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Abstract
Background—We have recently demonstrated that mice deficient in TLR4 or its adapter molecule
MyD88 have increased signs of colitis compared to wild-type (WT) mice following dextran sodium
sulfate (DSS)-induced injury. We wished to test the hypothesis that Cox-2 derived PGE2 is important
in TLR4-related mucosal repair.

Methods—Cox-2 expression was analyzed by real-time PCR, immunohistochemistry, western
blotting, and luciferase reporter constructs. siRNA was used to inhibit expression of MyD88. TLR4
−/− or WT mice were given 2.5% DSS for 7 days. Proliferation and apoptosis were assessed using
BrdU staining and TUNEL assays, respectively. PGE2 was given orally to DSS-treated mice.

Results—Intestinal epithelial cell lines upregulated Cox-2 expression in a TLR4- and MyD88-
dependent fashion. LPS-mediated stimulation of PGE2 production was blocked by a selective Cox-2
inhibitor or siRNA against MyD88. Following DSS injury, Cox-2 expression increased only in WT
mice. TLR4−/− mice have significantly reduced proliferation and increased apoptosis following DSS
injury compared to WT mice. PGE2 supplementation of TLR4−/− mice resulted in improvement in
clinical signs of colitis and restoration of proliferation and apoptosis to wild-type values. The
mechanism for improved epithelial repair may be through PGE2-dependent activation of the
epidermal growth factor receptor.
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Conclusion— We describe an important link between TLR4 signaling and Cox-2 expression in
the gut. TLR4 and MyD88 signaling are required for optimal proliferation and protection against
apoptosis in the injured intestine. Although TLR4 signaling is beneficial in the short-term, chronic
signaling through TLR4 may lower the threshold for colitis-associated cancer.

Introduction
The intestinal mucosa coexists with a high density of luminal bacteria and pathogen-associated
molecular patterns (PAMPs). Indeed, the genetic program of the epithelium is shaped by the
presence of bacteria. Compared with germ-free animals, colonization with a single species of
gut commensal, Bacteroides thetaiotaomicron, results in the expression of genes that enhance
barrier fortification and nutrient transport1. Early and now more recent studies demonstrate
that germ-free animals have reduced intestinal epithelial cell proliferation compared with
colonized mice2,3. Finally, germ-free mice are more susceptible to bleeding and death
following dextran sodium sulfate (DSS) induced colitis4. These data suggest a link between
luminal bacteria and intestinal epithelial repair. In spite of the beneficial role of bacteria in the
normal function of the intestine, bacteria have been implicated in the pathogenesis of
inflammatory bowel diseases (IBD)5,6. These disorders are characterized by chronic, relapsing
intestinal inflammation in the absence of a specific pathogen.

We became interested in the role of toll-like receptor (TLR) signaling in the intestine as a means
to better understand the relationship between epithelial function and bacteria during
inflammatory states. TLRs are pattern recognition receptors expressed by immune and non-
immune cells that signal in response to PAMPs expressed by microbes7. TLR signaling
provides a rapid response against pathogens. Individual or pairs of TLR recognize distinct
PAMPs. For example, TLR4 is required for an immune response to LPS8,9 whereas TLR2 in
combination with TLR1 recognizes lipotechoic acid10. Most TLR molecules signal through
the adapter molecule MyD88 to IL-1 receptor associated kinase (IRAK) and Traf6 to
transforming growth factor-beta-activated kinase 1 (TAK1) resulting in activation of mitogen
activated protein (MAP) kinases and nuclear translocation of NF-κB11.

Several lines of evidence support a role for TLR signaling in intestinal homeostasis. In vitro,
TLR ligands induce fortification of intestinal barrier function through redistribution of the tight
junction protein ZO-112 and increase expression of beta-defensin 213. We and others have
used an acute model of colitis to address the function of TLR4 in the setting of epithelial injury
and inflammation. Administration of DSS to animals genetically deficient in TLR4 or MyD88
results in greater toxicity manifested by increased rectal bleeding, weight loss and mortality
compared to wild-type littermates14–16. We have also found that animals deficient in TLR4
or MyD88 have decreased neutrophil recruitment to the intestine due to defective expression
of chemokines and they experience bacterial translocation to mesenteric lymph nodes15. At
least part of the reason for the increased bleeding and weight loss may be due to decreased
intestinal epithelial cell proliferation in TLR4- or MyD88 knock-out mice3,14,15. This series
of observations has led to the conclusion that recognition of luminal bacteria through the
intestinal expression of TLRs is important for intestinal homeostasis.

The relationship between epithelial repair and inflammation is complex. An important mediator
of both inflammation and repair in the intestine is cyclooxygenase (Cox)-2. Cox-1 and Cox-2
synthesize prostaglandins from arachidonic acid17. While intestinal epithelial cells express
Cox-1 constitutively, Cox-2 is induced by inflammatory mediators. Cox-2-dependent PGE2
production is critical for epithelial repair in the intestine in a variety of contexts. In the setting
of IBD, elevated Cox-2 and PGE2 have been implicated in the development of colitis-associated
cancers18,19. We have recently shown that microsomal PGE synthase-1, the enzyme that
catalyzes the conversion of PGH2 to PGE2 is increased in IBD mucosa18 whereas 15-
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hydroxyprostaglandin dehydrogenase (15-PGDH), the enzyme responsible for catabolism of
PGE2, is reduced in the inflamed mucosa of IBD19. This combination results in overall
increases in mucosal PGE2, and the potential for enhanced carcinogenesis in the setting of
inflammation.

We wished to better understand the cellular and molecular mechanisms by which TLR4
signaling is involved in intestinal homeostasis. Studies prior to the identification of TLR4 found
that systemic administration of LPS protected animals from radiation-induced injury in the gut
characterized by apoptosis of intestinal stem cells20,21. The mechanism for the LPS-induced
radioprotection was found to be induction of Cox-2 and prostaglandin E2 (PGE2)
production21. In addition, DSS administration to Cox-2 knock-out mice results in a phenotype
reminiscent of that seen in TLR4−/− mice, namely increased bleeding and increased
mortality22.

In the current study, we test the hypothesis that Cox-2 derived PGE2 is important in TLR4-
dependent mucosal homeostasis. Our data demonstrate that TLR4 deficient mice fail to
upregulate Cox-2 expression in response to epithelial injury. Both intestinal epithelial cells and
lamina propria macrophages express Cox-2 in a TLR4- and MyD88-dependent fashion.
PGE2 is decreased in the mucosa of TLR4−/− mice following DSS injury. Oral
supplementation with PGE2 results in increased intestinal epithelial cell proliferation and
decreased apoptosis in DSS-treated TLR4−/− mice. At least part of the mechanism for TLR4-
dependent mucosal healing involves activation of epidermal growth factor (EGF) receptor
signaling. The results of our studies shed an important light on the previously unrecognized
role of TLR signaling in regulation of Cox-2 in the gut.

Materials and Methods
Mice and interventions

TLR4−/− mice and MyD88−/− mice were purchased from Oriental Bio Service, Inc. (Kyoto,
Japan). All knockout mice used were backcrossed to C57Bl/6 mice over 8 times. C57Bl/6 mice
were obtained from Jackson Laboratory as controls (Jackson Laboratory, Bar Harbor, Maine).
Seven to ten week old gender-matched mice were given 2.5% DSS (MW 36–50 kDa: ICN,
Aurora, Ohio) in their drinking water and were sacrificed at the end of 7 days of DSS treatment.
For recovery studies, DSS was administered for the first 7 days as indicated, then DSS was
removed from the drinking water and mice were sacrificed 7 days after cessation of DSS
treatment. PGE2 (Cayman, Ann Arbor, MI) was diluted from the ethanol stock (10 μg/μl) in
PBS and 200 μg in 150μl was given twice daily by gavage feeding, starting 3hrs before first
DSS administration as described previously23,24. Control mice were given PBS including
same dilution of ethanol. All experiments were done according to Mount Sinai School of
Medicine animal experimental ethics committee guidelines.

Assessment of colitis activity
Body weight was assessed at baseline and every day for the duration of the experiment. Weight
change was calculated as percent change in weight compared to baseline. Fecal blood was
tested daily using Hemoccult cards (Beckman Coulter, Inc. Fullerton, CA) and graded as
follows: 0= no blood, 1= trace blood, 2=positive, and 4= gross blood. Mice were euthanized
by CO2 followed by cervical dislocation. The cecum was removed and the remainder of the
colon divided into proximal and distal halves. Tissue was fixed in 10% buffered formalin,
paraffin-embedded, sectioned and stained with hematoxylin and eosin. Histological assessment
was performed by a pathologist masked to the mouse genotype and treatment. Histologic score
was a combined score of acute inflammatory cell infiltrate (0–4), chronic inflammatory cell
infiltrate (0–3), and crypt damage (0–4)25–27. Specifically, the crypt damage was scored in
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the following manner. A score of 0 was given to an intact crypt, 1= loss of the basal 1/3 of
crypt, 2= loss of basal 2/3 of crypt, 3= entire loss of crypt, and 4= loss of crypt and surface
epithelium26. Since the injury from DSS is patchy, two slides from each section of the colon
were assessed per mouse and at least three areas on each slide were examined.

Cell lines and reagents
Human intestinal cell lines SW480 and T84 (1 × 106 cells/well), and mouse macrophage cell
line RAW264.7 cells (1.5 × 106 cells/well) (ATCC, Manassas, VA) were maintained in
Dulbecco’s modified Eagle’s medium supplemented with 10% heat-inactivated FCS, 2mM L-
glutamine, 5% penicillin/streptomycin and were incubated in 6-well plates overnight at 37 °C
in a 5% CO2 humidified incubator. Cells were incubated with phenol-water-extracted
Eschericha coli K235 LPS (Sigma, St. Louis, MO), synthetic bacterial lipoprotein
(Pam3CSK4) (InvivoGen, San Siego, CA), peptidoglycan (PGN) (InvivoGen, San Siego, CA),
or vehicle for the indicated periods of time. Cox inhibitors NS398, and indomethacin (Sigma,
St. Louis, MO) were added at the same time as LPS. AG1478, an EGFR tyrosine kinase
inhibitor, was added 30 min prior to LPS stimulation. Recombinant human EGF (R&D
Systems, Minneapolis, MN) was used as a control.

Real Time PCR
Total RNA was isolated by using RNA Bee (Tel-Test, Inc., Friendwood, TX) according to the
manufacturer’s instructions. A total of 1 μg RNA was used as the template for single strand
cDNA synthesis utilizing the Transcriptor First Strand cDNA Synthesis Kit (Roche,
Indianapolis, IN) according to the manufacturer’s instructions. Quantitative real-time PCR was
performed for Cox-2, MyD88, Cox-1, and β-actin using TaqMan probes (Table 1). All TaqMan
probes and primers were designed using Beacon Designer 3.0 (Premier Biosoft International,
Palo Alto, CA) (Table 1). The cDNA was amplified using TaqMan universal PCR Master Mix
(Roche, Indianapolis, IN) on the ABI Prism 7900HT sequence detection system (Applied
Biosystems, Foster City, CA), programmed for 95°C for 10 min, then 40 cycles of: 95 °C for
15 sec, 60 °C for 1 min. The amplification results were analyzed using SDS 2.2.1 software
(Applied Biosystems, Foster City, CA) and the genes of interest were normalized to the
corresponding β-actin results. Data were expressed as fold induction relative to the lowest one.

RNA interference (RNAi)
SW480 cells were plated at a density of 1.5 × 105 cells/well in 12-well plates 24hr before the
first transfection. MyD88 small interfering RNA (siRNA) oligonucleotide corresponding to
the sequence (GCUCAUCGAAAAGAGGUGCtt) was purchased from Ambion (Austin, TX)
and 50 nM of siRNA were transfected twice every 24 hrs with X-trim gene siRNA transfection
reagent (Roche, Indianapolis, IN) as per manufacturer’s instructions. Forty-eight hours after
the first transfection, cells were stimulated with LPS for the indicated period of time. siRNA
(50 nM), which has no significant homology to any known gene sequences from mouse, rat,
or human as well as siRNA against GAPDH were used as negative controls (Ambion, Austin,
TX).

Western Blot Analysis
Whole cell lysates were prepared from colonic tissue samples or SW480 cells after treatment
with different stimuli using a lysis buffer containing 50mM Tris HCl, 50mM NaF, 1% Triton
X100, 2mM EDTA, and 100mM NaCl, with a proteinase inhibitor cocktail (Calbiochem, San
Diego, CA). Protein concentration was determined by the Bradford method using Bio-Rad
Protein Assey Dye and SmartSpec™ 3000 (Bio-Rad Laboratories, Hercules, CA). 25 μg of the
lysates were subjected to 8 or 10% SDS-PAGE and transferred to Immobilon-P membranes
(Millipore Corporation, Bedford, MA). The membrane was blocked in 5% skim milk and was

Fukata et al. Page 4

Gastroenterology. Author manuscript; available in PMC 2007 December 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



immunoblotted with the primary antibodies for 1hr, followed by HRP-conjugated secondary
antibodies rabbit anti-mouse, or goat anti-rabbit IgG, (Zymed Laboratories, South San
Francisco, CA). The membrane was exposed on an x-ray film using an enhanced
chemiluminescent substrate SuperSignal West Pico Trial Kit (Pierce Biotechnology, Rockford,
IL). Antibodies specific for murine or human Cox-2 were purchased from Cayman (Ann Arbor,
MI). Anti-MyD88 antibody (HFL-296) was purchased from Santa Cruz Biotechnology (Santa
Cruz, CA).

Immunofluorescent and immunohistochemical studies
Cecum, proximal, and distal colon were freshly isolated and frozen in OCT (Sakura Finetek,
Torrance, CA) or fixed in 10% neutral buffered formalin and embedded in paraffin wax. Part
of the samples were fixed with modified Bouin’s fixative consisting of 0.5% paraformaldehyde
acetate and 15% (vol/vol) of saturated picric acid in 0.1M PBS pH 7.0. Frozen sections pre-
fixed by modified Bouin’s fixation were incubated in 10% normal goat serum for 1hr and
stained with anti-murine Cox-2 antibody (1: 200, Cayman, Ann Arbor, MI) overnight at 4°C,
followed by TRITC-conjugated anti-rabbit IgG (1:200, Zymed Laboratories, South San
Francisco, CA) for 1h at room temperature. The specificity of staining was confirmed using
Cox-2 blocking peptide (Cayman, Ann Arbor, MI) according to the manufacturer’s instructions
or using rabbit isotype control antibody instead of the primary antibody (Zymed Laboratories,
South San Francisco, CA).

Double immunofluorescent staining of CD68 and Cox-2 was performed using pre-fixed OCT
sections. Sections were incubated with 0.1% Trypsin (Sigma, St. Louis, MO) CaCl2 dissolved
in 0.05M Tris-Hcl pH 7.6 for 15 min at 37 °C. Subsequently sections were blocked in a 5%
skim milk for 1h and then incubated with the rat anti-CD68 antibody (1:20, MCA1957S,
Serotec Ltd., Raleigh, NC) overnight at 4°C. After washing in PBS, sections were incubated
with TRITC-conjugated rabbit anti-rat IgG (1:200, Sigma, St. Louis, MO) for 1h at room
temperature. Then sections were re-incubated with 5% skim milk followed by Cox-2 staining
as described above using FITC-conjugated goat anti-rabbit IgG (1: 200, Sigma, St. Louis, MO).

Phosphospecific EGFR staining was performed using OCT sections. After blocking with 5%
milk, sections were incubated with anti-phospho EGFR antibody (1:200, Santa Cruz, CA)
overnight at 4°C. Secondary antibody (FITC-conjugated anti-goat IgG, Sigma, St. Louis, MO)
was used at a dilution of 1:200. As a negative control, primary antibody was omitted and tissue
stained with secondary antibody alone. To quantify the expression level of phospho EGFR,
staining intensity was analyzed using MetaMorph software. Epithelial cells were randomly
selected and the average pixel intensities from 10 areas of gated cells per slide were analyzed
to compare the expression levels of phospho EGFR.

Staining of SW480 was performed using four-chamber slides (Nalgene Nunc International,
Rochester, NY), in which cells were seeded at a density of 1×105 cells/well on the day before
the experiment. Cells were stained with goat anti-EGFR, or anti-phospho EGFR antibodies
(dilution of 1:300) after methanol fixation and preparation with 0.5% Triton X-100.
Nonspecific binding was blocked with 5% skim milk. FITC-conjugated goat anti-rabbit or
sheep anti-mouse IgG (1:200, Sigma, St. Louis, MO) was used as a secondary antibody.

SW480 and double stained tissue slides were examined using a Leica TCS-SP (UV) confocal
microscope. Four thin optical sections through the x-y axis were acquired. Other slides were
viewed on an NIKON eclipse E600 immunofluorescence microscope and photographs were
taken with a digital camera using Spot Advanced software program (Diagnostic Instruments
Inc, Sterling Heights, MI).
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Assessment of proliferation and apoptosis
The number of proliferating cells was detected by immunoperoxidase staining for the
thymidine analog bromodeoxyuridine (BrdU). One hour and a half prior to sacrifice, mice were
injected intraperitoneally with 5-bromo-2′-deoxyuridine (Sigma, St. Louis, MO) at a
concentration of 100 mg/kg. Sections (4μm) of paraffin embedded colonic tissue were
deparaffinized and incubated with 3% H2O2 in methanol for 15 min. Sections were incubated
with 2N HCl for one hour, washed in PBS, and then incubated in 0.1% trypsin for 15 min at
37°C. Sections were stained for BrdU incorporation using BrdU staining kit (Zymed
laboratories Inc, South San Francisco, CA) according to the manufacturer’s instructions. The
number of BrdU-positive cells per well-oriented crypt were calculated in every 3 crypts for
each colon segment at high magnification under light microscopy.

Apoptotic cells in the colonic epithelial cells were detected using the terminal deoxynucleotidyl
transferase (TdT)-mediated free 3′-OH end labeling (TUNEL) assay (ApopTaq In Situ
Apoptosis Detection Kit; Chemicon, Temecula, CA), following manufacturer’s instruction.
Briefly, paraffin sections were prepared with proteinase K (20 μg/ml). After equilibration with
TdT buffer, sections were reacted with TdT enzyme for one hour at 37 °C. Digoxigenin (DIG)
labeled free 3′-OH end of DNA was detected by anti-DIG rhodamine conjugate. Sections were
counterstained with DAPI. The apoptotic cells were counted as follows: three hundred
epithelial cells were counted per high powered field and scored for apoptosis; a total of three
fields were counted per section of mouse colon, i.e. cecum, proximal, and distal colon. Three
mouse colons were counted per condition. The apoptotic index was determined by the ratio of
TUNEL positive nuclei to 100 total nuclei in the epithelial cells counted. The areas of necrosis
such as in an ulcer bed were identified by examining the corresponding H&E slides and were
excluded from counting for apoptotic cells as previously described28.

Transient gene expression and reporter gene assays
SW480 cells were plated in 12 well plates at a density of 1.5 × 105 cells/well. Cells were
transfected the following day with FuGENE 6 transfection reagent (Roche, Indianapolis, IN)
as per manufacturer’s instructions. Reporter genes for pRL-TK (0.05 μg), Cox-2 promoter-
luciferase constructs (phPES2 −1432/+59: 0.3 μg)29,30, which were provided by Dr. Inoue
(Nara Women’s University Japan), pGL3 basic empty vector (0.3 μg) were co-transfected as
indicated in figure legend. After overnight transfection, cells were stimulated with LPS (5μg/
ml) for 4 hours. Cells were then lysed and firefly luciferase activity was measured with a Dual-
Luciferase Reporter Assay (Promega, San Luis Obispo, CA). Luciferase measurements were
normalized to the relative light units (RLU) from Renilla luciferase from pRL-KT. For
experiments in which the Cox-2 promoter and siRNA against MyD88 were used, the siRNA
(50 nM) was transfected on Day 1, then 24h later the promoter construct (0.3μg) and the siRNA
(50nM) were transfected (Day 2). Cells were then stimulated and harvested for the indicated
times. Data are reported as fold-induction over cells transfected with a control empty vector.

Measurement of PGE2
Production of PGE2 in the tissue culture supernatant was determined using a monoclonal EIA
kit (Cayman, Ann Arbor, MI) according to the manufacturer’s instructions and Morteau et al.
22. Briefly, colonic samples from TLR4−/− and WT mice were washed in cold PBS containing
penicillin, streptomycin, and fungizone (100U/ml each). 100 mg of tissue fragments from each
part of the colon were cultured for 24 hours in 12 well flat bottom plates in serum free RPMI
1640 supplemented with penicillin, streptomycin, and fungizone (100U/ml each). Culture
supernatants were harvested for PGE2 measurement.
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Flow cytometry
Intracellular phospho-specific flow cytometry was utilized to quantify the effect of LPS on
EGFR phosphorylation as previously described31,32. Briefly, LPS-stimulated or unstimulated
SW480 cells were fixed in 2% paraformaldehyde at room temperature for 10 min. After
washing with wash buffer (0.5% BSA and 2mM EDTA in PBS), cells were permeabilized in
0.1% TritonX-100 for 5 min. Then cells were stained with phospho EGFR (1:500) for 30 min
at room temperature. Following three washes with the wash buffer, cells were incubated with
TRITC-conjugated sheep anti-mouse IgG (Zymed laboratories Inc, South San Francisco, CA)
for 20 min on ice. After washing with wash buffer, cells were filtered and analyzed by
FACScan. Fluorescence intensity was normalized using isotype control antibody.

Cell proliferation assay
SW480 cells (5×104 cells/well) were cultured in 96 well plates in the absence or presence of
AG1478 (10 μM) in low serum condition (1% FCS), and stimulated with LPS (2 μg/ml). After
12 or 24 hours of stimulation, cell proliferation was analyzed using CellTiter 96 aqueous non-
radioactive cell proliferation assay kit (Promega, WI). Cell proliferation was detected by
measurement of formazan product in each well at the absorbance of 490nm following
incubation with tetrazolium (MTS)/phenazine methosulfate (PMS) for 1 hour at 37 °C. The
cell proliferation index was calculated as a percentage of the absorbance in relation to the
untreated control cells.

Statistical analysis
Student’s t-test and standard deviation were performed using the statistics package within
Microsoft Excel. Standard error was calculated with Stat View. P values were considered
significant when < 0.05.

Results
Cox-2 expression and PGE2 production by intestinal epithelial cells is TLR4- and MyD88-
dependent

Previous studies have demonstrated that TLR4 signaling is involved in regulating Cox-2
expression in RAW264.7 cells33. We hypothesized that TLR4 was also important for Cox-2
expression by intestinal epithelial cells. To address this question, we compared the effect of
LPS on Cox-2 expression in a cell line that expresses TLR4 and activates NF-κB in response
to LPS (SW480) versus one that does not express TLR4 and is LPS unresponsive (T84)13,
34. Baseline expression of Cox-2 differed in these neoplastic cell lines35. Only TLR4-
responsive SW480 cells increased expression of Cox-2 in response to LPS (Figure 1A).
Induction of Cox-2 proceeded with rapid kinetics occurring within 30 minutes of LPS
stimulation and peaking at 4h (Figure 1B); protein expression for Cox-2 remained elevated at
24h following LPS stimulation (Figure 1C). No induction of Cox-2 protein was seen following
stimulation with PGN, a TLR2 ligand (Figure 1C, lower panel).

To further clarify whether LPS induction of Cox-2 requires MyD88, we transfected SW480
cells with siRNA against MyD88 or a control siRNA (Figure 1D). Only the siRNA specific
for MyD88 inhibited LPS-mediated expression of Cox-2 RNA. Finally, we asked whether LPS
could induce Cox-2 promoter activation and whether this also depended on MyD88. A full-
length Cox-2 promoter-luciferase construct was transfected into cells in the presence or absence
of siRNA against MyD88 (Figure 1E). LPS activated the Cox-2 promoter and this activation
was blocked by MyD88 siRNA. We performed dose-ranging studies using the Cox-2 promoter-
reporter gene and found no difference in induction of the reporter between 2 to 5μg/ml of LPS
(data not shown). Taken together, these data demonstrate that LPS can directly induce Cox-2
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promoter activity, mRNA expression, and protein expression in a TLR4- and MyD88-
dependent fashion in colonic epithelial cells.

Cox-2 metabolizes arachidonic acid released from the plasma membrane to generate
prostanoids such as PGE2. PGE2 in turn mediates many of the biologic effects of Cox-2 in the
intestinal epithelium36. LPS has previously been shown to stimulate PGE2 production by
intestinal epithelial cell lines37–39 although most studies have attributed the biologic effects
of LPS in the gut to macrophages and other stromal cells40. We hypothesized that LPS-
mediated induction of PGE2 depended on MyD88 signaling. Our results demonstrate that LPS
induces PGE2 production by SW480 cells (Figure 1F). PGE2 production could be blocked by
expression of MyD88 siRNA to an extent that was similar to a selective Cox-2 inhibitor or a
non-selective Cox inhibitor, indomethacin. By contrast, stimulation with the TLR2 ligands
PGN and PamCysk3 induced very little less PGE2 especially when compared to LPS (Figure
1G). These data suggest that LPS stimulation of TLR4 leads to Cox-2 expression and the
production of PGE2 by intestinal epithelial cells in vitro.

Cox-2 and PGE2 expression are decreased in TLR4-deficient mice following DSS induced
injury

Cox-2 expression is increased in human IBD and animal models of colitis including DSS22,
41. Based on our in vitro findings, we hypothesized that TLR4 signaling was important for
Cox-2 expression in the setting of DSS colitis. Using real-time PCR we found that Cox-2
expression is low in WT and TLR4−/− mice prior to DSS treatment (Figure 2A) whereas Cox-1
is abundantly expressed in both (data not shown). Following induction of colitis, there is a
dramatic increase in expression of Cox-2 in WT mice. This upregulation is not seen in TLR4
−/− mice. We confirmed protein expression of Cox-2 by Western blot analysis of tissue lysates
(Figure 2B) and immunofluorescence (Figure 2C). Colonic tissue from WT mice or LPS-
treated RAW cells expressed Cox-2 but little was present in TLR4−/− colon tissue.
Immunofluorescent studies revealed both epithelial staining and lamina propria staining of
Cox-2 in WT mice. In order to define the cell types expressing Cox-2 in the lamina propria of
WT mice, we performed double staining with a macrophage marker CD68 and anti-Cox-2 Ab
(Figure 2D). Most Cox-2 positive cells in the lamina propria were also CD68 positive
suggesting that lamina propria macrophages express Cox-2 in the inflamed colon. These data
support a role for TLR4 regulation of Cox-2 expression in the intestine.

Given that mice that are deficient in TLR4 do not express Cox-2, we hypothesized that TLR4
−/− mice would have decreased production of PGE2. To test this hypothesis, we measured
production of PGE2 from colonic tissue using monocolonal EIA. Our data demonstrate that
PGE2 production by colonic tissues is significantly reduced in TLR4 deficient mice following
DSS induced injury (Figure 2E). PGE2 production in TLR4−/− mice was decreased by 40%
compared to WT mice following DSS colitis. These data suggest that at least one defect in
TLR4−/− mice with respect to epithelial repair is reduced production of local PGE2.

TLR4−/− mice have decreased proliferation and increased intestinal epithelial cell apoptosis
following DSS-induced colitis

Cox-2 knock-out mice demonstrate increased susceptibility to DSS colitis similar to what we
have observed in TLR4−/− mice. We have previously described that TLR4−/− mice have
decreased intestinal epithelial proliferation following acute DSS-induced injury15. Given our
findings of decreased Cox-2 expression, we wished to examine the effect of TLR4 deficiency
on baseline levels of proliferation, at the peak of injury, and 7 days after recovery (Day 14).
Using BrDU labeling of proliferating intestinal epithelial cells, we demonstrate that
proliferation is similar in WT and TLR4−/− mice prior to DSS treatment (Figure 3A and 3B).
Following DSS-induced injury, WT mice have a large increase in proliferating cells that
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persists even a week after DSS is discontinued. By contrast, TLR4−/− mice have significantly
fewer proliferating cells. Using computerized microscopic measurements, we found a
significant decrease in crypt height in the injured TLR4−/− gut that can be appreciated in the
photomicrographs (Figure 3A) (Day7: WT 291±48.2 μm, TLR4−/− 214±20.2 μm (p<0.0001);
Day14: WT 257±111 μm, TLR4−/− 167± 35.1 μm (p<0.0001)). Importantly, crypt height is
similar at baseline in WT and TLR4−/− mice suggesting this defect in proliferation is only
apparent in the setting of injury (Day 0: WT 244±72.9 μm, TLR4−/−251±49.5 μm (p<0.321).

Colonic crypt height represents the balance of epithelial proliferation and apoptotic cell loss
at the top of the crypts28,42. We reasoned therefore that TLR4−/− mice could have increased
intestinal epithelial cell apoptosis in response to DSS injury. To address this question, we
performed TUNEL staining on intestinal sections from DSS-treated TLR4−/− mice or their
wild-type controls (Figure 3C and 3D). We found significantly more apoptotic cells per crypt
in TLR4−/− intestine compared to controls. In general, the apoptotic cells were found at the
tops of the colonic crypts. Similar findings were seen in MyD88−/− mice suggesting this was
a MyD88-dependent phenomenon (data not shown). An increased rate of apoptosis was not
seen in the intestines of mice prior to DSS treatment. We conclude from these data that TLR4
is important for intestinal epithelial repair from injury by aiding in proliferation and protecting
against apoptosis.

PGE2 restores proliferation and protects against apoptosis in TLR4−/− mice
We have shown above that TLR4 is required for induction of Cox-2 and PGE2 during DSS-
induced injury. We hypothesized that the decrease in PGE2 production in TLR4−/− mice was
responsible for the observed phenotype, namely worse clinical signs of colitis and abnormal
proliferation and apoptosis. To test this hypothesis, TLR4−/− mice were given PGE2 by oral
gavage twice a day concurrently with the DSS treatment period. These mice were compared
to TLR4−/− mice and WT mice given DSS alone with PBS to control for the gavage solution.
Compared to TLR4−/− PBS-treated mice, TLR4−/− mice treated with PGE2 behaved like WT
mice with respect to weight loss (Figure 4A) and rectal bleeding (Figure 4B). We next examined
the effect of PGE2 supplementation on proliferation and apoptosis. TLR4−/− mice given
PGE2 had significantly greater proliferation (Figure 4C, 4D) and reduced apoptosis (Figure
4E, 4F) than TLR4−/− mice given vehicle alone. Total histology scores were lower for
PGE2-treated TLR4−/− mice compared to control TLR4−/− mice because crypt damage was
less (data not shown). PGE2 treatment of wild-type DSS-treated mice showed no significant
change in proliferation (WT cont 14.5 ± 1.4, WT+PGE2 12.3 ± 1.6) and a small decrease in
apoptosis (WT cont 3.1 ± 2, WT+ PGE2 1.4 ± 1.3). These data suggest that PGE2 is necessary
and sufficient to restore epithelial healing as measured by proliferation and apoptosis in the
injured intestinal epithelium.

TLR4 regulates phosphorylation of the EGF receptor in intestinal epithelial cells
Our data point to a link between TLR4-mediated induction of Cox-2 and PGE2 production and
intestinal injury. In order to understand the mechanism(s) by which PGE2 mediates an effect
on the intestinal epithelium, we examined the ability of LPS to stimulate EGFR
phosphorylation. EGFR phosphorylation results in a variety of biologic events including
induction of proliferation and protection against apoptosis43–46. PGE2 mediates EGFR
phosphorylation through induction of EGFR ligands or through intracellular mediators such
as Src47,48. We hypothesized that LPS stimulation of intestinal epithelial cells would result
in EGFR phosphorylation. SW480 cells were stimulated with LPS and total or phosphorylated
EGFR examined by Western blot and immunofluorescent staining (Figure 5A, 5B). LPS
stimulated phosphorylation of EGFR. We further quantified LPS induced EGFR
phosphorylation by flow cytometric analysis (Figure 5C). LPS stimulation significantly
increased EGFR phosphorylation. We then addressed whether this effect on EGFR was
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dependent on TLR-MyD88 signaling. EGFR phosphorylation was blocked by expression of
MyD88 siRNA (Figure 5D) and partially by a specific inhibitor of Cox-2, NS398 (Figure 5E).
EGF stimulation of SW480 cells resulted in EGFR phosphorylation that was not blocked by a
Cox-2 inhibitor or indomethacin (Figure 5E). Since it was also possible that LPS-induced
EGFR phosphorylation is upstream of Cox-2 expression, we used a specific EGFR tyrosine
kinase inhibitor AG1478 and asked whether inhibition blocked LPS-mediated induction of
Cox-2 protein expression. Inhibiting EGFR tyrosine kinase activity had no effect on Cox-2
induction (data not shown). Finally, we asked whether inhibition of EGFR phosphorylation
affected LPS-induced cell proliferation in SW480 cells. AG1478 blocked LPS induced cell
proliferation (Figure 5F). These data suggest that TLR4-mediated induction of PGE2
production may stimulate epithelial proliferation by an EGFR-dependent mechanism.

Given the results of TLR4 regulating phosphorylation of EGFR in vitro, we hypothesized that
TLR4−/− mice have decreased phosphorylation of EGFR in intestinal epithelial cells in vivo.
To test this hypothesis, we utilized immunohistochemistry to evaluate the expression of
phosphorylated EGFR in intestinal epithelial cells following DSS-induced colitis. WT mice
had significantly higher expression of phosphorylated EGFR in intestinal epithelial cells than
TLR4−/− mice following DSS-induced colitis (Figure 6A). TLR4−/− mice given PGE2
treatment had restored expression of phosphorylated EGFR to nearly WT levels (Figure 6A).
Omission of primary Ab did not show any staining (data not shown). Computer analysis using
the MetaMorph program was used to quantify intensity of staining in the intestinal epithelium
(Figure 6B). We conclude from these results that impaired epithelial repair seen in TLR4−/−
mice is at least partly due to impaired activation of epithelial cell EGFR which in turn may be
due to decreased mucosal production of PGE2 in response to inflammation.

Discussion
In this study, we demonstrate a requirement for TLR4 in regulating Cox-2 expression in both
intestinal epithelial cells and lamina propria macrophages. In our model (Figure 7), epithelial
injury permits exposure of intestinal epithelial cells and lamina propria macrophages to Gram-
negative bacteria and LPS. TLR4 signaling via MyD88 activates a signaling cascade that results
in enhanced transcription of Cox-2 and increased production of PGE2. The clinical
manifestations of increased rectal bleeding seen in TLR4−/− mice are likely due to the epithelial
defect in proliferation and apoptosis since correcting the defect with native exogenous PGE2
restored mice to wild-type levels of rectal bleeding. These data suggest that a relative deficiency
in PGE2 production is likely to play an important role in the observed TLR4−/− phenotype.
Our in vitro data support the idea that the effect of TLR4 on Cox-2 expression and other
downstream mediators of epithelial repair can occur directly by LPS signaling in intestinal
epithelial cells. In vivo, however, there is likely to be a contribution by lamina propria
macrophages acting in trans on the epithelium by way of contact or secreted factors including
PGE2.

We present data that the colonic epithelium depends on bacterial-derived signals to activate
the complex program involved in tissue repair. With the discovery of TLR molecules, the exact
pathways by which this occurs may be better understood. The notion that TLR signaling is
relevant and necessary for repair of injury is exemplified in a recent study demonstrating that
mice deficient in MyD88 or TLR4/TLR2 signaling were impaired in their ability to heal after
acute lung injury49.The authors describe that extracellular matrix hyaluronan, either directly
or indirectly, activates TLR2 and TLR4 signaling resulting in inflammatory cell transmigration
and protection against apoptosis. In the absence of TLR signaling there is decreased
inflammatory infiltrate in the lungs of mice but paradoxically animals have decreased survival.
The similarities of our results in a model of intestinal epithelial cell injury suggest a common
theme of repair linked to an inflammatory signal.
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In order to understand what role TLR4 might be playing in the setting of DSS-induced injury
we examined the literature for known effects of LPS on the intestinal epithelium. Investigators
have demonstrated that LPS can induce proliferation of IEC-6 cells in culture through a TNF-
dependent mechanism50. Grishin et al. has recently shown that LPS stimulates Cox-2 in a rat
intestinal epithelial cell line and have focused on the role this may play in necrotizing
enterocolitis51,52. Although our study may not be the first to demonstrate a link between LPS
and Cox-2, we believe our studies are novel in showing the degree to which TLR4 is required
for intestinal expression of Cox-2 in vivo and the dependence of TLR4-mediated Cox-2
expression in repair of the damaged epithelium. Rakoff-Nahoum et al. has examined
proliferation in MyD88−/− mice in the setting of radiation injury and found a decrease in
proliferative response but did not investigate the underlying mechanism in detail14. Finally,
Pull et al. used a bone marrow chimera model to look at the relative contribution of MyD88
expression in immune versus non-immune cells in the colonic proliferative response after DSS
colitis3.They describe a prominent role for MyD88-expressing lamina propria mesenchymal
cells in the proliferative response of the epithelium in DSS-treated mice. Interestingly, in
supplemental material accompanying the above manuscript, Cox-2 was highly expressed in
mesenchyme derived from conventionalized RAG1−/− mouse intestine compared with MyD88
−/− mice suggesting that the Cox-2 from mesenchymal cells may play a role in epithelial repair.
Given the broad nature of the defect in TLR, IL-1, and IL-18 signaling in MyD88−/− cells, the
prior studies do not address the specific contribution of TLR4 signaling nor the mechanisms
underlying the proliferative defect.

Other studies were performed before the identification of TLR4 as the receptor for LPS. Studies
in C3H/HeJ mice with a mutation in TLR48 found that crypt epithelial proliferation was
decreased following DSS and could be restored by PGE2

53. Like Wang and DuBois et al.54,
we used native PGE2 administered orally rather than the longer acting dimethyl-PGE2. We
used oral PGE2 because of previous evidence that this approach led to increased levels of
PGE2 in the blood and intestine as well as altered colon physiology. Riehl and colleagues
described that systemic LPS protected against radiation-induced epithelial apoptosis in
intestinal crypts through a mechanism that depends on PGE2 production21.

The link between Cox-2 and PGE2 in protection from colitis is highlighted in a variety of
studies. Cox-2−/− mice demonstrate increased susceptibility to DSS-induced colitis which
correlates ith their inability to produce PGE2

22. Animals deficient in the PGE2 receptor, EP4,
are more susceptible to DSS injury55. Several mechanisms underlie the protective effects of
PGE2. PGE2 through its receptors, EP2 or EP4, may stimulate EGFR phosphorylation through
intracellular kinases such as Src or by increased expression of amphiregulin, an EGFR
ligand46,47,48,56. PGE2 protects against radiation-induced intestinal epithelial cell apoptosis
through an EGFR and Akt-dependent effect on Bax 48. Signaling downstream of EGFR is
involved in growth, repair, and barrier integrity of the gastrointestinal mucosa57–59. Increased
susceptibility of EGFR deficient mice to DSS-induced colitis has also been reported60.

Studies have also shown that Cox-2 levels41 and PGE2 production61–63 are increased in
inflammatory bowel disease. Cox-2 overexpression characterizes dysplasia and colon
cancer64–66. Recent work demonstrates that PGE2 -dependent colon carcinogenesis involves
deregulated PI-3 kinase signaling and increased expression of beta-catenin67. An increase in
EGFR phosphorylation has been described in the mucosa of patients with ulcerative
colitis68. This model is consistent with the known benefit of Cox-2 inhibitors and EGFR
antagonists such as cetuximab in the prevention or treatment of colon cancer. In inflammatory
bowel disease, it remains controversial whether Cox-2 inhibitors worsen symptoms of the
disease69. Short-term studies have shown that Cox-2 inhibitors do not flare colitis70 but long-
term use—as would be required for chemoprevention, might flare disease. 5-ASAs inhibit
arachidonic acid metabolism to PGE2 and have a modest chemopreventive benefit in patients
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with ulcerative colitis71 whereas other immunomodulators such as 6-mercaptopurine do
not72. These data suggest an inflammation-independent effect of 5-ASA possibly through
inhibition of PGE2.

Our studies highlight the previous unknown dependence of Cox-2 expression by TLR4 in the
intestine. In the acute response to injury, TLR4 signaling results in increased Cox-2 and
PGE2 production that are beneficial. We may speculate that long-term, persistent TLR4
signaling may contribute to colitis-associated cancers. Strategies aimed at dampening TLR4
signaling may reduce chronic inflammation and the drive towards carcinogenesis.
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Figure 1. LPS induces Cox-2 expression in human intestinal epithelial cell lines in a TLR4- and
MyD88-dependent fashion
A. Cox-2 expression after stimulation with LPS (2μg/ml) in T84 (LPS unresponsive) and
SW480 (LPS responsive) human intestinal epithelial cell lines. TaqMan real-time PCR
demonstrated inducible Cox-2 expression stimulated by LPS in SW480 cells. LPS
unresponsive T84 cells showed no change in Cox-2 expression in response to LPS stimulation.
Data are represented as mean ± SEM of relative values of expression in 3 individual
experiments of triplicate samples (NS: non significant, *P < 0.05).
B. LPS responsive SW480 cells were stimulated with LPS (2μg/ml) for indicated times.
TaqMan real-time PCR demonstrates LPS-induced expression of Cox-2 mRNA with a peak
at 4 hours of stimulation. Data are represented as mean ± SEM of relative values of expression
in 3 individual experiments of triplicate samples (*P < 0.05, **P < 0.001).
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C. Western Blot analysis of Cox-2 protein expression in SW480. Cells were stimulated with
LPS for indicated periods in top panel. Lower panel demonstrates stimulation of cells with
LPS (2μg/ml) or PGN (2μg/ml). Blots of whole cell lysates (25 μg/lane) were probed with
Cox-2 antibody. Data are one representative experiment of three with similar results. β-actin
was used as an internal control for protein loading.
D. Extent of MyD88 suppression by siRNA. SW480 cells were transiently transfected with
siRNA against MyD88, or GAPDH. Negative siRNA which has no significant homology to
any gene sequences was applied as a control. The knockdown efficiency of siRNA against
MyD88 was assessed by real-time PCR and Western blot. The siRNA was decreased both
MyD88 mRNA and protein expression. Negative siRNA as well as siRNA against GAPDH
did not affect MyD88 mRNA or protein expression.
E. MyD88-dependent induction of Cox-2 in response to LPS. SW480 cells were stimulated
with LPS (5μg/ml) for 4 hrs and co-transfected with either MyD88 siRNA or negative control
siRNA. Untransfected control samples were not LPS treated. TaqMan real-time PCR
demonstrated LPS induced expression of Cox-2 in negative control siRNA samples. This
induction of Cox-2 by LPS was largely abolished in the cells in which MyD88 was blocked
with siRNA, indicating a MyD88 dependent pathway. Data are represented as mean ± SEM
of relative values of expression in 3 individual experiments of triplicate samples (**P < 0.001).
F. LPS regulation of Cox-2 gene promoter activity. The intestinal epithelial cell line SW480
was cotransfected with the Cox-2 (−1432/+59) luciferase reporter construct, MyD88 siRNA,
or the empty pGL3 vector control, together with an internal control pRL-KT (Renilla luciferase)
plasmid. Cells were stimulated with LPS (5μg/ml) for 4 hours. Reporter gene activation was
significantly higher in cells stimulated with LPS than non-stimulated cells. MyD88 siRNA
abrogated promoter activation in response to LPS. Data are represented as mean ± SEM of
relative light units in 3 individual experiments with triplicate samples (*P < 0.05).
G. LPS induced PGE2 production in the intestinal epithelial cell line SW480. Cells were
stimulated with LPS (2μg/ml) for 30 min. PGE2 concentration in supernatant was measured
by monoclonal EIA. LPS stimulation resulted in PGE2 production within 30 min. MyD88
siRNA inhibited LPS induced PGE2 production as did a selective Cox-2 inhibitor (NS398
5μM) or a Cox-1/Cox-2 inhibitor (indomethacin 5μM). Data are represented as mean ± SEM
of 2 individual measurements of duplicate samples taken from 3 individual experiments (*P
< 0.05).
H. Effect of TLR2 ligands on production of PGE2 compared with the TLR4 ligand LPS in the
intestinal epithelial cell line SW480. SW480 was stimulated with a TLR4 ligand LPS (2μg/
ml), or TLR2 ligands PGN (2μg/ml) or Pam3CSK4 (500ng/ml) for indicated periods of time.
Concentration of PGE2was examined by monoclonal EIA. There were significant differences
in the stimulation of PGE2 between LPS versus TLR2 ligands. Data are represented as mean
± SD of triplicate samples taken from 2 individual experiments (P < 0.05, between LPS and
PGN or Pam3CSK4 for each time period).
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Figure 2. Cox-2 expression is decreased in TLR4−/− mice following DSS-induced colitis
A. TaqMan real-time PCR demonstrated up regulation of Cox-2 expression in the colon of WT
mice but not in TLR4−/− mice after 7 days of DSS treatment (n=3 for each group on day 0,
n=12 for the other groups). Data are represented as mean ± SEM of relative values of expression
in 4 individual experiments (*P < 0.05).
B. Western Blot analysis for Cox-2 in the colon. Immunoblots of tissue lysate proteins (25
μg/lane) prepared from colonic samples of TLR4−/− and MyD88−/−, and WT control mice
prior to and after 7 days of DSS treatment. Membranes were probed with Cox-2 antibody.
Positive control consists of cell lysate from LPS (2μg/ml) stimulated RAW 264.7 cells (right
lane). Cox-2 protein expression was greater in WT colon. Data are one representative
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experiment of three independent studies. β-actin was used as an internal control for protein
loading.
C. Immunofluorescent staining for Cox-2 in the colon before and after 7 days of DSS treatment.
Prior to DSS treatment, colonic tissue does not express detectable levels of Cox-2 in either
TLR4−/− mice (C) or WT controls (A). Immunofluorescent signal (red color of rhodamine) of
Cox-2 was strongly detected in the colonic epithelial cytoplasm (arrow) and lamina propria
cells (arrow head) in WT mice (B) but is very low in TLR4−/− mice (D) after DSS treatment.
Insets show phase contrast images identifying the orientation of colonic sections.
D. Expression of Cox-2 by lamina propria macrophages using double staining of Cox-2 (FITC
green) and CD68 (TRITC red). Most Cox-2 positive lamina propria cells were double-stained
with CD68 (macrophage marker). Representative data are from WT mice treated with 7 days
of DSS. Arrows indicates double positive cells showing yellow cytoplasmic staining. TLR4−/
− mice do not have Cox-2 positive LP macrophages (see Figure 2C).
E. PGE2 production in DSS-induced colitis. Colonic tissues from TLR4−/− and WT controls
before and after 7 days of DSS were cultured in media for 24 hours and concentration of
PGE2 in the supernatants were analyzed by EIA (n= 4 for each group). Data are represented
as mean ± SD of duplicate samples taken from 3 individual experiments. There was a significant
difference in PGE2 production in TLR4−/− mice following DSS treatment compared with WT
mice (*P < 0.05).
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Figure 3. TLR4−/− mice have a persistent decrease in epithelial proliferation and increased
apoptosis following 7 days of DSS treatment
A. TLR4−/− and WT control mice were treated with 2.5% DSS for 7 days (left panels) followed
by 7 days of recovery (right panels). Animals were injected with BrdU 90minutes prior to
sacrifice. Colonic sections taken from day 0 (A; WT, D; TLR4−/−), day 7 (B: WT, E: TLR4
−/−) and day 14 (C: WT, F: TLR4−/−) were stained with anti-BrdU. BrdU positive cells are
identified by black staining of nuclei. TLR4−/− mice have fewer BrdU positive cells in the
crypts on day 7 (E panel) as well as on day 14 (F panel). Tissues were counterstained with
methyl green (original magnification 200x).
B. BrdU positive cells were counted in 3 crypts of each colon segment per HPF (9 crypts/
mouse). Bars show mean ± SEM proliferating cells / crypts (n=3 for each group on day 0 (i.e.
untreated), n=5 for the other groups). The proliferating cells in TLR4−/− mice were
significantly fewer than in WT controls after 7 days of DSS treatment (day 7) as well as during
recovery (day 14) from DSS-induced colitis (**P < 0.001).
C. Apoptotic cells in the colonic crypt epithelial cells of TLR4−/− and WT controls were
determined by TUNEL assay. Representative sections were taken on day 7 of DSS treatment.
Red staining of nuclei indicates apoptotic cells, which was observed mainly in the surface
epithelium. Sections were counterstained with DAPI (blue) to identify the orientation of nuclei.
TLR4−/− mice showed increased apoptotic cells compared with WT controls (original
magnification 200X).
D. Numbers of apoptotic cells were counted in 300 total epithelial cells in 3 areas of each colon
segment (n=3 for each group on day 0 (untreated), n=6–7 for the other groups). Bars show
mean ± SEM of the number of apoptotic cells to 100 total nuclei of the epithelial cells.
Significant increases of apoptotic cells in TLR4−/− mice compared with WT controls after 7
days of DSS treatment (*P < 0.05). The apoptotic cells were still increased in TLR4−/− mice
even after recovery (day 14, *P < 0.05).
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Figure 4. PGE2 supplementation improves signs of colitis and restores epithelial healing after DSS-
induced injury in TLR4 −/− mice
A. Weight change was examined daily during the 7 days of DSS treatment. Vehicle (PBS)
treated TLR4−/− mice have significantly more weight loss than WT control mice (*P < 0.05).
PGE2 treated TLR4−/− mice and have significantly less weight loss than vehicle treated TLR4
−/− mice and are comparable to WT mice. The data represents the average (± SEM) of three
independent experiments with a total of 19 mice (TLR4−/− Vehicle (n=6), TLR4−/− PGE2
(n=7) and WT controls (n=6)).
B. PGE2 treated TLR4−/− mice had a significant reduction in bleeding on days 2 through 6
compared with vehicle (PBS) treated TLR4−/− mice (*p<0.05). Stool blood was calculated as
follows: 0=no blood, 1=trace occult blood positive, 2= strongly occult blood positive, and
4=bloody diarrhea. Standard error is shown.
C. BrdU labeling of intestinal epithelial cells was performed for vehicle treated TLR4−/−,
PGE2 treated TLR4−/− and WT controls at the end of 7 days of DSS treatment. (Original
magnification 200X)
D. BrdU positive cells were counted per HPF in 3 crypts of each colon segment (9 areas /
mouse). Bars show mean ± SEM of proliferating cells / crypts (n=5 in each group). There is a
significant increase in BrdU positive cells in PGE2 -treated TLR4−/− mice compared with
vehicle treated TLR4−/− mice (**P < 0.001). PGE2-treated TLR4−/− mice are not significantly
different than WT mice.
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E. Apoptotic cells in the crypt epithelial cells were determined by TUNEL assay.
Representative sections were taken from vehicle treated TLR4−/−, PGE2-treated TLR4−/−
mice and WT controls as indicated. Red staining of nuclei indicates apoptotic cells. Sections
were counterstained with DAPI (blue) to identify the nuclei of epithelial cells. PGE2 treated
TLR4−/− mice showed a marked decrease of apoptotic cells compared with vehicle treated
TLR−/− mice. The frequency of TUNEL positive epithelial cells in PGE2 treated TLR4−/−
mice was similar to WT controls (original magnification 200X).
F. Number of apoptotic cells was counted in 300 total epithelial cells in triplicate in every 3
areas for each colon segment (n=5 in each group). Bars show mean ± SEM of the number of
apoptotic cells per 100 total nuclei in the epithelial cells counted. There is a significant decrease
of apoptotic cells in PGE2 treated TLR4−/− mice compared with vehicle treated TLR4−/− mice
(**P < 0.001).
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Figure 5. LPS induces EGFR phosphorylation in a MyD88-dependent fashion
A. Western Blot analysis of EGFR and its phosphorylation in human intestinal epithelial cell
line SW480. Cells were stimulated with LPS for indicated periods. Blots of whole cell lysates
(25 μg/lane) were probed with either EGFR (top panel) or phosphorylated EGFR (bottom
panel). LPS stimulated EGFR phosphorylation. Data are one representative experiment of three
independent experiments with similar results.
B. Immunofluorescent staining for EGFR and phospho-EGFR in SW480. Cells were cultured
on glass slides and treated with LPS (2μg/ml) for indicated periods. Nuclei were stained with
DAPI. After 30 minutes of stimulation, confocal images show an increased intensity of staining
of phospho-EGFR but not EGFR. Insets show negative control in which primary antibodies
were omitted. Original magnification 400x.
C. Flow cytometric analysis of phospho EGFR (Tyr1068) after stimulation with LPS for
indicated periods of time. Histograms show an increase in log fluorescence intensity. Bars
represent geometric mean of fluorescence intensity of phospho EGFR positive cells ± SD based
on 3 individual experiments (LPS 2μg/ml) with triplicate samples (*P < 0.05).
D. LPS-induced EGFR phosphorylation is MyD88-dependent. Western Blot analysis of EGFR
and its phosphorylated form are shown. Cells were stimulated with LPS for indicated periods.
Blots of whole cell lysates (25 μg/lane) were probed with EGFR or phospho-EGFR antibody.
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Cells transfected with MyD88 siRNA had no phosphorylation of EGFR in response to LPS.
Data are one representative experiment of three independent experiments with similar results.
E. LPS induced EGFR phosphorylation is Cox-2 dependent. Cells were stimulated with LPS
(2μg/ml) for 30 min with or without Cox inhibitors as indicated, and whole cell lysates (22
μg/lane) probed with EGFR or phospho EGFR antibodies. Western blot analysis demonstrates
that EGFR phosphorylation is inhibited by a non-selective Cox-2 inhibitor, (NS398 5μM), or
a Cox-1 and Cox-2 inhibitor (indomethacin selective (5μM). As a control, EGF (10nMol=6ng/
ml) was added to cells for 30mins. EGF-mediated phosphorylation of the EGFR was not
inhibited by Cox inhibitors (last three lanes). Data are one representative experiment of five
independent experiments with similar results.
F. LPS induced cell proliferation via EGFR activation. SW480 cells were stimulated with LPS
(2μg/ml) for indicated periods with or without EGFR specific tyrosine kinase inhibitor
AG1478. Data are shown as the means ± SD of percentage of absorbance in comparison to non
treated control cells from three independent experiments.
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Figure 6. TLR4−/− mice have decreased EGFR phosphorylation following DSS-induced colitis due
to defective production of mucosal PGE2
A. Immunofluorescent staining for phospho EGFR in the colon after 7 days of DSS treatment.
Phosphorylated EGFR was strongly detected in surface epithelial cells in WT mice. PBS treated
TLR4−/− mice had decreased epithelial cell EGFR phosphorylation following DSS colitis.
PGE2 treatment partly restored the expression of phosphorylated EGFR. The pictures show
two individual mouse tissue samples of each genotype with or without PGE2 treatment.
B. Quantification of the expression levels of phospho EGFR. Staining intensity of 10 randomly
selected areas of epithelial cells per slide was analyzed using MetaMorph software. Staining
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intensity of phospho EGFR was significantly decreased in TLR4−/− mice compared with WT
mice and PGE2 treated TLR4−/− mice after 7 days of DSS treatment.
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Figure 7. Model of TLR4-mediated Cox-2 regulation
In the setting of intestinal injury, LPS exposure of intestinal epithelial cells (possibly
basolaterally) and lamina propria macrophages results in TLR4 activation and signaling via
MyD88. This activates a variety of signaling pathways culminating in transcription factor
translocation and engagement of the Cox-2 promoter. Cox-2 is transcribed and translated; it
acts on arachidonic acid to generate PGG2 which is rapidly converted to PGH2 and then
microsomal PG E synthase-1 converts it to PGE2. PGE2 through its receptors EP2 or EP4 can
activate downstream signaling molecules such as the tyrosine kinase Src or the lipid kinase
PI’3 kinase which can lead to transactivation of the EGF receptor. EGFR signaling is associated
with proliferation and protection against apoptosis in intestinal epithelial cells. PGE2 produced
by macrophages may also act in trans on intestinal epithelial cells. In the absence of TLR4
signaling, Cox-2 expression is greatly decreased.
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Table 1
Sequence of the primers and probes used

Gene forward primer* reverse primer* probe*
Human
Cox-2 GCA CGT CCA GGA ACT CCT CA GGG GTA GGC TTT GCT GTC TG CCT TCA GCT CCA CAG CCA

GAC GCC
MyD88 CTC CTC CAC ATC CTC CCT TCC CCG CAC GTT CAA GAA CAG AGA CGC CGC ACT CGC ATG TTG

AGA GCA
β-actin GAC TGA GTC TTG CTC TGT CGG GGC ATG ATG GCT TAC GCC TAT A AGC GAC TCC TGT GCC TCA

GCC TCC
Mouse
Cox-1 AAG GAG TCT CTC GCT CTG GTT T TCT CAG GGA TGG TAC AGT TGG G TGC TCC TGC TGC TGC CGC

CGA
Cox-2 ATC CTG CCA GCT CCA CCG TGG TCA AAT CCT GTG CTC ATA CAT ACT GCC ACC TCC GCT GCC

ACC T
β-actin ATG ACC CAG ATC ATG TTT GA TAC GAC CAG AGG CAT ACA CGT AGC CAT CCA GGC TGT

GC
●

Sequences are listed in 5′ to 3′ direction.
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