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Summary

Several negative regulatory mechanisms control Toll-like receptor (TLR)-
mediated inflammatory responses and restore immune system balance,
including the zinc-finger protein A20, a negative regulator of TLR signalling
that inhibits nuclear factor kappa B (NF-kB) activity. In the present study,
we investigated TLR-5-mediated A20 expression and its role in intestinal
epithelial cells (IECs) during inflammation. HCT-15 and HT-29 cells were
stimulated with flagellin, then the expressions of A20, interleukin-1 receptor-
associated kinase (IRAK-M) and Tollip were evaluated using RNase
protection assay. Furthermore, experimental colitis was induced in tlr4-
deficient CH3/HeJ mice by administration of dextran sodium sulphate (DSS),
then flagellin was injected anally, and the colonic expression of A20 was
examined by real-time polymerase chain reaction (PCR) and immuno-
histochemistry. To confirm flagellin-induced expression of A20, we employed
an organ culture system. The role of A20 in flagellin-induced tolerance induc-
tion was evaluated in vitro, using a gene knock-down method targeting A20.
A20 expression increased rapidly and peaked at 1 h after flagellin stimulation
in cultured IECs, then declined gradually to the basal level. In vivo, anal
injection of flagellin induced epithelial expression of A20 in injured colonic
tissue, whereas flagellin did not cause a significant increase in A20 expression
in non-injured normal tissue, which was also confirmed in vitro using the
organ culture system. Gene knock-down using A20 siRNA did not influence
tolerance induced by restimulation with flagellin. A20 is an early response
negative regulator of TLR-5 signalling in IECs that functions during intestinal
inflammation. Our results provide new insights into the negative feedback
regulation of TLR-5 signalling that maintains the innate immune system in
the gut.
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Introduction

The innate immune system recognizes conserved pathogen-
associated molecular patterns (PAMPs) via a limited number
of pattern recognition receptors (PRRs) [1,2]. The family of
Toll-like receptors (TLRs) is one of the important PRR groups
whose members play essential roles in innate immunity
in various organs [3–5]. The monolayer of epithelial cells
exposed to the gut luminal environment is endowed with the
capacity for first-line defence against microbial pathogens
[6–9]. TLR signalling in epithelial cells induces innate
immune responses immediately, which preserves the gut
under physiological and pathological conditions [10–13].

TLR-mediated nuclear factor kappa B (NF-kB) activation
induces inflammatory responses, and inappropriate inflam-
mation leads to local tissue damage or development of
systemic diseases [14–17]. To maintain a balance between
activation and inhibition of the innate immune system, a
variety of negative regulatory mechanisms control TLR-
mediated cellular signalling [18,19]. These range from extra-
cellular decoy receptors to membrane-bound suppressors,
which are intracellular negative regulators that down-
regulate the transcription and translation of TLR-induced
genes, and degradation of these proteins [20–24]. Some of
these are present constitutively to control TLR activation at a
physiological level, whereas others are up-regulated by TLR
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signalling during inflammation to attenuate TLR response in
a negative feedback loop [25–27].

The zinc-finger protein A20, a ubiquitin-modifying
enzyme, is an inducible and broadly expressed cytoplasmic
protein that inhibits tumour necrosis factor (TNF)-a-
induced NF-kB activity [28]. A20-deficient mice develop
severe inflammation and are hyper-responsive to lipo-
polysaccharide (LPS) [29–31]. Because overexpression of
A20 inhibits TLR-induced NF-kB activation and attenuates
production of inflammatory cytokines in vitro, it has been
suggested that A20 is one of the intracellular negative regu-
lators for downstream signalling of TNF receptor-associated
factor (TRAF) 6 and NF-kB translocation in TLR-signalling
pathways [32]. However, although TLR-dependent activa-
tion of NF-kB may play a vital role in maintaining epithelial
homeostasis, as well as regulating infection and inflamma-
tion in the gut, little is known regarding the expression of
A20 in intestinal epithelial cells (IECs) during inflammation.

In the present study, we investigated TLR-mediated A20
expression and its role in IECs, and compared the results to
those of other TLR negative regulators, including interleukin
(IL)-1-receptor-associated kinase (IRAK)-M and Toll-
interacting protein (Tollip) [33,34]. Both in vitro and in vivo
findings showed that A20 is rapidly induced by stimulation
with TLR ligands, with flagellin a particularly potent stimu-
lator of A20 expression in IECs. These are the first known
results to show that A20 is an early responsive negative regu-
lator of TLR-5 signalling in IECs, which may contribute to
the first line of defence during inflammation.

Materials and methods

Reagents

The reagents and antibodies used in our experiments are as
follows: purified flagellin from Salmonella typhimurium
(Invivogen, California, CA, USA), purified LPS Escherichia
coli LPS (Sigma, St Louis, MO, USA), Lipofectamine 2000
(Invitrogen, California, CA, USA), pNF-kB-Luc (Stratagene,
California, CA, USA), pRL-TK (Promega, Madison, WI,
USA), human IL-8 enzyme immune assay (EIA) (Biosource,
California, CA, USA), mouse CXCL2 EIA (R&D Systems,
Minneapolis, MN, USA), dextran sodium sulphate (DSS;
5 kDa; Wako, Osaka, Japan), anti-A20 antibody (Santa Cruz,
California, CA, USA), phycoerythrin (PE)-conjugated anti-
E-cadherin antibody (R&D Systems), anti-b-actin antibody
(Sigma) and [32]P CTP (Amersham Biosciences, Bucking-
hamshire, UK).

Cell culture

Two human colorectal cancer cell lines, HCT-15 and HT-29,
and a mouse colonic cancer cell line, Colon-26, were
obtained from American Type Culture Collection (ATCC,
Manassas, VA, USA) and grown in RPMI-1640 media (Invit-
rogen), supplemented with 10% fetal bovine serum (FBS)

(ICN Biomedicals, Aurora, OH, USA) and penicillin–
streptomycin–amphotericin B (Invitrogen), and maintained
at 37°C in 5% CO2 in a humidified incubator.

Primary cultures of mouse colonic epithelial cells

To evaluate flagellin-induced CXCL2 and A20 expressions in
colonic epithelial cells a primary culture system was estab-
lished, as described previously [35]. Briefly, the distal colonic
parts dissected from BALB/c or C3H/HeJ mice were opened
and washed three times in Hanks’s balanced salt solution
(HBSS) (Gibco, BRL, California, CA, USA) containing 5%
FBS in a sterile condition. Five-millimetre tissue segments
were incubated for 90 min at 37°C in 10 ml of RPMI-1640
containing antibiotics and 10 mg of Dispase (Gibco) in 50-ml
centrifuge tubes with gentle rotation. Each digested sample
was then passed through a nylon mesh sieve to remove mucus
and undigested tissue fragments. Isolated colonic epithelial
cells were cultured in RPMI-1640 medium, and supple-
mented with 10% FBS and antibiotics as noted above.

Enzyme immune assay (EIA)

Human IL-8 and mouse CXCL2 contents from HCT-15,
HT-29, Colon-26 and primary cell culture supernatants
treated with flagellin or LPS were measured using IL-8 and
CXCL2 EIA kits, following the manufacturer’s protocols.
Briefly, appropriate sample amounts were transferred by
pipette into the appropriate wells of anti-human IL-8- or
mouse CXCL2-coated microtitre strips, followed by addition
of a second biotinylated monoclonal antibody, then incuba-
tion was performed at room temperature for 90 min. After
removing the excess second antibody by washing, the
samples were incubated with streptavidin–peroxidase, after
which a substrate solution was added to produce colour that
was directly proportional to the concentration of human
IL-8 or mouse CXCL2 present in the sample. Quantitative
results were obtained from a standard curve produced from
the experimental findings.

Transient transfection and luciferase assay

HCT-15 and Colon-26 cells were grown in 24-well plates
(5 ¥ 104 cells/well). After reaching 50% confluence, they were
transfected transiently with pNF-kB-Luc (200 ng/well) and
pRL-TK-Renilla-Luc (20 ng/well) using Lipofectamine 2000
reagent (2·5 ml/well). At 24 h after transfection, the medium
was replaced with fresh medium and the cells were stimulated
with flagellin or LPS for various periods, after which the cell
lysates were used for measurement of luciferase activity with
a dual luciferase reporter assay system kit (Promega).

RNA extraction and real time-polymerase chain
reaction (PCR)

Total RNA was extracted from each sample using Isogen
(Nippon Gene, Toyama, Japan), then equal amounts of RNA
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were reverse-transcribed into cDNA using a quantitative
PCR (qPCR) cDNA kit (Stratagene). All primers (Table 1)
used were flanked by intron–exon junctions using the NCBI
blast tool and Primer3 software. Quantitative real-time PCR
was performed using an ABI PRISM 7700 sequence detection
system with SYBR green PCR master mix (Applied Bio-
systems, California, CA, USA), according to the manufactur-
er’s instructions. The levels of A20, Tollip, IRAK-M and
TNF-a mRNA were normalized to that of b-actin using
sequence detector software (Applied Biosystems).

RNase protection assay

The time–course changes of A20, IRAK-M and Tollip expres-
sions at the mRNA level were detected using an RNase pro-
tection assay (RPA) following the RPA III kit (Ambion,
Austin, TX, USA) instructions. Probes for RPA were prepared
by reverse transcription (RT)–PCR from mRNA samples
using gene specific primers (Table 1), with the amplicons
corresponding to A20 (282 b), IRAK-M (311 b), Tollip (413 b)
and glyceraldehye-3-phosphate dehydrogenase (GAPDH)
(661 b) used as probes. The resulting amplicons were inserted
into a pCRII TA cloning vector (Invitrogen), which carried an
SP6 promoter. After confirming the sequences (Big Dye;
Applied Biosystems), only reverse-orientated constructs were
used for RNA polymerase-mediated in vitro transcription to
generate anti-sense [32]P-labelled respective riboprobes using
the protocol included with the SP6 promoter specific MAXI-
script kit (Ambion). Once probe-making was conducted,
approximately 25 mg of total RNA was allowed to hybridize
with [32]P-labelled anti-sense riboprobes. After RNase diges-
tion, the protected fragments were resolved by polyacryla-
mide gel electrophoresis (PAGE) using 5% Tris borate
ethylenediamine tetraacetic acid (TBE) urea precast gels
(Invitrogen). Following PAGE, the gels were transferred to
filter paper and vacuum-dried, then exposed signals were
detected with a bioimage analyser system (BAS 2000 II; Fujix,
Tokyo, Japan).All signals were standardized to the intensity of
GAPDH.

A20 expression in colonic tissues from BALB/c mice
with DSS-induced inflammation

Because our in vitro results showed clearly that TLR ligands
induce A20 expression in colonic epithelial cells, we exam-
ined A20 expression further in colonic tissues during
DSS-induced inflammation. Seven-week-old male-specific
pathogen-free BALB/c mice (Charles River, Tokyo, Japan)
were housed according to our institutional guidelines with
the approval of the ethics committee of Shimane Medical
University. To produce a DSS colitis model, mice were fed
2·5% DSS in drinking water. The mice were euthanized with
an overdose of diethyl ether at different time-points during
DSS administration, then the colons were dissected out and
rinsed in cold PBS, and used for the detection of A20 expres-
sion by real-time PCR.

Table 1. Primer sequences.

Gene (Accession no.) Sequences (5′–3′)

(Human-specific)

For RT–PCR

TLR-4 (NM_138554)

Forward: TGAGCAGTCGTGCTGGTATC

Reverse: CAGGGCTTTTCTGAGTCGTC

TLR-5 (NM_003268)

Forward: TCAAACCCCTTCAGAGAATCCC

Reverse: TTGGAGTTGAGGCTTAGTCCCC

b-actin (NM_001101)

Forward: CAAGAGATGGCCACGGCTGCT

Reverse: TCCTTCTGCATCCTGTCGGCA

For RPA probe making

A20 (NM_006290)

Forward: ATGCACCGATACACACTGGA

Reverse: GCGTGTGTCTGTTTCCTTGA

IRAK-M (NM_007199)

Forward: CTCGGAATTTCTCTGCCAAG

Reverse: AACCTCAGACTGGCTGCATT

Tollip (NM_019009)

Forward: CTCGGAATTTCTCTGCCAAG

Reverse: AACCTCAGACTGGCTGCATT

GAPDH (NM_002046)

Forward: AGGTCGGAGTCAACGGATTT

Reverse: TTCAGCTCAGGGARGACCTT

For real-time PCR

A20

Forward: CTGCCCAGGAATGCTACAGATAC

Reverse: GTGGAACAGCTCGGATTTCAG

IRAK-M

Forward: AGCTGCGGGATCTCCTTAGAG

Reverse: ACCGGCCTGCCAAACAG

Tollip

Forward: CAGGCGTGGACTCTTTCTATCTC

Reverse: GACTCCGGGATGGTGATGTG

GAPDH

Forward: CCACATCGCTCAGACACCAT

Reverse: TGACCAGGCGCCCAATA

(Mouse-specific)

A20 (NM_009397)

Forward: CTCAGAACCAGAGATTCCATGAAG

Reverse: CCTGTGTAGTTCGAGGCATGTC

IRAK-M (NM_028679)

Forward: GCCAAAGCCATCCAATACTTG

Reverse: TGGGTTGGAGCTGGTCATC

Tollip (NM_023764)

Forward: TTGGCTATGTGCCCATTGC

Reverse: AGCTTTGAGGTCCTCTTCATTACAG

TNF-a (NM_013693)

Forward: AGACCCTCACACTCAGATCATCTTC

Reverse: TCCTCCACTTGGTGGTTTGC

b-actin (NM_007393)

Forward: CGTGAAAAGATGACCCAGATCA

Reverse: CACAGCCTGGATGGCTACGTA

TLR, Toll-like receptor; GAPDH, glyceraldehye-3-phosphate dehy-

drogenase; TNF, tumour necrosis factor; IRAK, interleukin-1 receptor-

associated kinase; RT–PCR, reverse transcription–polymerase chain

reaction; RPA: RNase protection assay; Tollip, Toll-interacting protein.
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Effect of intraperitoneal injection of TLR-5 blocking
peptide on colonic A20 expression in BALB/c mice with
DSS-induced inflammation

To evaluate whether endogenous luminal flagellin contri-
butes to A20 expression in colonic tissues during DSS-
induced colitis, a TLR-5 blocking peptide was used in an
exogenous manner. We injected intraperitoneally 100 ml of a
10–100-fold molar excess amount of the TLR-5 blocking
peptide (10 mg/mouse) into BALB/c mice at the onset of
DSS-induced inflammation. At 5 or 7 days after beginning
DSS administration, the colonic tissues were dissected and
A20 expression was examined by real-time PCR.

Effect of anal injection of flagellin on colonic A20
expression in CH3/HeJ mice with DSS-induced
inflammation

TLR-5 is localized mainly in the basolateral membrane of
IECs, and in normal conditions flagellin cannot induce TLR-

5-dependent signalling. Therefore, we used the DSS-induced
experimental colitis model to evaluate the effect of flagellin
on A20 expression in IECs, as described previously [36]. To
avoid the effect of LPS on A20 expression, the tlr4-deficient
mouse strain CH3/HeJ was used [37]. Seven-week-old male
specific pathogen-free tlr4-deficient CH3/HeJ mice (Nihon
Clea, Tokyo, Japan) were studied after receiving approval
from the ethics committee for animal experimentation of
Shimane University. To produce DSS-induced colonic inju-
ries, mice were fed 2·5% DSS in drinking water for 3 days,
while the control group received only normal drinking water
throughout the experimental period. Following DSS admin-
istration, flagellin (500 ng/mouse) was injected anally, then
distal colonic parts were dissected for real-time PCR and
immunohistochemistry examinations.

Immunohistochemistry

Six-mm-thick frozen sections of distal colons from CH3/HeJ
mice were fixed in cold acetone for 10 min. After washing,
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Fig. 1. Toll-like receptor (TLR) ligand-induced

interleukin (IL)-8 production and nuclear

factor kappa B (NF-kB) activity in HCT-15 and

HT-29 cells. (a) The expressions of TLR-4 and

TLR-5 in HCT-15 and HT-29 cells were

examined by reverse transcription–polymerase

chain reaction (RT–PCR). (b,c) Dose- and

time-dependent production of IL-8 in flagellin

(Fla)- and lipopolysaccharide (LPS)-treated

cells. For the dose-dependent experiments, cells

were incubated with flagellin for 24 h. For the

time-dependent experiments, 100 ng/ml of

flagellin or LPS was used. IL-8 content in

culture supernatants was measured by enzyme

immune assay (EIA). (d) TLR ligand-induced

NF-kB activity (flagellin; 100 ng/ml, LPS;

100 ng/ml). The transcriptional activity of

NF-kB was evaluated by a luciferase assay. Error

bars indicate the standard error of mean values

obtained from four independent experiments.

*P < 0·01 versus non-stimulated cells.
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endogenous peroxidase activity was blocked with 3% H2O2 in
water for 10 min at room temperature, followed by incuba-
tion with normal blocking serum for 30 min. Subsequently,
the sections were incubated for 2 h at room temperature with
anti-A20 primary antibody at a 1:100 dilution and then stain-
ing was processed using a commercial immunoperoxidase
staining kit (Vectastain Elite ABC Kit; Vector Laboratories,
California, CA, USA), according to the manufacturer’s
instructions. Sections were counterstained with haematoxy-
lin and viewed under a phase contrast light microscope.

Organ cultures of mice distal colon specimens

To confirm TLR-mediated expression of A20 in the mice
colons, we initially employed an organ culture system using
colonic tissues dissected from C3H/HeJ mice. The distal
colon part (0·5 ¥ 0·5 cm) was cut open longitudinally and

washed three times in PBS at a sterile condition, then cul-
tured in RPMI-1640 media with antibiotics. The cultured
tissues were stimulated with flagellin (100 ng/ml) for 1 h,
after which the gene expressions of A20 and TNF-a were
examined using real-time PCR.

Flow cytometry

Epithelial cells (2 ¥ 105 cells/well) isolated from C3H/HeJ
mice were cultured in 24-well plates with or without
flagellin (100 ng/ml) for 8 h, then A20 expression was
examined by flow cytometry, in which cell surface staining
for E-cadherin as a specific maker of epithelial cells and
permeabilized cell staining for A20 were evaluated. Cell
permeabilization was performed using the IntraPrep Per-
meabilization Reagent (Beckman Coulter, Tokyo, Japan).
After staining, cells were analysed using an EPICS XL
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(Beckman Coulter), in which 10 000 events (E-cadherin-
positive cells) were counted for each condition and analy-
sed using EXPO32TM software. Isotype controls were
utilized for all the samples.

In vitro tolerance induction and RNA interference

Initially, we evaluated if prestimulation with flagellin induces
tolerance in HCT-15 cells. Cells were cultured in 24-well
plates (5 ¥ 104 cells/well) with or without flagellin for 16 h,
then restimulated with flagellin for 6 h. Tolerance induction
was evaluated by measurement of IL-8 contents in the super-
natants of culture media. Next, to elucidate the role of A20 in
tolerance induction, HCT-15 cells were cultured and then
custom siRNAs (Qiagen, California, CA, USA) targeting A20
were transfected (33 nM/well), according to the manufactur-
er’s protocol. After assessing the efficiency of the transfected
siRNAs by real-time PCR, tolerance experiments were per-

formed with the A20 siRNA transfected HCT-15 cells, using
the same technique as above.

Statistical analysis

All data are expressed as the mean � standard error of the
mean (s.e.m.). Values were analysed using Student’s t-test
and Spearman’s rank correlation with Stat-View version 4·0
software (Abacus Concepts, Inc., NJ, USA). For comparisons
of multiple values, analysis of variance (anova) was used.
P-values less than 0·05 were considered significant.

Results

Flagellin and LPS stimulate production of IL-8 in
cultured intestinal epithelial cells

The gene expressions of TLR-4 and TLR-5 in human cul-
tured epithelial cells (HCT-15, HT-29) were confirmed by
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Fig. 2. Time-dependent mRNA expression of

negative regulators in HCT-15 and HT-29 cells

after stimulation with Toll-like receptor (TLR)

ligands. Total RNA was extracted from each

sample and the expressions of negative

regulators were examined by RNase protection

assays. For semi-quantification of mRNA, all
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RT–PCR (Fig. 1a). Both flagellin and LPS induced IL-8 pro-
duction significantly by the HCT-15 cells in dose- and time-
dependent manners (Fig. 1b and c), which was related to the
transcriptional activity of NF-kB (Fig. 1d). Furthermore,
IL-8 and NF-kB levels in response to flagellin were markedly
higher than in response to LPS. On the other hand, HT-29
cells were not significantly responsive to the stimulation with
LPS (Fig. 1c).

A20 expression rapidly increased after stimulation with
flagellin and LPS in cultured intestinal epithelial cells

Because flagellin and LPS up-regulated IL-8 production in
cultured epithelial cells, we evaluated the changes in expres-
sion by flagellin and LPS of the intracellular TLR negative
regulators A20, IRAK-M and Tollip at various time-points.
The expression of A20 was increased rapidly and peaked at
1 h after flagellin stimulation, although it declined gradually
with the time–course change. Conversely, the expressions of
IRAK-M and Tollip increased gradually, peaked after 8 h,
and remained elevated for up to 16 h after stimulation with

flagellin (Fig. 2a and b). The experiment using LPS as a
ligand showed similar time–course changes of negative regu-
lator expression in HCT-15 cells; however, the expression
levels were relatively lower than those seen in flagellin-
treated cells (Fig. 2c and d).

Flagellin stimulates expression of CXCL2 and A20 in
mouse cultured intestinal epithelial cells

Before carrying out an in vivo examination using the
present experimental colitis model, we evaluated the
flagellin-induced expressions of CXCL2 and A20 in mouse
primary cultured epithelial cells (BALB/c) and Colon-26
cells. Flagellin induced CXCL2 production significantly by
both cell lines in a time-dependent manner (Fig. 3a and b),
which was confirmed by the transcriptional activity of
NF-kB (Fig. 3c, Colon-26 cells). The expression of A20 was
increased rapidly and peaked at 1 h after flagellin stimula-
tion, and the time–course change of A20 expression was
similar to that in the previous experiments with human cell
lines (Fig. 3a and b).
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Up-regulation of colonic A20 expression via
TLR-5-mediated pathway in BALB/c mice with
DSS-induced inflammation

Because flagellin induced significant A20 expression in
colonic epithelial cells, we examined A20 expression further
in colonic tissues during DSS-induced inflammation
(BALB/c mice). As shown in Fig. 4a, A20 expression was
increased significantly from days 5–9 after beginning DSS
administration (Fig. 4a). Furthermore, intraperitoneal injec-
tion of the TLR-5 blocking peptide inhibited A20 expression
significantly on days 5 and 7 (Fig. 4b). These findings suggest
that TLR-5-mediated signalling is a potent pathway for
colonic A20 expression during inflammation.

Intraperitoneal injection of flagellin rapidly induces
colonic A20 expression in CH3/HeJ mice pretreated
with DSS

To clarify further the role of TLR-5 in colonic A20 expres-
sion, we evaluated whether intra-anal injection of flagellin
induces A20 expression in CH3/HeJ mice colons. Initially,

colonic injury was induced in mice by oral administration of
2·5% DSS for 3 days. Following DSS administration, flagellin
was injected anally, then the expressions of A20 and TNF-a
were evaluated by real-time PCR. Those were increased sig-
nificantly in DSS-induced injured colonic tissues at 1 h after
anal injection of flagellin, whereas there was no increase
observed in non-injured colonic tissues (Fig. 5a). In addi-
tion, immunohistochemistry findings clearly showed an
abundant expression of A20 in colonic epithelial cells at 8 h
after injection of flagellin (Fig. 5b, i–iii). Although infiltrat-
ing mononuclear cells also expressed A20, the number of
those cells was relatively low compared to that of epithelial
cells (Fig. 5b, iv). These results suggest that luminal flagellin
induces acute inflammation in colons pretreated with DSS
and that A20 is expressed rapidly in response to flagellin
stimulation in colonic epithelial cells.

Flagellin induces A20 expression in colonic tissues and
epithelial cells isolated from C3H/HeJ mice

To assess flagellin-induced A20 expression in mouse colons,
we conducted additional in vitro experiments. Initially,

Fig. 3. Flagellin-induced expression of CXCL2

and A20 in mouse epithelial cells. (a) Primary

cultured cells isolated from BALB/c mice.

(b) Colon-26 cells. For time-dependent

experiments, 100 ng/ml of flagellin was used.

CXCL2 contents in culture supernatants and

A20 expression in cultured cells were examined

by enzyme immune assay (EIA) and reverse

transcription–polymerase chain reaction

(RT–PCR), respectively. (c) Flagellin-induced

nuclear factor kappa B (NF-kB) activity

(flagellin; 100 ng/ml). The transcriptional

activity of NF-kB was evaluated by a luciferase

assay. Error bars indicate the standard error of

mean values obtained from four independent

experiments. *P < 0·01 versus non-stimulated

cells.
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colonic tissues isolated from C3H/HeJ mice colons with or
without DSS-treatment were cultured and treated with flagel-
lin. A20 levels rapidly increased and peaked at 1 h after flagel-
lin stimulation in injured colonic tissues caused by DSS
administration, whereas there was no significant increase of
A20 expression in non-injured normal tissue (Fig. 6a). The
time–course changes of flagellin-induced TNF-a expression
showed a pattern similar to that of A20 (Fig. 6a). Next, to
confirm A20 expression in colonic epithelial cells, we isolated

epithelial cells from CH3/HeJ mice colons and cultured them
with flagellin for 8 h. The results of flow cytometry showed a
significant expression of A20 in those cells (Fig. 6b).

A20 does not influence tolerance induced by
restimulation with flagellin

First, we evaluated if prestimulation with flagellin induces
tolerance in HCT-15 cells.Cells were cultured with or without
flagellin for 16 h, then simulated with flagellin for 8 h. The
production of IL-8 did not increase and A20 expression was
not up-regulated in the prestimulated cells (Fig. 7a). Next, to
clarify the role of A20 on tolerance induction by flagellin, we
used a gene knock-down method with siRNA targeting A20.
The siRNA used in this study showed high gene knock-down
efficacy, as flagellin-induced A20 gene expression was
decreased by 90%, while flagellin-induced IL-8 production in
siRNA-treated cells was significantly higher than that in the
control (Fig. 7b). To evaluate the role of A20 in flagellin-
induced tolerance induction, cells were transfected with A20
siRNA or control siRNA, then cultured with or without flagel-
lin for 16 h, after which they were simulated with flagellin for
8 h.Although IL-8 production in A20 siRNA-treated cells was
higher than that in the control siRNA-treated cells, gene
knock-down of A20 did not influence tolerance induction by
prestimulation with flagellin (Fig. 7c).

Discussion

In the present study we focused upon A20, an inducible
cytoplasmic negative regulator involved with TLR signalling,
and evaluated its expression in IECs during intestinal
inflammation. Our results revealed that flagellin-mediated
TLR-5 signalling induces abundant expression of A20
rapidly in IECs, which was also confirmed in vivo in a DSS-
induced acute colitis model. In addition, the present results
demonstrated that A20 expression does not influence toler-
ance induced by restimulation with flagellin.

As a monolayer of intestinal epithelial cells is exposed to
the gut luminal environment and various microbial patho-
gens present there, it is reasonable to speculate that epithelial
cell functions are regulated by TLR signalling, and that
several different negative regulators of TLR signalling may
contribute to restore intestinal immune balance under physi-
ological and pathological conditions. Recently, Otte et al.
showed that TLR ligands such as LPS and lipoteichoic acid
(LTA) up-regulate Tollip expression in cultured colonic
epithelial cells; however, they found no expression of
other inducible cytoplasmic negative regulators [38]. In the
present study, the expressions of A20, IRAK-M and Tollip
were increased in ligand-stimulated IECs, which were related
clearly to the levels of cellular NF-kB activity and IL-8
production. These findings indicate that negative regulators
may play an important role to regulate excess and uncon-
trolled intestinal inflammatory responses induced by TLR
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signalling. Our results also demonstrated that the gene
expression of A20 is increased rapidly and peaks at 1 h after
ligand stimulation, which preceded the up-regulation of
IRAK-M and Tollip. A20 has been reported to be a rapidly
inducible gene following stimulation with TNF-a and TLR
ligands, and A20 dysfunction leads to aggravation of inflam-
mation in various experimental models [39]. However, those
previous studies focused mainly upon macrophages to elu-
cidate TLR-mediated A20 expression. In contrast, our results
show for the first time that A20 is an early response negative
regulator of TLR signalling in IECs and that it may serve as
a bridge to other negative regulators to control gut innate
immunity.

Flagellin is a specific microbial ligand of TLR-5, which is a
pathogenic factor that induces several inflammatory disor-
ders, including acute infectious enteritis and inflammatory
bowel disease (IBD) [40–42]. As in vitro studies have shown
that flagellin is a potent stimulator of A20 expression in

IECs, we focused upon flagellin and evaluated whether it
induces A20 expression in mouse colons. In the present
experimental colitis model mice, A20 expression was
increased significantly from days 5–9 after beginning admin-
istration of DSS, which was inhibited clearly by intraperito-
neal injection of the TLR-5 blocking peptide. These findings
suggest that IECs sense luminal (endogenous) flagellin via
TLR-5-mediated signalling and induce A20 expression as a
first-line defence against excess innate immune responses.

Based on those findings, we examined further the effect
of exogenous flagellin injected anally on colonic A20
expression. It has been reported that TLR-5 is expressed
mainly in the basolateral membrane of IECs and flagellin in
the gut lumen cannot stimulate TLR-5 directly in normal
conditions [35,43]. Therefore, we induced colonic injury in
mice initially by oral administration of DSS for 3 days. For
this experiment, we used the tlr4-deficient mouse strain
CH3/HeJ to avoid the effect of LPS on A20 expression [36].

Fig. 5. Flagellin-induced expressions of A20

and tumour necrosis factor (TNF)-a in

CH3/HeJ mice colons with or without DSS

colitis. Experimental colitis models were

established by administering a 2·5% DSS

solution as drinking water for 3 days, while the

control group received only normal drinking

water. Following DSS administration, flagellin

(Fla; 500 ng/mouse) was injected anally, then

distal colonic parts were dissected from the

mice. (a) Results of real-time PCR showing

gene expressions of A20 and TNF-a in colonic

tissues with or without DSS-induced colonic

injury at 1 h after anal injection of flagellin.

Error bars indicate the standard error of mean

values obtained independently from six mice.

*P < 0·01 versus DSS (-) flagellin (+). (b)

Representative immunohistochemistry results

showing the expression of A20 in colonic

epithelial cells (i; Fla -, ii, iii; Fla +) and

infiltrating mononuclear cells (iv; Fla +)

obtained from DSS-treated mice at 8 h after

injection of flagellin.
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Anal injection of flagellin induced expression of A20 rapidly
as well as TNF-a in DSS-treated injured colonic tissues,
which was also confirmed in vitro using an organ culture
system. In addition, immunohistochemistry results clearly
revealed flagellin-induced abundant expression of A20 in
epithelial cells. These findings suggest that certain initial
intestinal injuries caused by various luminal stimuli enable
contact with flagellin and TLR-5 in IECs, after which A20
expression is induced during the early phase of TLR-5-
mediated inflammation, which may contribute to the first
line of defence in the gut. Although we also observed infil-
trating mononuclear cells expressing A20 in immunohis-
tochemical sections, the number of those cells was relatively
low compared to that of epithelial cells. The less significant
sign of colonic injury and A20 expression may be explained
by the low dose and short time–course treatment of DSS,
which produced mild rather than severe colonic injury.

Although A20 was characterized originally as having an
auto-regulatory negative feedback approach to modulate
NF-kB activation upon TNF-a stimulation, a range of other
stimuli, including IL-1, LPS, CD40 and latent membrane
protein (LMP)-1, also play important roles in A20 induction
for gate-keeping functions against NF-kB and activator
protein-1 (AP-1) in different cell types [44]. Interestingly,
A20 was shown recently to inhibit NF-kB activation in
response to stimulation of the intracellular NOD2
(nucleotide-binding oligomerization domain 2) receptor by
muramyl dipeptide, a pathway well known in susceptibility
to Crohn’s disease [45]. Considering those, we assessed the
effect of flagellin on A20 expression using in vitro IECs as
well as in vivo with an acute model of colitis, based on the
finding that the flagellin-dependent TLR-5 pathway is
involved in generation of a NF-kB-mediated innate immune
response. Apart from TLRs, a variety of other signalling
events become active during colitis as well as in in vitro
flagellin-treated cell culture conditions. Several cascades,
including Janus kinases (JAK)/signal transducer and activa-
tor of transcription (STAT), mitogen-activated protein
(MAP) kinases, extracellular signal-related kinase (ERK) and
c-Jun N-terminal kinase (JNK), are activated strongly
in patients with inflammatory bowel disease and animal
models of colitis [46–48]. Therefore, A20 induction via these
pathways following exposure to a variety of stimuli (TLR
ligands, proinflammatory cytokines, growth factors, oxida-
tive agents) may implicate its function as a negative regulator
in a wide range of activated signalling events during colitis.
The majority of these pathways lead to activation of the
downstream transcription factor NF-kB while, conversely,
A20 transcription is induced rapidly by a large number of
stimuli following triggering of the binding of NF-kB to two
specific NF-kB-binding sites in the A20 promoter [49]. Since
its discovery many years ago, the mechanism of A20 activity
has remained largely unexplained. Dixit and co-workers
[50] found that A20 interferes with TNF-induced NF-kB
activation by acting as a dual ubiquitin-editing enzyme. In
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addition, overexpression of A20 results in de-ubiquitination
of various pathways induced by downstream mediators,
indicating that it serves a negative regulatory role for con-
trolling inflammation [44]. Based on these observations, in
addition to evaluating the role of A20 in the flagellin-
induced TLR-5 pathway, emphasis should also be given to
other pathways by focusing upon the mechanisms of the
effects of A20 on those pathways.

LPS tolerance, demonstrated by hyporesponsiveness to a
second stimulation with LPS after a preceding LPS treatment,
is an essential phenomenon for regulation of host innate
immune response [51]. Prior exposure to other TLR ligands,
including LTA, flagellin and cytosine–guanine (CPG) DNA,

also induces tolerance or cross-tolerance in various immune
and epithelial cells [52–54]. Induction of LPS tolerance has
been reported to be associated with decreased cell surface
expression of TLR-4/MD-2 complex and dysregulation of
IRAK-1 activity in LPS-tolerant cells [55]. In addition, recent
studies have demonstrated that intracellular negative regula-
tors of TLR signalling such as IRAK-M and Tollip correlate
with tolerance induction [38,56]. However, the detailed
mechanisms involved with TLR-related tolerance induction
remains unknown. We speculated that A20 functions in
flagellin-induced tolerance in IECs, and conducted the
present study. Although prior treatment with flagellin
decreased IL-8 production by IECs significantly, A20 gene

Fig. 7. (a) Flagellin-induced tolerance

induction and A20 expression in HCT-15 cells.

Cells were incubated with or without flagellin

(100 ng/ml) for 16 h, then restimulated with

flagellin for 6 h. Tolerance induction was

evaluated by measurement of interleukin (IL)-8

contents in the supernatants of culture media.

A20 expression in tolerant and non-tolerant

cells was examined using RNase protection

assays. Error bars indicate the standard error of

mean values obtained independently from six

mice. *P < 0·01 versus Prestimulation (+). (b)

Efficiency of A20 siRNA. HCT-15 cells were

transfected with control and A20 siRNAs. A20

mRNA expression at 1 h after stimulation with

flagellin (100 ng/ml) and IL-8 contents in

culture supernatants at 8 h after stimulation

with flagellin (100 ng/ml) were evaluated by

real-time polymerase chain reaction (PCR) and

enzyme immune assay (EIA), respectively. Error

bars indicate the standard error of mean values

obtained independently from six mice.

*P < 0·01, #P < 0·05 versus control siRNA. (c)

Effect of A20 on flagellin-induced tolerance

induction. Cells transfected with control or A20

siRNA were incubated with or without flagellin

(100 ng/ml) for 16 h, then restimulated with

flagellin for 6 h. Tolerance induction was

evaluated by measurement of IL-8 contents in

the supernatants of culture media. Error bars

indicate the standard error of mean values

obtained independently from six mice.

*P < 0·01 versus prestimulation (+).
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knock-down did not influence tolerance induced by pre-
stimulation with flagellin. Recently, Boone et al. evaluated the
role of A20 in LPS tolerance using bone marrow-derived
macrophages isolated from A20 deficient mice and concluded
that A20 is not required for induction of LPS tolerance, which
is supported by the present results [30]. In addition, our in
vitro findings showed that the expression of A20 was induced
rapidly and abundantly after flagellin stimulation, then soon
returned to the basal level. However, there were higher levels
of A20 expression after 16 h in the flagellin-stimulated
HCT-15 cells compared to the expressions of Tollip and
IRAK-M (Fig. 2a). We also observed higher amounts of A20
being produced even during the late periods of flagellin and
DSS treatments (Fig. 4a). Such diverse and prolonged A20
expression may lead to important changes in the intensity and
character of immune responses by modulating NF-kB and
AP-1. At the end of DSS treatment, in addition to control of
inflammatory consequences, other events including tissue
regeneration, angiogenesis and cell proliferation are also
major concerns. Therefore, elucidating A20 roles other than
immune regulation at the late phase of DSS-induced colitis
may generate novel insight to understand amelioration of
intestinal inflammation.

Previous reports have noted that A20 plays important
roles in various pathophysiological phenomena, such as
cellular proliferation, migration and apoptosis [57–59].
Another study also demonstrated that A20 is an antigen
presentation attenuator and its inhibition abrogates regula-
tory T cell-mediated suppression [60]. Thus, A20 may be a
potential therapeutic tool for treatment of several immune
and inflammatory diseases. In the present study, we focused
upon TLR-mediated A20 expression in IECs; however, its
function remains poorly understood and additional investi-
gations are necessary to elucidate the precise role of A20 in
intestinal diseases.

In summary, we examined the expression of A20 in IECs
stimulated by TLR ligands and found that A20 is an early
response negative regulator of TLR-5 signalling in IECs that
functions in the early phase of intestinal inflammation. Our
results provide new insights into the negative feedback regu-
lation of TLR signalling that maintains the innate immune
system in the gut.
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