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Summary

Tumour necrosis factor-related apoptosis-inducing ligand (TRAIL) and its

receptor (TRAIL-R) play important roles in immune regulation and cancer

cell death. Although TRAIL has been shown to induce chemokine release

in various tumour cells, the function of TRAIL-R in the development of

colitis and colitis-associated carcinogenesis has not been explored. In this

study, we found that TRAIL-R-deficient mice exhibited a higher incidence

of colitis and colitis-associated cancer than that of wild-type (WT) mice,

and TRAIL-R expression was down-regulated in WT mice that were fed

dextran sulphate sodium. Chemokines, including CCL2 and CXCL1, were

highly expressed in the serum and inflammatory colon tissues of TRAIL-

R�/� mice compared with WT mice, and TRAIL-R�/� mice showed a

marked infiltration of immune cells during colitis. Hyperactivation of Janus

kinase and nuclear factor-jB in colon epithelial cells was also observed,

which correlated with the severity of colonic inflammation in TRAIL-R�/�

mice. These data suggest that TRAIL-R plays a protective role in chemical-

induced colon injury and negatively regulates mucosal immune responses.

Keywords: colitis; colitis-associated cancer; inflammation; tumour necrosis

factor-related apoptosis-inducing ligand receptor.

Introduction

Tumour necrosis factor (TNF)-related apoptosis-inducing

ligand (TRAIL) is a type-II membrane protein belonging

to the TNF family that preferentially induces apoptotic

cell death in a variety of tumour cell types, but not in

most normal cells, both in vitro and in vivo.1 In humans,

five TRAIL receptors (DR4, DR5, DcR1, DcR2 and OPG)

have been characterized. As DR4 and DR5 contain an

intracellular protein motif known as a death domain,

which can transmit an apoptotic signal, these receptors

are termed death receptors. In contrast, DcR1 (decoy

receptor 1) and DcR2 (decoy receptor 2) lack a functional

death domain, and OPG (osteoprotegerin) is a secreted

receptor with a lower affinity for TRAIL under physiolog-

ical conditions.2 DcR1, DcR2 and OPG are termed decoy

receptors because they can bind to TRAIL but cannot

induce cell death by apoptosis. A large number of in vitro

and in vivo studies have shown that TRAIL and agonistic

antibodies against DR4 or DR5, which are currently in

clinical trials, are promising anti-cancer therapeutic

strategies.3,4

In contrast to humans, mice express a single TRAIL-

binding pro-apoptotic death receptor (TRAIL-R), which

mimics human DR4 and DR5.5 The physiological role of

TRAIL/TRAIL-R has been further elucidated with the

development of TRAIL�/� and TRAIL-R�/� mice. Recent

studies have demonstrated that the TRAIL/TRAIL-R

pathway influences the regulation and homeostasis of the

immune system. For example, in mice, the genetic ablation

of TRAIL increased the severity of remitting and non-

remitting disease in experimental autoimmune encephalo-

myelitis,6 and TRAIL deficiency promoted features of

diabetes associated with pancreatic inflammation.7 It has

also been reported that the TRAIL/TRAIL-R pathway was

involved in the regulation of infection, the development of

Abbreviations: APC, adenomatous polyposis coli; AOM, azoxymethane; CEC, colon epithelial cells; DSS, dextran sulphate
sodium; H&E, haematoxylin & eosin; IBD, inflammatory bowel disease; IFN, interferon; IL, interleukin; JNK, Janus kinase; LPS,
lipopolysaccharide; MLN, mesenteric lymph node; NF-jB, nuclear factor-jB; TLR, toll-like receptor; TRAIL, tumour necrosis
factor (TNF)-related apoptosis-inducing ligand; WT, wild-type
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autoimmune disease and immune surveillance against

tumour metastasis.8,9

We previously reported that TRAIL induced CXCL2,

CCL4 and CCL20 secretion in a nuclear factor-jB (NF-

jB) -dependent manner in both TRAIL-resistant and

TRAIL-sensitive tumour cells.10 Furthermore, all of the

cytokines induced by TRAIL are inflammatory chemokin-

es, which serve to recruit leucocytes in response to physi-

ological stress. TRAIL was shown to induce chemotactic

migration in THP-1 human leukaemia cells, lipopolysac-

charide (LPS) -primed primary human monocytes, and

LPS-stimulated BALB/c mouse monocytes in vivo.11 A

recent study from our group further demonstrated that

adeno-associated virus-mediated soluble TRAIL expres-

sion in fibroblast-like synoviocytes exhibited an anti-

arthritic effect in mice with collagen-induced arthritis.12

These results suggest that TRAIL may be a ligand with

multiple functions depending on the cellular context.

Approximately 25% of TRAIL�/� mice develop lym-

phoid malignancies after 500 days of life, and in the con-

text of the loss of at least one p53 allele, TRAIL was shown

to suppress the initiation and development of tumours of

both lymphoid and sarcoma origin. However, there was no

critical role for TRAIL in Her2/neu oncogene-driven mam-

mary epithelial cancer.13 Furthermore, TRAIL�/� mice

were shown to be more sensitive to tumorigenesis induced

by the chemical carcinogen methylcholanthrene.14 Interest-

ingly, TRAIL-R�/� mice do not spontaneously develop

tumours, and the loss of TRAIL-R was shown to have no

effect on tumour generation or growth in p53�/� mice and

adenomatous polyposis coli (APC) mutant mice.15 Hence,

the observed differences in tumour incidence between

TRAIL-deficient and TRAIL-R-deficient mice may a result

of the distinct biological causes of the tumours evaluated.

Inflammation is considered a risk factor for many com-

mon malignancies, including lung, breast and colon can-

cers, and the clearest link between inflammation and

colon cancer is observed in patients with inflammatory

bowel disease (IBD).16 Novel insight into the immunolog-

ical functions of TRAIL/TRAIL-R may help to determine

whether they are also involved in the development of

colitis and colitis-associated cancer. In the present study,

we report that TRAIL-R�/� mice exhibited a higher inci-

dence of dextran sulphate sodium (DSS) -induced colitis

and colitis-associated carcinogenesis, and these results

demonstrate a protective role for TRAIL-R in response to

chemical-induced injury.

Materials and methods

Mice

TRAIL-R-deficient mice (TRAIL-R�/�) on the C57BL/6

background were kindly provided by Dr Tak Mak

(University of Toronto). Heterozygote mice were inter-mated

to generate TRAIL-R�/� and wild-type (WT) littermates.

Seven- to eight-week-old male mice were used in DSS stud-

ies. All animals were housed in specific pathogen-free con-

ditions. Animal experiments were performed in accordance

with the institutional guidelines for animal care and were

approved by the committee for the use and care of animals

of the Chinese Academy of Medical Sciences.

Induction and assessment of colitis and colitis-associated
cancer

Experimental colitis was induced by administering 2�5%
(weight/volume) DSS (molecular weight 50 000, Interna-

tional Laboratory, South San Francisco, CA) in the drinking

water ad libitum for 5 days. Colitis severity scores were

recorded based on the daily observation of mouse stool con-

sistency and the presence of blood for up to 6 days. Stool

scores were expressed as follows: 0 = normal; 2 = loose

stools; 4 = diarrhoea. Bleeding scores were described as fol-

lows: 0 = negative; 2 = positive; 4 = gross bleeding. Histo-

logical analysis of the severity of inflammation was carried

out in the mouse colon after DSS administration. For the

animal survival test, mice were continuously fed 3% DSS.

Colitis-associated cancer was established in 7-week-old

mice by intraperitoneal injection with azoxymethane

(AOM, Sigma Aldrich, St Louis, MO) in PBS at a dose of

12�5 mg/kg body weight on day 0. Then, mice were

administered 2% DSS from day 5 to day 10, 1% DSS

from day 31 to day 36, and drinking water only from day

0 to day 4, day 11 to day 30, and day 37 to day 60. Mice

were killed on day 60. Mouse colon tissues were removed,

flushed carefully with PBS, and then cut longitudinally.

The number of colon tumour nodes was counted, and

tumour sizes were measured with a calliper.

Isolation of colonic epithelial cells

Mouse colons were dissected, washed with PBS, and cut

into sections 3 cm in length. Colon segments were incu-

bated in Hanks’ balanced salt solution, supplemented

with 5 mM EDTA and 15 mM HEPES (Sigma Aldrich),

for 30 min at 37° with gentle shaking followed by vigor-

ous shaking for 10 seconds. The solution was first passed

through an 80-mesh stainless steel sieve, followed by a

200-mesh stainless steel sieve to remove the mucosal

strips.17 The epithelial crypts remained on the upper side

of the 200-mesh sieve, whereas other cells such as leuco-

cytes passed through the sieve. Colonic epithelial cells

were immediately washed with PBS and lysed with lysis

buffer for use in the TRAIL-R expression assays.

Measurement of mRNA expression

Total RNA was extracted from colonic epithelial cells

using the TRIzol reagent (Life Technologies, Grand
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Island, NY) according to the manufacturer’s instructions.

The SYBR Green PCR Master Mix (Toyobo, Osaka,

Japan) was used to analyse the expression of mRNA. The

following primers were used for the amplification of

TRAIL-R: 5′-AAAACGGCTTGGGCATCTTGGC-3′ and

5′-AGACGGTTCCAGGAGTCAAAGG-3′, b-actin: 5′-GAC
CTGACAGACTACCTC-3′ and 5′-AGACAGCTGTGTTGG
C-3′. Quantification of mRNA by quantitative PCR was

performed using an ABI7900 system. Reactions were per-

formed in triplicate with b-actin as an internal control.

Cycle threshold values were converted to relative gene

expression levels with the 2�DDCt method.

Western blotting

Colon epithelial cell or mesenteric lymph node cell ly-

sates were subjected to SDS–PAGE. Proteins in the gel

were transferred onto a PVDF membrane. The mem-

brane was then probed with antibodies against DR5

(Abcam, Cambridge, MA), p-Janus kinase (JNK), JNK,

p-IjBa (Cell Signaling Technology, Danvers, MA), IjBa
(Santa Cruz Biotechnology Inc., Dallas, TX), and b-actin
(Proteintech Group, Chicago, IL), followed by incuba-

tion with a horseradish peroxidase-conjugated secondary

antibody (Cell Signaling Technology). Protein expression

was visualized with an ECL system (Millipore, Billerica,

MA) and was then exposed to X-ray film.

Isolation of lamina propria cells

Colon segments 3 cm in length were gently shaken in

Hanks’ balanced salt solution, supplemented with EDTA

and HEPES, for 20 min to remove epithelial cells. The

colon segments were then washed, cut into small pieces,

and suspended in 4% fetal bovine serum RPMI-1640

medium (Life Technologies). Then, the colon fragments

were digested with 0�5 mg/ml of collagenase, 0�5 mg/ml

of dispase and 40 lg/ml DNase (Roche Applied Science,

Mannheim, Germany) for 1 hr at 37°. After filtration

through a 200-mesh sieve, isolated lamina propria cells

were washed with PBS and subjected to flow cytome-

try with an Accuri C6 Cytometer (BD, Franklin Lakes,

NJ).

Histopathological assay

Intact colons were excised, washed and fixed in 10% neu-

tral buffered formalin for 24 hr. Paraffin-embedded colon

tissues were cut into 5-lm sections, which were then

stained with haematoxylin & eosin (H&E). Histology

scoring was described according to the following charac-

teristics: (i) severity of inflammation (0–3, corresponding
to none, mild, moderate or severe); (ii) crypt damage

(0–4, corresponding to none, basal one-third damaged,

basal two-thirds damaged, only surface epithelium intact,

or entire crypt and epithelium lost); and (iii) sub-muco-

sal oedema [0–3, corresponding to no change, mild

oedema (where the sub-mucosa accounts for < 30% of

the diameter of the entire intestinal wall), moderate

oedema (where the sub-mucosa accounts for 30–60% of

the diameter of the entire intestinal wall), and profound

oedema (where the sub-mucosa accounts for > 60% of

the diameter of the entire intestinal wall)]. Each parame-

ter was further multiplied by a factor reflecting the per-

centage of tissue involved (9 1, 0–25%; 9 2, 26–50%;

9 3, 51–75%; 9 4, 76–100%). The sum of the scores

from these three parameters was defined as the total

histological injury score.

Immunohistochemical assay

Paraffin-embedded colon sections were de-paraffinized,

rehydrated and pre-treated with 0�3% hydrogen peroxi-

dase in PBS for 10 min. Sections were treated with

Tris-EDTA buffer (pH 9) for heat-mediated antigen

retrieval of CD3, b-catenin and DR5, and they were

then pre-treated with proteinase K for F4/80 and Gr-1

retrieval. After blocking with goat serum, the sections

were incubated with antibodies to CD3 (1 : 100, Dako-

Cytomation, Glostrup, Denmark), F4/80 (1 : 50, Abdse-

rotec, Oxford, UK), DR5 (1 : 500, Abcam), b-catenin
(1 : 1000, Abcam) and Gr-1 (1 : 500, BD) for 1 hr at

room temperature, followed by incubation with an

horseradish peroxidase-conjugated secondary antibody

for 30 min. Positive signals were visualized using a

DAB kit, and the sections were counterstained with

haematoxylin.

Determination of cytokine expression

Approximately 200 mg of distant colon tissue was washed

in cold PBS, supplemented with penicillin and streptomy-

cin, and cut into small pieces. The tissue was then cul-

tured in 12-well, flat-bottom plates (Corning, Tewksbury,

MA) with serum-free RPMI-1640 medium. A high con-

centration of penicillin (500 U/ml) and streptomycin

(500 lg/ml) was supplemented to prevent bacteria

growth. After incubation at 37° for 24 hr, the medium

was collected and stored at �80° until use. The chemoki-

ne levels in whole-colon cultures and the serum from

DSS-treated mice were determined using an ELISA kit

(R&D Systems, Minnesota, MN) according to the manu-

facturer’s instructions.

Statistical analysis

All data are presented as the mean � standard error of

the mean. Statistical comparisons were performed using

the two-tailed Student’s t-test. P-values < 0�05 were con-

sidered statistically significant.
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Results

TRAIL-R deficiency increases susceptibility to DSS-
induced colitis

To explore the role of TRAIL-R in colitis, TRAIL-R�/�

and WT mice were fed DSS to induce colitis. The severity

of colitis was determined by characterizing bloody diar-

rhoea and ulcerations daily. As shown in Fig. 1(a), both

the TRAIL-R�/� (n = 10) and WT (n = 9) groups of

mice fed DSS for 5 days exhibited acute colitis. However,

the disease activity index of TRAIL-R�/� mice, as deter-

mined by intestinal bleeding and stool consistency, was

significantly higher than that of WT mice (P = 0�032). A
high concentration of DSS in the drinking water resulted

in the death of TRAIL-R�/� mice as early as day 5,

whereas death did not occur in WT mice until day 6

(P < 0�001, Fig. 1b). The median survival times were 6�5

and 11 days for TRAIL-R�/� (n = 8) and WT (n = 10)

mice, respectively (Fig. 1c). Body weights were recorded

daily throughout the course of the study, and no signifi-

cant difference in percentage weight loss was observed

between TRAIL-R�/� and WT mice. However, because

the TRAIL-R�/� mice had a shorter survival time, their

body weights on the day they were killed were 78�1% of

their initial weight, whereas the WT mice retained 66�4%
of their initial weight (P < 0�001, Fig. 1d). H&E staining

of colon sections from TRAIL-R�/� and WT mice did

not show significant infiltration of inflammatory cells or

notable tissue damage (Fig. 1e, d0 section), which is in

agreement with previous reports showing that TRAIL-R�/�

mice show no developmental abnormalities or histological

changes.18 However, after feeding with DSS in the water

for 5 days, increased damage to the epithelial layer was

observed in TRAIL-R�/� mice compared with WT mice

(Fig. 1e, d5 section). TRAIL-R�/� mice displayed severe
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Figure 1. Tumour necrosis factor-related

apoptosis-inducing ligand receptor deficiency

(TRAIL-R�/�) enhances susceptibility to dex-

tran sulphate sodium (DSS) -induced colitis.

(a) Clinical scoring of wild-type (WT) (n = 9)

and TRAIL-R�/� (n = 10) mice administered

2�5% DSS for 5 days. The clinical score is

addition of stool and bleeding score. The max-

imum clinical score was 8 (P = 0�032). WT

(n = 8) and TRAIL-R�/� (n = 10) mice were

continuously administered 3% DSS in (b), (c)

and (d). (b) Kaplan–Meier survival curve. The

P-value was calculated according to the log-

rank test. P < 0�001. (c) Median survival time.

(d) Body weights on the day they were killed,

shown as a percentage of the initial body

weight. P < 0�001. (e) Representative haemat-

oxylin & eosin staining of WT and TRAIL-R�/

� mouse colons, from animals fed with or

without 2�5% DSS for 5 days (left panels, mag-

nification 100 9; right panels, magnification

200 9). Bar, 100 lm. (f) Histological injury

score of DSS-induced colitis in WT (n = 4)

and TRAIL-R�/� mice (n = 4). All mice were

fed 2�5% DSS in water for 5 days. Histological

analysis included the severity of inflammation,

crypt damage and sub-mucosal oedema. The

sum of the scores from these three parameters

was defined as the total histological injury

score. P-values of total histological score,

inflammation, and crypt damage were < 0�001;
oedema, P = 0�001.
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colon inflammation, with near complete loss of colonic

crypts and epithelium, obvious sub-mucosal oedema, and

prominent inflammatory cell infiltration. In contrast, WT

animals displayed partially preserved colonic crypt struc-

ture and only slight sub-mucosal oedema. Histological

scoring revealed that TRAIL-R�/� mice fed DSS had sig-

nificantly increased inflammation, crypt damage and sub-

mucosal oedema compared with WT mice (Fig. 1f).

Taken together, these data clearly demonstrate that

TRAIL-R deficiency promoted the susceptibility of mice

to DSS-induced colitis.

TRAIL-R knockout facilitates colitis-associated
tumorigenesis

Chronic colitis strongly contributes to colorectal tumori-

genesis.16,19 Here, we investigated whether TRAIL-R defi-

ciency has an impact on colitis-associated tumorigenesis.

TRAIL-R�/� and WT mice (n = 10 for both groups) were

injected with a single intraperitoneal injection of the car-

cinogen, AOM, on day 0, followed by feeding with 2%

DSS from day 5 to day 10, water only from day 11 to day

30, 1% DSS from day 31 to day 36, and finally water only

from day 37 to day 60 (Fig. 2a). Mice were killed on day

60, and their colons were dissected to examine tumour

development. As shown in Fig. 2(a), 80% of TRAIL-R�/�

mice and 100% of WT mice were alive on day 60. All of

the TRAIL-R�/� mice developed colon tumours, whereas

only half of the WT mice developed tumours (Fig. 2b).

In both groups of animals, the colon tumours were exclu-

sively located in the distal colon (Fig. 2c). The average

tumour number per mouse was 9�5 � 2�1 for TRAIL-R�/�

mice, which was three times higher than that observed

for WT mice (2�6 � 0�6) (Fig. 2d). In both groups,

tumour size ranged from < 2 mm to > 5 mm; however,

tumours with a diameter > 5 mm were found only in

TRAIL-R�/� mice (Fig. 2e). Furthermore, histological

analysis by H&E staining demonstrated that these

tumours were colonic adenomas with a high grade of

dysplasia (Fig. 2f), and only a small proportion of nuclear

expression of b-catenin was observed in the tumour tissue

of TRAIL-R�/� mice (Fig. 2f), indicating that the Wnt

pathway might not be involved in the colitis-associated

tumorigenesis in TRAIL-R�/� mice. These results indi-

cated that TRAIL-R deficiency facilitated the incidence

and growth of colitis-associated colonic adenomas.

DSS administration suppresses TRAIL-R expression
in mouse epithelial cells

To investigate whether TRAIL-R expression is altered in

the colon following DSS administration, mice were

administered 2�5% DSS in their drinking water for

5 days to elicit colitis. Immunohistochemical analysis of

mouse colonic tissue sections revealed that TRAIL-R was

expressed at a high level in untreated WT mice. Both

images of longitudinal and transverse sections showed

that TRAIL-R was exclusively expressed on epithelial

cells (Fig. 3a). However, TRAIL-R expression was signifi-

cantly suppressed in DSS-fed mice (Fig. 3a). Real-time

PCR analysis showed that TRAIL-R expression was

down-regulated in the colon epithelial cells of DSS-

administered mice on days 0 and 5, suggesting that

TRAIL-R expression was regulated at the mRNA level

(Fig. 3b). Western blot analysis of colon epithelial cell

lysates from DSS-administered mice on days 0, 2 and 5

confirmed that TRAIL-R expression began to decrease at

day 2 and continued to decline through day 5 (Fig. 3c).

These data suggest that DSS administration suppresses

TRAIL-R expression in mouse epithelial cells, which is

consistent with the previous report by Brost et al. that

significantly lower TRAIL, TRAIL-R1, and TRAIL-R2

expression in the epithelium of patients with IBD.20

Taken together, TRAIL-R may play an important role

in colonic colitis formation and the epithelial barrier

immune response.

TRAIL-R deficiency increases the expression of CCL2
and CXCL1

The cytokine network plays a key role in the initiation

and progression of IBD.21 To determine the effect of

TRAIL-R deficiency on the expression of pro-inflammatory

cytokines and chemokines during DSS-triggered colitis, we

analysed the expression of TNF-a, interferon-c (IFN-c),
interleukin-6 (IL-6), IL-10, CCL2/MCP-1 and CXCL1/KC

in the serum and colonic tissues of DSS-fed mice.

Interestingly, no significant differences in the expression

of TNF-a, IFN-c, IL-6 and IL-10 were observed between

TRAIL-R�/� and WT mice (n = 3), according to the

results of the Cytometric Bead Array assay (data not

shown). However, the expression of CCL2 (P = 0�034,
Fig. 4a) and CXCL1 (P = 0�003, Fig. 4b) in the serum of

TRAIL-R�/� mice was markedly higher than that

observed in WT mice (n = 6). Furthermore, CCL2

expression was significantly higher in DSS-fed TRAIL-R�/�

mouse colonic tissue compared with WT colonic tissue

(P = 0�015, Fig. 4c). However, CXCL1 expression was

almost identical between the two groups of colon tissues

(P = 0�871, Fig. 4d). These data indicate that TRAIL-R

deficiency increased the expression of CCL2 and CXCL1

in the serum of TRAIL-R�/� mice, which may have initi-

ated the infiltration of leucocytes, macrophages and neu-

trophils into the inflammatory colon tissue.

TRAIL-R deficiency facilitates the infiltration of
macrophage and T lymphocytes into colon tissue

To confirm whether TRAIL-R deficiency enhances the

infiltration of inflammatory cells into colon tissue, lamina

ª 2013 John Wiley & Sons Ltd, Immunology, 141, 211–221 215

TRAIL-R�/� mice sensitive to colitis



propria cells were isolated from mouse colon tissue and

analysed by flow cytometry. As shown in Fig. 5(a), two

populations, consisting of lymphocytes (Gate P1) and

mononuclear cells (Gate P2), were observed in the iso-

lated lamina propria cells from WT and TRAIL-R knock-

out mice. Cell counting revealed that there were 10-fold

more lymphocytes and mononuclear cells in the colonic

lamina propria of TRAIL-R knockout mice than that of

WT mice (Fig. 5b). Histochemical analysis showed that

there were more infiltrated inflammatory cells, including

F4/80+ macrophages and CD3+ T lymphocytes, in the

mucosa and sub-mucosal layer of the colon tissue from

TRAIL-R�/� mice administered DSS for 5 days (Fig. 5c

and 5d). Gr-1+ neutrophils were not detectable in the

colon sections from TRAIL-R�/� and WT animals, com-

pared with positive control staining from inflamed lung

tissue (Fig. 5c). Furthermore, epithelial cell apoptosis, as

evaluated by TUNEL staining, was equivalent in both

groups of mice fed DSS for 5 days (data not shown).

Ikeda et al. reported that TRAIL might promote the

increase of regulatory T cells and then suppress autoim-

munity.22 To find out whether regulatory T cells were

involved in our model, the number of regulatory T cells

in the blood after DSS-treatment was analysed by flow

cytometry. However, there was no difference between WT

and TRAIL-R KO mice (data not shown).
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Figure 2. Tumour necrosis factor-related apoptosis-inducing ligand receptor (TRAIL-R) deficiency promotes colitis-associated cancer (CAC)

development. (a) Kaplan–Meier survival curve of azoxymethane (AOM)/dextran sulphate sodium (DSS) -induced colitis-associated cancer model

of wild-type (WT) (n = 10) and TRAIL-R�/� mice (n = 10). (b) Tumour incidence. (c) Representative macroscopic tumorigenesis. Colon tissues

were cut longitudinally, and the arrows indicate colonic tumours. Bar, 1 cm. (d) Total colonic polyps formed in the colons of WT and

TRAIL-R�/� mice. P = 0�014 (e) Size distribution of colonic tumours formed in WT and TRAIL-R�/� mice (P = 0�008 for the < 2 mm group;

P = 0�128 for the 2–5 mm group). (f) Representative haematoxylin & eosin staining of WT and TRAIL-R�/� mice; magnification, 100 9. Bar,

50 lm. Left image is immunohistochemical staining of TRAIL-R�/� tumour tissue, where brown colour represents b-catenin-positive cells.

Arrows indicate the positive nuclear staining; magnification, 400 9.

ª 2013 John Wiley & Sons Ltd, Immunology, 141, 211–221216

J. Zhu et al.



These data indicate that TRAIL-R deficiency facilitated

the infiltration of macrophages and T lymphocytes into

mouse colonic tissue, which further demonstrates that

TRAIL-R plays a critical role in DSS-induced colitis and

colitis-associated carcinogenesis, as well as colonic epithe-

lial homeostasis.

Hyperactivation of JNK and NF-jB in colon epithelial
cells contributes to the increased severity of colitis in
TRAIL-R�/� mice

To further examine the molecular mechanisms underlying

the altered homeostasis associated with DSS-induced coli-

tis, colon epithelial cells (CEC) and mesenteric lymph

node cells (MLN) from WT and TRAIL-R�/� mice were

isolated, and the activation status of JNK and NF-jB,
known key regulators of inflammatory responses, was

evaluated. As shown in Fig. 6(a), after DSS administra-

tion for 5 days, the phosphorylation of JNK and IjB was

increased in CEC and MLN cells; however, elevated levels

of phosphorylated JNK and IjB were observed in CEC,

but not in MLN cells, from TRAIL-R�/� mice compared

with their WT counterparts.

To further investigate the TRAIL-R-mediated down-

stream pathway leading to sensitivity to DSS-induced

colitis, CEC were treated with LPS for various times, and
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Figure 4. Chemokine expression is up-regu-

lated in the serum and colon tissue of tumour

necrosis factor-related apoptosis-inducing

ligand receptor deficient (TRAIL-R�/�) mice.

Wild-type (WT) (n = 6) and TRAIL-R�/�

(n = 6) mice were fed 2�5% dextran sulphate

sodium (DSS) for 5 days. Secreted chemokines

in the serum were measured by ELISA. (a)

CCL2/MCP-1 production in the serum;

P = 0�034. (b) CXCL1/KC production in the

serum; P = 0�003. (c) and (d) Colon tissues

(200 � 5 mg) from WT and TRAIL-R�/�

mice were cut into small pieces and cultivated

in serum-free RPMI-1640 medium for 24 hr.

CCL2/MCP-1 (c, P = 0�015) and CXCL1/KC

(d, P = 0�871) production in the colon tissue

cultures was detected by ELISA.
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the activation of JNK and IjB was analysed by Western

blotting. Upon LPS stimulation, TRAIL-R�/� CEC exhib-

ited increased activation of JNK and IjB compared with

WT cells (Fig. 6b), indicating that loss of TRAIL-R in

epithelial cells, but not in leucocytes, sensitizes mice to

DSS-induced colitis.
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infiltration in the colon tissues of tumour
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compared with wild-type (WT) mice after dex-

tran sulphate sodium (DSS) administration.

(a) Isolated colon lamina propria cells were

analysed by flow cytometry. The cells from

each group of mice were pooled from four

individual mice. Target cells were gated based

on forward light scatter (FSC) and side light

scatter (SSC). Gate P1 represents lymphocytes,

and Gate P2 represents mononuclear cells. (b)

Counts of gated cells. (c) Immunohistochemi-

cal evaluation of colon tissue, where the brown

colour represents F4/80-, CD3- and Gr-1-posi-

tive cells in WT and TRAIL-R�/� mice fed

with 2�5% DSS for 5 days. For Gr-1 staining,

inflamed lung tissue was used as a positive

control. (d) Average numbers of F4/80+ cells

(P = 0�033) and CD3+ cells (P = 0�030) in

colonic tissue sections. Data represent the

mean � SEM of four mice per group, and

three high-power fields (HPF) were counted

per mouse.
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Discussion

In the present study, we found that TRAIL-R�/� mice

were more susceptible to DSS-induced colitis and colitis-

associated carcinogenesis. Furthermore, TRAIL-R expres-

sion in the epithelial barrier was reduced following DSS

administration, and the expression of chemokines, includ-

ing CCL2 and CXCL1, was largely increased in the serum

and inflammatory colon tissues of TRAIL-R�/� mice than

that of WT mice. The inflamed colons of TRAIL-R�/�

mice enhanced the infiltration of inflammatory cells,

including CD3+ T lymphocytes and F4/80+ macrophages,

and we found that JNK and IjB were highly activated in

TRAIL-R�/� colonic epithelial cells. Hence, we propose

that TRAIL-R plays a critical role in DSS-induced colitis

and colitis-associated carcinogenesis, as well as in the reg-

ulation of mucosal immune responses.

Upon stimulation, TRAIL is expressed in a variety of

cells of the innate and adaptive immune systems. Our

data indicated that TRAIL-R expression in epithelial cells

was reduced during DSS-induced colitis. Previously, in

human intestinal epithelial (Caco-2) cells, we observed

that TRAIL-R2 (DR5) could be internalized upon TRAIL

stimulation (data not shown), suggesting that TRAIL-R

internalization may explain its reduced expression. Several

studies have also proposed that TRAIL/TRAIL-R is

involved in fighting infection and modulating the

immune response. Zheng et al. reported that Listeria

infection in the livers and spleens of normal mice was

much more severe than that observed in TRAIL�/� mice,

and reduced cell death was observed in lymphoid and

myeloid cells.23 Furthermore, neutrophil-derived TRAIL

was shown to induce apoptosis of DR5-expressing macro-

phages, thereby promoting early bacterial killing in pneu-

mococcal pneumonia.24 TRAIL-R�/� mice have also been

shown to exhibit increased clearance of murine cytomega-

lovirus and increased expression levels of IL-2, IFN-a and

IFN-c.25 These results suggest that TRAIL-R�/� mice pos-

sess an enhanced immune response, which may protect

against infection or lead to uncontrolled inflammation

and immunopathology, as observed in DSS-induced

colitis.

Many colon cancer cell lines, such as Colo205, HCT15,

HCT116, HCC-2998, SW620 and HT29, are sensitive to

TRAIL cytotoxicity.26 Normally, the colonic crypt epithe-

lium is completely resistant to TRAIL-induced apoptosis

in vitro.27 However, cytomegalovirus infection was shown

to significantly enhance TRAIL-induced apoptosis in

human intestinal epithelial (Caco-2) cells.27 TRAIL,

TRAIL-R1 (DR4) and TRAIL-R2 (DR5) are co-expressed

in the human luminal surface epithelium, and Begue

et al. reported that TRAIL was markedly up-regulated

during intestinal inflammation. Hence, increased TRAIL

expression in the intestine suggests that TRAIL may serve

as a pro-inflammatory mediator.28 Brost et al. reported

significantly lower TRAIL, TRAIL-R1 and TRAIL-R2

expression in the epithelium of IBD patients,20 and

TRAIL-R1 and TRAIL-R2 staining was shown to be

stronger in neoplastic cells from colorectal adenomas

and carcinomas compared with normal mucosal cells.29

Furthermore, alterations in the TRAIL/TRAIL-R expres-

sion pattern in IBD may depend on the stage of the

disease. Taken together, these reports indicate an impor-

tant role for TRAIL/TRAIL-R in intestinal epithelial cell

homeostasis.

DSS-induced colitis is characterized by body weight

loss, bloody diarrhoea, intestinal ulceration and granulo-

cyte infiltration.30,31 DSS is thought to be directly toxic to

gut epithelial cells of basal crypts, thereby compromising

intestinal epithelial integrity. T and B lymphocytes are

generally not required for the development of DSS-

induced colonic inflammation, this murine model is

therefore particularly useful for investigating the contri-

bution of innate immunity to colitis.32 In the present

study, the median survival time of TRAIL-R�/� mice con-

tinually administered DSS was only 6�5 days, and the rate

of body weight loss was not significantly different from

that of WT mice. However, TRAIL-R�/� mice began to

die as early as day 5 of DSS administration, which may

have been a result of uncontrolled release of cytokines or

chemokines, as we observed high expression levels of

CXCL1 and CCL2 in the serum and of CCL2 in the

inflammatory colon tissue of TRAIL-R�/� mice. However,

CXCL1 expression in the inflammatory colon tissue was

virtually identical between TRAIL-R�/� and WT mice,

possibly because CXCL1 expression reached saturation in

colon tissues. There was no difference between CCL2 and

CXCL1 expression between the untreated WT and

TRAIL-R�/� mice (data not shown). The results suggest

that the higher level of CCL2 and CXCL1 expression

was due to the DSS treatment. The body weights of

TRAIL-R�/� mice administered 1% DSS for 7 days,

followed by water only, began to increase at day 11,

suggesting that DSS did not permanently damage the

colon epithelial barrier and that TRAIL-R deficiency had

no effect on the efficiency of tissue repair.

The severity of inflammation is known to correlate

with the incidence of colorectal cancer,16,19 and several

pieces of evidence have linked inflammation with tumori-

genesis. First, inflammatory cells and cytokines are pres-

ent in the microenvironment of the epithelial barrier and

inflammatory colon tissue. Second, key pro-inflammatory

signalling pathways (such as JAK/signal transducer and

activator of transcription and NF-jB) may be involved in

the incidence of cancer.33 Third, non-steroidal anti-

inflammatory drugs reduce the development of colon

cancer.34 Moreover, the AOM/DSS animal model has

been used in the literature to demonstrate the importance

of colitis in the development of colon cancer, although a

single injection of AOM does not lead to carcinogenesis.35
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We found that both tumour incidence and tumour node

number in TRAIL-R�/� mice were higher than in WT

mice. In another animal model of gastrointestinal

tumours, i.e. APCmin/+ mice, no difference in the number

of intestinal polyps was found between TRAIL-R�/� and

WT mice.15 APCmin/+ mice are heterozygous for a non-

sense mutation at codon 850 of APC, and these heterozy-

gous animals develop normally but are prone to the

development of intestinal polyps, which is accelerated by

a high-fat diet. However, spontaneously developing

tumours may not typically induce a vigorous immune

response. AOM-induced tumorigenesis can be signifi-

cantly enhanced by chronic colitis, as demonstrated in

the present study, which found that TRAIL-R-deficient

mice exhibited a higher incidence of colitis-associated

tumours and enhanced tumour growth.

Since the numbers of apoptotic epithelial cells were

similar in DSS-treated TRAIL-R�/� mice and their WT

counterparts (data not shown),the higher incidence of

tumour in TRAIL-R-deficient mice may not be related to

the role of TRAIL in apoptosis. However, due to the loss

of TRAIL-R, tumour cells might have been less likely to

die and to have grown faster. More dedicated analysis is

required to reveal the role of TRAIL-R in tumour growth.

Our finding suggests that the excessive immune response

in TRAIL-R�/� mice may be the main cause of high coli-

tis-associated cancer incidence.

In the face of constant immunological stimulation,

there is a requirement for a homeostatic balance between

tolerance and immunity. The tolerance of the intestinal

epithelial layer to microbes is not only important for con-

trolling inflammation but also for preventing tumorigene-

sis in the colon. Hence, deregulation of the balance

between tolerance and immunity may contribute to IBD.

Toll-like receptors (TLRs) and NOD-like receptors

(NLRs) serve to alert the host immune system to the

presence of bacteria in extracellular and intracellular

spaces.36 In the gut, multiple tolerance mechanisms

ensure reduced TLR activation by commensal microor-

ganisms; for example, inhibitory molecules of TLRs, such

as Toll-interacting protein, single immunoglobulin IL-1-

related receptor, and peroxisome proliferator-activated

receptor c,37,38 may inhibit strong immune responses to

microbes. Xiao et al. demonstrated that epithelium-

derived single immunoglobulin IL-1-related receptor was

critical for controlling homeostasis and the innate

immune response of the colon to enteric microflora.39

TRAIL-R primarily affects late signalling events down-

stream of the TLRs, although TRAIL-R deficiency does

not affect the initial activation of NF-jB. At 4 and 8 hr

post-stimulation, IjB-a protein was shown to be re-

expressed in WT cells but could not be detected in

TRAIL-R�/� cells.25 We found that the JNK and NF-jB
pathways were highly activated in CEC during the course

of colitis. These data suggest that lack of IjB-a feedback

inhibition and subsequent NF-jB activity may explain the

increased cytokine production in TRAIL-R�/� cells.

In summary, these results reveal a novel pathophysio-

logical role for TRAIL-R in IBD and colorectal cancer,

whereby TRAIL-R may negatively regulate the mucosal

immune response and tissue homeostasis in response to

external stress or injury.
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