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Aviello G, Corr SC, Johnston DG, O’Neill LA, Fallon PG.
MyD88 adaptor-like (Mal) regulates intestinal homeostasis and coli-
tis-associated colorectal cancer in mice. Am J Physiol Gastrointest
Liver Physiol 306: G769–G778, 2014. First published March 6, 2014;
doi:10.1152/ajpgi.00399.2013.—Toll-like receptors (TLRs) play a
central role in the recognition and response to microbial pathogens
and in the maintenance and function of the epithelial barrier integrity
in the gut. The protein MyD88 adaptor-like (Mal/TIRAP) serves as a
bridge between TLR2/TLR4- and MyD88-mediated signaling to or-
chestrate downstream inflammatory responses. Whereas MyD88 has
an essential function in the maintenance of intestinal homeostasis, a
role for Mal in this context is less well described. Colitis was induced
in wild-type (WT) and Mal-deficient (Mal�/�) mice by administration
of dextran sodium sulfate (DSS). Colitis-associated cancer was in-
duced by DSS and azoxymethane (AOM) treatment. Chimeric mice
were generated by total body gamma irradiation followed by trans-
plantation of bone marrow cells. In the DSS model of colon epithelial
injury, Mal�/� mice developed increased inflammation and severity
of colitis relative to WT mice. Mal�/� mice demonstrated the pres-
ence of inflammatory cell infiltrates, increased crypt proliferation, and
presence of neoformations. Furthermore, in the AOM/DSS model,
Mal�/� mice had greater incidence of tumors. Mal�/� and WT bone
marrow chimeras demonstrated that nonhematopoietic cell expression
of Mal had an important protective role in the control of intestinal
inflammation and inflammation-associated cancer. Mal is essential for
the maintenance of intestinal homeostasis and expression of Mal in
nonhematopoietic cells prevents chronic intestinal inflammation that
may predispose to colon neoplasia.

Goll-like receptors; MyD88; inflammation; colon cancer; bone mar-
row chimera

INFLAMMATORY BOWEL DISEASES (IBD), consisting of Crohn’s
disease (CD) and ulcerative colitis (UC), are idiopathic,
chronic and relapsing disorders characterized by inflammation
of the gastrointestinal tract in genetically susceptible individ-
uals exposed to environmental risk factors (35). The incidence
and prevalence of IBD are highest in westernized society with
a long-term impact on health-associated costs (31). The etiol-
ogy of IBD has been extensively studied in the past few years
(31); however, disease pathogenesis still remains complex and
not fully understood. In IBD patients, the physiological mech-
anisms regulating the host’s immunological tolerance to the
continuous exposure to resident gut microbiota are altered (49).
The abnormal sensing of commensal microorganisms by the
gut innate immune system leads to a chronic inflammatory

state (40) that is considered a promoter of colon carcinogenesis
(8, 28).

Toll-like receptors (TLRs) are a family of single-pass trans-
membrane proteins that crucially mediate innate immune re-
sponses to microbial stimuli such as bacterial lipids and non-
self nucleic acids (45). A common adaptor protein for most
TLRs is the myeloid differentiation factor 88 (MyD88) that
mediates specific protein-protein interactions essential to drive
the formation of TLR signalosome and ultimately promote the
nuclear translocation of NF-�B (27). Although TLRs can
directly engage MyD88, TLR4 (18, 24) and TLR2 (23, 50)
require a second adapter, the TIR domain-containing adapter
protein (TIRAP) (24), also termed MyD88 adaptor-like (Mal;
herein after referred as Mal only) (18). Similar to MyD88, Mal
functions as a bridge between TLR2 and TLR4 and orches-
trates downstream inflammatory responses (30). The role of
MyD88 in regulating NF-�B activation and the transcription of
enterocyte survival factors has been uncovered by a number of
studies indicating a divergent role of MyD88 in cancer devel-
opment (38). In genetic animal models of colon cancer
Myd88�/� mice are protected from adenoma growth and pro-
gression (36), and the high expression of MyD88 is associated
with poor prognosis in colorectal cancer patients (47). On the
other hand, MyD88-deficient mice are highly susceptible to the
development of colonic inflammation (2, 37) and cancer (39),
with innate MyD88 rather than an epithelial cell MyD88 signal
having a pivotal role in the development of chronic intestinal
inflammation (5).

It has been recently shown that Mal-deficient mice are more
susceptible to develop disease after oral infection with Salmo-
nella Typhimurium, showing a key role for Mal in the main-
tenance of intestinal epithelial barrier function. This was indi-
cated to be through the activation of protein kinase C and
expression of tight junction proteins (13). Although a number
of experimental models have shown a crucial role for MyD88
in the development of cancer (14, 32, 37), the biological
significance of Mal in epithelial homeostasis and colitis still
needs to be fully understood (25). Thus in this study we
examined the function of Mal in colon physiopathology by
means of preclinical models of colitis and colitis-associated
carcinogenesis (CAC).

MATERIALS AND METHODS

Mice. Mal�/�, Ptprcb (CD45.2�), and Ptprca (CD45.1�) wild
types (WT), all on a C57BL/6 background, were obtained from
Jackson Laboratories (Bar Harbor, ME) and bred in-house. Mice were
housed in a specific pathogen-free facility in individually ventilated
and filtered cages under positive pressure. All animal experiments
were performed in compliance with Irish Department of Health and
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Children regulations and approved by the Trinity College Dublin’s
BioResources ethical review board.

DSS-induced colitis. Colitis was induced in age- and sex-matched
WT and Mal�/� mice as described previously (41). In brief, mice
were treated with 2.5% (wt/vol) dextran sodium sulfate (DSS, 36–50
kDa; MP Biomedicals) in drinking water for 5 days followed by
normal water for 5 days. Mice were checked daily for morbidity, and
body weight was recorded. The disease activity index (DAI) was
calculated daily for each mouse as described (41). The maximum DAI
score was 12 based on assigning a 1–4 scoring system for each
parameter: score 0, no weight loss, normal stool and no blood; score
1, 1–3% weight loss; score 2, 3–6% weight loss, loose stool (a loose
stool was defined as the formation of a stool that readily becomes
paste upon handling) and blood visible in stool; score 3, 6–9% weight
loss; and score 4, �9% weight loss, diarrhea, and gross bleeding.

AOM/DSS-induced CAC. Inflammation-associated colon cancer
was induced by the coadministration of azoxymethane (AOM) and
DSS (33). For the induction of colon tumors, female WT and Mal�/�

mice were injected intraperitoneally once with 10 mg/kg AOM
(Sigma-Aldrich) followed by 2.5% DSS in drinking water for 5 days
(week 1). This cycle was repeated twice (at week 4 and week 7) and
mice were euthanized at week 10 (for protocol see Fig. 3A). Mice were
monitored daily for morbidity and body weight was recorded weekly.
DAI was determined as above, at the termination of the study.

Generation of bone marrow chimeras. Chimeric mice were gener-
ated by total body gamma irradiation followed by transfer of bone
marrow cells (17). Briefly, CD45.1� WT and CD45.2� Mal�/�

recipient mice were lethally irradiated with a dose of 9 Gy (in 2
divided doses, 3 h apart) and then injected intravenously with 1 � 107

cells/mouse from CD45.1� WT or CD45.2� Mal�/� mice (Fig. 4A).
We obtained the following experimental groups: WT � WT, Mal�/� �
WT, WT � Mal�/� and Mal�/� � Mal�/� (donor � recipient). The
level of cell engraftment was assessed in the blood by measuring the
cell surface expression of CD45.1 and CD45.2 by flow cytometry
after 8 wk. Under our standardized protocol, chimeric mice routinely
show a level of reconstitution � 98% (Fig. 4B).

Macroscopic evaluation of tumors. The formation of tumors in the
colon was evaluated as previously described (7). Colons were excised,
fixed flat in 10% buffered formalin for 24 h and then stained with
0.2% methylene blue (MB). The total number of tumors per mouse
was scored stereomicroscopically blind and the size of each tumor
mass was measured with a micrometer.

Histology. At autopsy, �1 cm of the distal colon was removed and
fixed in 10% buffered formalin. Sections (5 �m) were stained with
hematoxylin and eosin. Sections were graded blind by using a cumu-
lative score ranging from 0 to 3–4 (41). An arbitrary maximum
combined score of 10 was determined from the severity of inflamma-
tory cell infiltration (score 0, none; score 1, slight-dispersed cell
infiltrate; score 2, moderate-increased cell infiltrates forming occa-
sional cell foci; score 3, severe-large areas of cell infiltrates causing
loss of tissue architecture), extent of injury (score 0, none; score 1,
mucosal; score 2, mucosal and submucosal; score 3, transmural), and
crypt damage (score 0, none; score 1, basal 1/3 damaged; score 2,
basal 2/3 damaged; score 3, only surface epithelium intact; score 4,
loss of entire crypt and epithelium).

Immunohistochemistry and TUNEL assay. Colon epithelial cell
proliferation was analyzed by Ki67 immunostaining, whereas cell
death was visualized by TdT-mediated dUTP-X nick-end labeling
(TUNEL). For immunohistochemistry, paraffin-embedded sections
were hydrated and blocked for nonspecific background staining with
10% normal goat serum (DakoCytomation), incubated overnight with
rabbit polyclonal anti-Ki67 antibody (Abcam), visualized by EnVi-
sion Detection System (DakoCytomation), and counterstained with
Mayer’s hematoxylin (Sigma-Aldrich). TUNEL assay was performed
on paraffin-embedded sections with a commercial kit (In Situ Cell
Death Detection kit, Roche, Germany) according to manufacturer’s
instructions. At �40 magnification one high-power field (HPF) con-

tains approximately one villus. The first six well-defined crypts per
HPF (5–6 crypts/section and 2–3 sections/mouse) were selected and
Ki67- or TUNEL-positive cells were counted. Sections were imaged
by a Leica microscope (Leica DM 3000 LED) equipped with Leica
DFC495 camera (Leica Microsystem).

Colon MPO and cytokines and SAA levels. Colons were homoge-
nized in a buffer containing 1 � PBS, 2% fetal bovine serum, and
0.5% cetyltrimethylammonium bromide. Myeloperoxidase (MPO) en-
zymatic activity was detected by using O-phenylenediamine as sub-
strate and data interpolated from a MPO (Sigma-Aldrich) standard
curve. IL-1�, IL-6, IL-17A, and IL-17F in colon homogenates was
detected by ELISA kit (R&D Systems), according to manufacturer’s
instructions. Serum amyloid A (SAA) levels were measured in sera
recovered at termination of the study by use of a commercial kit (Life
Diagnostics), as described (6).

Flow cytometry. Reconstitution of chimeras was analyzed by flow
cytometry on blood recovered from mice 6 wk after body irradiation.
Cell surface expression of CD45.1 (FITC-anti-CD45.1, clone A20)
and CD45.2 (V450-anti-CD45.2, clone 104) on CD19� (PercP-Cy5.5-
anti-CD19, clone 1D3) and CD4� (PE-anti-CD19, clone RM4–5; BD
Biosciences) gated cells was assessed by flow cytometry using a
CyAn ADP Analyzer (Beckman Coulter). Data were analyzed with
FlowJo software (Tree Star).

Cell proliferation assay. Caco-2 human adenocarcinoma cell line
was maintained at 37°C and 5% CO2 in Dulbecco’s modified Eagle
medium (Life Technologies) supplemented with 10% fetal calf serum
and 1% penicillin-streptomycin (Sigma-Aldrich). Cells were seeded at
5 � 105 cells/ml and cultured for 3 days. Cells were then pretreated
with 5 �g/ml Mal-inhibitory peptide (Ant-Tirap138–151; Calbiochem),
inhibitor peptide control (Ant-Tirap151–138; Calbiochem) or dimethyl
sulfoxide (DMSO) for 2 h. Following incubation, cell proliferation
was assessed by the mitochondrial conversion of MTT to formazan by
using a commercial kit (Sigma-Aldrich) according to manufacturer’s
instructions.

Statistics. Statistical analysis was performed by use of GraphPad
Prism (La Jolla). Results are presented as means 	 SE (n 
 6–8). The
Mann-Whitney nonparametric test was used for the analysis of DAI
and histology score. The �2 test was used to evaluate the significance
between the number of mice with or without neoformations. Differ-
ences, indicated as two-tailed P values, were considered significant
when P � 0.05 as assessed by unpaired Student’s t-test with Welch
correction applied as necessary.

RESULTS

Mal�/� mice are more susceptible to DSS-induced colitis.
WT mice exposed to DSS in drinking water for 5 days
followed by normal water for 5 days developed progressive
weight loss (Fig. 1A) and signs of colitis detected by DAI
scoring (Fig. 1B). Mal�/� mice showed significantly (P �
0.01�0.001) greater weight loss from day 6 and, unlike WT
mice that regained weight from day 9, progressively lost
weight (Fig. 1A). Furthermore, Mal�/� mice had a significantly
(P � 0.05 to P � 0.001) greater increase in DAI scores
compared with WT mice (Fig. 1B). Although the severity of
colitis in WT mice was reduced from days 8-10, Mal�/� mice
continued to lose weight with blood in the feces. At day 10,
mice were euthanized and colon length was measured as a
macroscopic index of tissue inflammation. Mal�/� mice had a
significantly (P � 0.01) greater reduction in colon length
compared with WT mice following DSS treatment (Fig. 1C).
Additionally, the colons of untreated Mal�/� mice were sig-
nificantly (P � 0.05) shortened compared with age- and
sex-matched WT (Fig. 1C). Histological analyses revealed that
DSS treatment caused significantly (P � 0.05) more severe
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pathology in the colons of Mal�/� mice compared with WT
mice, with increases in submucosal edema, cell infiltration, and
crypt damage (black arrows) (Fig. 1, D and E). Interestingly,
correlating with the altered colon length of untreated Mal�/�

mice (Fig. 1C), the colons of these mice showed significant
(P � 0.01) low-grade pathology compared with WT mice, with
the presence of inflammatory cell infiltration and submucosal
hyperplasia (black arrows) (Fig. 1, D and E). To further
substantiate the effect of Mal genetic ablation in DSS-induced
colitis, we measured MPO and IL-1� as canonical markers of
colon inflammation (6). DSS-treated Mal�/� mice had signif-
icantly (P � 0.05) increased MPO activity (Fig. 1F) and (P �
0.01) IL-1� levels (Fig. 1G) in the colons compared with
DSS-treated WT mice. Interestingly, despite signs of inflam-
mation in the colons of Mal-deficient mice in the steady state,
there was no significant increase in colon levels of inflamma-

tory markers between untreated WT and Mal�/� mice (Fig. 1,
F and G). These data indicate that in the absence of Mal mice
had increased susceptibility to develop colon inflammation in
response to DSS-induced epithelial injury and further suggest
the spontaneous development of subclinical colon inflamma-
tion in Mal-deficient mice.

Mal-deficient mice spontaneously develop colon inflamma-
tion and neoplastic lesions. As we had noted that Mal-deficient
mice, 6–8 wk of age, had colon inflammation (Fig. 1, C–E),
we further examined the colons of older Mal�/� mice. In
6-mo-old Mal-deficient mice there were marked signs of colon
inflammation, such as thicker muscularis propria, cell-infil-
trated lamina propria, and more frequent foci of cell infiltration
among crypts (black arrows) (Fig. 2, A and B). Interestingly, in
older mice (Fig. 2B) the extent of colon inflammation was not
more severe relative to younger animals (Fig. 1D), indicating
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Fig. 1. MyD88 adaptor-like (Mal)-deficient
(Mal�/�) mice are more susceptible to dextran
sulfate sodium (DSS)-induced colitis. Body
weight change (A), disease activity index
(DAI; B), colon length (C), histology (D and
E; scale bars: 100 �m), colon myeloperoxi-
dase (MPO; F), and Interleukin (IL)-1� (G) in
sex- and age-matched wild-type (WT) and
Mal�/� mice. Data are expressed as means 	
SE (n 
 6–8), *P � 0.05, **P � 0.01, and
***P � 0.001 vs. WT.
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that the degree of colon inflammation did not progressively
increase up to 6 mo of age.

To further address the spontaneous development of colon
inflammation in Mal�/� mice we evaluated epithelial cell
turnover by studying the rate of cell proliferation and death
(enumeration of Ki67� and TUNEL� cells, respectively) in
colon epithelial cells. Adult Mal�/� mice had a significant
(P � 0.05) increase in Ki67-expressing cells in colon crypts
compared with WT mice (Fig. 2C). To further examine
whether inhibition of Mal altered cell proliferation, Caco-2
human adenocarcinoma cells were incubated in vitro with a
Mal inhibitor peptide and control peptide. There was no dif-

ference in proliferation of Caco-2 cells when treated with Mal
inhibitor peptide [% of cell proliferation relative to untreated
(DMSO) cells: Mal inhibitor peptide: 99.70 	 17.5, peptide
control: 84.14 	 19.7, means 	 SE, n 
 6].

There was no difference in the TUNEL� cells between the
two groups (Fig. 2D), suggesting that Mal deficiency did not
directly affect the cell death process in the crypt turnover. The
MB staining was then used for the macroscopic evaluation of
potential colon neoformations as previously described (7).
Focal lesions of the colonic mucosa were easily detectable
prior to MB staining of fixed whole-mount preparations of
colon since they presented enlarged dysmorphic crypts, com-
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Fig. 2. Adult Mal-deficient mice spontaneously
develop intestinal inflammation and dysplasia.
Representative images (hematoxylin and eosin
staining; A) and histology score (B), crypt cell
proliferation (Ki67�; C), and death (TUNEL�;
D), tumor number (E), and representative im-
ages (F) of colons stained with methylene blue
in sex- and age-matched WT and Mal�/� mice,
and colon levels of IL-1�, IL-6, IL-17A, and
IL-17F (expressed in pg/mg of tissue; G). Scale
bars: 100 �m. Data are expressed as means 	
SE (n 
 6), *P � 0.05 and **P �0.01 vs. WT;
ns, not significant.
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pression of surrounding epithelium, darkly colored staining,
and raised circular masses (Fig. 2, E and F). Whereas WT mice
showed no focal lesions, sex- and age-matched adult (6-mo-
old) Mal�/� mice developed an average of two neoformations
per mouse colon (Fig. 2, E and F). The frequency of Mal-
deficient mice bearing alterations in the colon epithelium was
71.4% (�2 3.462, P 
 0.0314). Analysis of proinflammatory
cytokines in colons of WT and Mal�/� demonstrated that
Mal-deficient mice had significantly (P � 0.05) increased
levels of IL-1�, IL-17A, and IL-17F, but not IL-6, compared
with WT mice (Fig. 2G). These data indicate that under normal
conditions adult Mal-deficient mice spontaneously develop
low-grade colon inflammation and neoplasia.

Mal deficiency increases the development of tumors in a
model of CAC. Because chronic inflammation is strongly
correlated to the risk of developing colon cancer (34), we
hypothesized that the chronic low levels of inflammation in
mice deficient in Mal may predispose to the development of
colon neoplasia. To address this point, WT and Mal�/� mice

were studied in the well-established model of CAC based on
the coadministration of DSS and the organotropic colon car-
cinogen AOM (33). Mice were injected intraperitoneally with
AOM on day 1 (week 0) and then underwent three 5-day cycles
of DSS in drinking water (weeks 1, 4, and 7) (see protocol in
Fig. 3A). Similar to the acute DSS model (Fig. 1), in the
chronic model of CAC, 6- to 8-wk-old Mal�/� mice developed
significantly more colon inflammation than WT mice, includ-
ing elevated DAI (Fig. 3B; P � 0.05), greater colon length
shortening (Fig. 3C; P � 0.05), and higher histology scores
(Fig. 3D; P � 0.001). More interestingly, the macroscopic
analyses of colons demonstrated that Mal�/� mice had a
significant (P � 0.001) increase in both tumor number (Fig.
3E; P � 0.001) and size (Fig. 3F; P � 0.01) compared with
WT. In particular, epithelia of Mal�/� mice were characterized
by the presence of enlarged dysplastic masses, increased mu-
cosal tissue aberration with more foci of regenerative crypts,
and increased submucosal cell infiltrations (Fig. 3, G and H).
These data suggested a crucial role for Mal in regulating the
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ment of colitis-associated cancer. Protocol
used for the development of colitis-associated
cancer (CAC) based on the coadministration
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1) and DSS (2.5% wt/vol in 3 cycles of 5 days
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inflammatory response in the colon and progression to associ-
ated colorectal tumor formation and growth.

Mal expression in nonhematopoietic cells is involved in
preventing the development of colon inflammation and tumorigenesis.
We have shown that Mal deficiency rendered mice prone to the
development of spontaneous and inducible colon inflammation
and cancer (Fig. 1–3). Given the presence of Mal in both
myeloid (23, 50) and nonmyeloid (12) cells, we next aimed to
understand whether the development of colon inflammation
and cancer in Mal�/� mice was due to its absence in the
hematopoietic or nonhematopoietic cell compartment. To ad-
dress this we generated bone marrow chimeric mice (see
protocol in Fig. 4) of the following groups (donor � recipient):
WT � WT, WT � Mal�/�, Mal�/� � WT, and Mal�/� �
Mal�/�. Mice were subjected to DSS-induced epithelial dam-
age and AOM/DSS elicited CAC.

Mal-deficient chimeric mice (Mal�/� � Mal�/�) had more
severe colitis than wild-type (WT � WT) chimeras, as indi-
cated by reduced colon length (Fig. 5A; P � 0.05), increased
colon inflammation (Fig. 5, B and C; P � 0.01) and elevated
SAA levels (Fig. 5D; P � 0.01). With respect to Mal defi-
ciency in hematopoietic or nonhematopoietic cells, following
DSS treatment, mice with nonhematopoietic Mal deficiency
(WT � Mal�/�) had more severe disease relative to mice with
deficiency in hematopoietic cells (Mal�/� � WT), as observed
by colon length (Fig. 5A; P � 0.05 and P � 0.01), pathology
score (Fig. 5, B and C; P � 0.01), and SAA levels (Fig. 5D; P �
0.01). Therefore, these data demonstrated that deficiency of
Mal in nonhematopoietic cells leads to more severe DSS-
induced epithelial damage and resulting colon inflammation.

We further investigated the development of CAC in bone
marrow chimeric mice, using the regime adopted above (Fig.
3A). During the 10 wk chimeras with deficiency of Mal in
nonhematopoietic cells (groups WT � Mal�/� and Mal�/� �
Mal�/�) had more marked weight loss relative to groups of

chimeras with functional Mal in nonhematopoietic cells
(groups WT � WT and Mal�/� � WT) (Fig. 6A; P � 0.05 vs.
WT � WT group). Furthermore, irradiated Mal�/� mice re-
constituted with Mal�/� bone marrow (Mal�/� � Mal�/�) had
greater disease compared with WT � WT chimeras, with
significant differences in colon length (Fig. 6B; P � 0.001),
tumor number (Fig. 6C; P � 0.01), and SAA levels (Fig. 6D;
P � 0.01). These data from bone marrow chimeras recapitulate
the more severe phenotype observed in Mal-deficient mice
relative to WT mice (Figs. 1–3). More importantly, chimeras
with selective nonhematopoietic cell deficiency in Mal (WT �
Mal�/�) had significantly reduced colon length (Fig. 6B; P �
0.001), increased tumor frequency (Fig. 6C; P � 0.05), and
increased SAA levels (Fig. 6D; P � 0.001) relative to WT
(WT � WT) chimeras. Collectively these data demonstrated
that Mal expression in nonhematopoietic cells plays a cru-
cial protective role in the development of both colon inflam-
mation and tumorigenesis.

DISCUSSION

In this study, using mouse models of colon inflammation and
cancer, a role for the signaling protein Mal in the regulation of
intestinal homeostasis and the development of inflammation/
cancer was described. It was further shown by using bone
marrow chimeras that the expression of Mal in nonhematopoi-
etic cells has a protective role in preventing intestinal inflam-
mation and tumorigenesis.

An intact gut epithelial barrier is a prerequisite for normal
health. Along the whole gastrointestinal tract a single layer of
cells must 1) provide physical protection from the potentially
irritant and antigenic substances present in the luminal com-
partment and 2) perform essential biological functions such as
absorption, secretion, and transport of nutrients and water. The
activation of TLRs regulates cell survival and tissue regener-
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Fig. 4. Generation of bone marrow (BM)
chimeric mice. A; protocol for the generation
of bone marrow chimeras. CD45.1� WT and
CD45.2� Mal�/� recipient mice were le-
thally irradiated with 9 Gy (2 divided doses 3
h apart) and injected intravenously (i.v.) with
1 � 107 cells per mouse from CD45.1� WT
or CD45.2� Mal�/� mice. The following 4
chimera groups were generated: WT � WT,
WT � Mal�/�, Mal�/� � WT, and Mal�/� �
Mal�/� (referred as “donor into recipient
mice”). B: representative flow cytometry
plots showing the level of cell engraftment
after 8–10 wk from the irradiation. Cells
from blood were gated on CD19�-expressing
B cells.
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ation in the gut by promoting the nuclear translocation of
NF-�B and thus the transcription of crucial factors involved in
epithelial homeostasis (48). During the steady state within the
intestine, activation of TLRs culminates in cellular responses,
such as antimicrobial peptide production, inflammation, matu-
ration of antigen-presenting cells, and induction of tissue repair
and cell survival pathways, aimed at killing microorganisms
and preserving host cell integrity (40). Dysfunctional TLR
signaling to intestinal microflora is a central component of the
pathogenesis of IBD (11), with commensal bacteria being
directly responsible for altered mucosal immune balance (4,
37), leading to persistent inflammatory response (10). Indeed,
changes in composition (dysbiosis) of the gut commensal
microbiota in patients and mice have been linked to tumor-
promoting effects (42).

Mal has been described as a bridging adapter, responsible
for the specific recruitment of MyD88 to the cytosolic surface
of TLR2 and TLR4 receptors (18, 46). The function of MyD88
in orchestrating intestinal pathophysiology, including shaping
the composition of resident gut microbiota (20), is documented
(2, 25, 39). However, the role of Mal in the pathogenesis of
intestinal inflammation and cancer is not defined, or indeed
effects on the gut microbiome. Corr et al. (13) have recently
shown that Mal-deficient mice have perturbed intestinal epi-
thelial barrier integrity and that in the absence of Mal there is
an increased susceptibility to bacterial infection via the oral
route.

In this study, the intestinal pathology induced by the DSS
model of epithelial damage and colitis was more severe in
Mal�/� mice, as observed by multiple parameters including
reduced colon length, increased body weight loss, DAI (cumu-
lative of stool consistency and bleeding), histology, and colon

levels of IL-1� and MPO. Interestingly, in the steady state
Mal�/� mice displayed subclinical intestinal inflammation,
with colon shortening and inflammation with increases in
levels of IL-1�, IL-17A, and IL1–7F in the colons compared
with age- and sex-matched WT mice housed in the same
facility. Furthermore, adult Mal�/� mice spontaneously devel-
oped epithelial hyperproliferation and dysplasia, likely as a
result of progression from chronic low levels of colon inflam-
mation.

In light of the role that Mal has in TLR-mediated inflam-
matory phenomena (46), and considering that Mal�/� mice
showed increased mucosal and submucosal cell infiltration, we
hypothesized that chronic inflammation in Mal-deficient mice
could represent a predisposing factor to the development of
tumors. Indeed, although inflammation is an indispensable
adaptive response (29), a prolonged inflammatory state can
promote the development of cancer in the gut (43) through
mechanisms involving intestinal microbiota (3) or identify host
genetic factors capable of controlling bacteria-driven colitis
and cancer (9). The risk to IBD patients of developing cancer
is proportional to the duration and extent of inflammation,
hence the development of CAC (43). In particular, colonic
dysplasia in IBD and colon cancer is thought to be the result of
repeated cycles of epithelial cell injury and repair (44). In this
study we used the combined AOM/DSS murine model that
reproduces core features of human CAC (33). Micro- and
macroscopic analysis of colons revealed that Mal�/� mice
formed more tumors upon administration of AOM/DSS, thus
suggesting that Mal signaling contributes to tumor growth in
the colon. Thus collectively data from DSS and CAC experi-
ments indicate a role for Mal in intestinal tissue repair mech-
anisms (occurring during inflammation) and the development
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of colon cancer at the level of TLR-mediated molecular rec-
ognition. Polymorphisms in MAL have been previously asso-
ciated with both colitis and CAC. A genetic analysis study of
North American IBD cases found a modest association be-
tween MAL and IBD whereas a meta-analysis of six Crohn’s
disease genomewide association studies in Europe found no
significant association with MAL (16, 19). More recently, it has
been reported that single nucleotide polymorphisms in MAL
may alter the course of survival in patients with colorectal
cancer (26). It remains to be determined by what mechanism
Mal orchestrates the homeostatic response to colon injury and
whether other mechanisms ancillary to tumor promotion are
also involved.

An abnormal inflammatory response is tightly coupled with
carcinogenesis (43). Tumor promotion and progression are
associated with the production of numerous inflammatory
mediators, including cytokines and chemokines, the recruit-
ment and activation of immune cells (21). Substantial advances
in cancer research have delineated protumorigenic roles for
immune cell subsets that are, in some circumstances, crucial
players in CAC (15). Activation of TLRs and subsequent
NF-�B and MAPK signaling pathways occurs in myeloid cells
and also nonmyeloid cells such as epithelial cells that facilitate
recognition of microbial components at the intestinal level (1).
Proinflammatory mediators secreted not only by hematopoietic
cells that infiltrate inflamed tissue (extrinsic inflammation) but
also by epithelial, stromal, and endothelial cells (intrinsic
inflammation) may affect the cell proliferation and function
(38). Here, we generated chimeric mice with loss of Mal in
these two distinct cell compartments (22), to address the
relative role of expression of Mal in hematopoietic or nonhe-
matopoietic cells in the development of colitis and colitis-
associated cancer. Genetic ablation of Mal in nonhematopoi-
etic cells led to greater susceptibility of mice to intestinal
inflammation and tumorigenesis. In the first instance, these
data indicate that the expression of Mal in the colon epithelium
may function in maintenance of intestinal homeostasis in the
context of inflammation and also carcinogenesis. Nevertheless,
our in vitro studies on epithelial adenocarcinoma cells showed
that the inhibition of Mal did not affect cell proliferation. These
data may be due to a primary role of other-than-epithelial cells,
such as stromal or endothelial cells. Thus further studies are
needed to uncover the biology of Mal in the colon mucosa. In
conclusion, this study shows that Mal signaling in nonhema-
topoietic cells has a crucial role in the maintenance of normal
intestinal homeostasis and the development of colon inflam-
mation and associated tumorigenesis.
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