horseradish peroxidase-conjugated secondary anti-
bodies. The precipitated Rho was normalized to the Rho present in whole
cell lysate.

Luciferase assay
Cells were washed with cold PBS, lysed with passive lysis buffer (Promega,
Korea, LTD. Seoul, Korea) and then centrifuged at 12 000 g for 4min. The
supernatant was collected isolated and stored at � 80 1C until assessment
of luciferase activity. Luciferase activity was measured with a dual-mode
luminometer (Model TD-20/20; Turner Designs, Sunnyvale, CA, USA) after
briefly mixing the supernatant (10ml) with 50ml firefly luciferase assay
substrate solution, followed with 50ml stop solution (Promega). Luciferase
activity was normalized by dividing firefly luciferase activity by Renilla
luciferase activity.

Confocal microscopy
After treatment with EPEC or control bacteria, cells were fixed with 4%
formaldehyde diluted in PBS (USB, Cleveland, OH, USA). Fixed cells were
permeabilized with 0.1% NP-40 in PBS for 10min. After 1 h blocking with
3% bovine serum albumin in PBS, cells were stained with 100 ng/ml
fluorescein isothiocyanate (Sigma-Aldrich) in PBS for 30min. Fluorescent
microscope images were obtained using a Fluoview 1000 confocal laser
scanning microscope (Olympus, Tokyo, Japan) using a single line (520 nm).
Images were acquired and processed with FV10-ASW version 1.7 software
(Olympus).

Chromatin immunoprecipitation assay
Cells were crosslinked for 10min in 1% formaldehyde. The reaction was
stopped by the addition of glycine to 125mM, and cells were washed twice
with 1� PBS. Chromatin was fragmented by sonication for 10 s to a size of
1000–2000 bp in lysis buffer (1% (w/v) SDS, 10mM EDTA, pH 8.0, 50mM

Tris-HCl, pH 8.0), protease inhibitor mixture) using Vibra-Cell (Sonics
and Materials, Newtown, CT, USA). The soluble chromatin was
immunoprecipitated with 2 mg of mouse monoclonal anti-CHOP antibody
in a mixture of nine parts dilution buffer (1% Triton X-100, 150mM NaCl,
2mM EDTA, pH 8.0, 20mM Tris (pH 8.0) and protease inhibitor mixture) and
one part lysis buffer. After rotating overnight at 4 1C, protein G-Sepharose 4
fast flow (GE Healthcare, Wauwatosa, WI, USA) was added in 100ml of a 9:1
mixture of dilution buffer and lysis buffer containing 100mg/ml bovine
serum albumin) and 500mg/ml salmon sperm DNA (Invitrogen) per sample.
After centrifugation of the protein G-Sepharose mixture, each sample was
washed twice in dilution buffer, and finally the chromatin was
resuspended in the 9:1 dilution buffer/lysis buffer solution and incubated
at 37 1C with proteinase K and RNase A (500mg/ml for each sample).
Chromatin was purified using a MEGAquick-spinTM kit (Intron, SungNam,
South Korea).

Figure 8. Putative mechanism of EPEC-infected cancer cell survival.
The schematic signaling patterns illustrate that EPEC induces MIC-1
expression, which triggers the detachment of intestinal cancer cells.
Detached cells can suffer from apoptotic death, but many of them
survive and disseminate by virtue of MIC-1-linked factors, including
TAK1 and RhoA GTPase protein. A full colour version of this figure is
available at the Oncogene journal online.
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FACS analysis
HCT-116 cells (5� 105) were plated, incubated and then treated with EPEC.
After treatment, the cells were harvested, washed with PBS, fixed by the
slow addition of cold 70% ethanol to a total of 1ml and stored at 4 1C
overnight. The fixed cells were pelleted, washed once with PBS and stained
with propidium iodide and RNase in PBS for 20min. Cells were examined
by flow cytometry using a FACSort apparatus (BD Biosciences, Franklin
Lakes, NJ, USA) equipped with CellQuest software (BD Biosciences) by
gating on an area-versus-width dot plot to exclude cell debris and
cell aggregates. Apoptosis was measured by the level of subdiploid DNA
contained in cells after treatment with EPEC2348/69 using CellQuest
software.

Statistical analyses
Data were analyzed using SigmaStat for Windows (Jandel Scientific, San
Rafael, CA, USA). For comparison of two groups of data, Student’s t-test
was performed. For comparison of multiple groups, data were subjected to
analysis of variance and pairwise comparisons made by the Student–
Newman–Keuls method.
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