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Abstract: Chronic inflammation has long been implicated as a predisposition for cancer,
but the underlying mechanism for how this occurs has remained obscure. Ulcerative colitis
(UC) is a chronic inflammatory disorder of the large intestine which is known to be highly
linked to colorectal cancer. During chronic inflammation the intestinal mucosa is in a
constant cycle of injury and repair resulting in aberrant epithelial proliferation, a process
that increases the risk of neoplastic transformation. In particular, the coexistence of
commensal flora in the intestine plays an important role in the regulation of mucosal
restitution after epithelial injury. It has become apparent that signaling through toll-like
receptors (TLRs), the receptor family recognizing pathogen-associated molecular patterns,
is crucial to intestinal epithelial proliferation and mucosal restitution. We have recently
described two important downstream pathways underlying TLR4-mediated epithelial
proliferation in a mouse model of colitis-associated cancer; i.e., cyclooxygenase 2
(COX-2)-mediated production of prostaglandin E, (PGE;), and induction of specific
ligands for epidermal growth factor receptor (EGFR). These two pathways are closely
involved with mucosal levels of PGE, and other prostanoids such as 15-deoxy-delta
12,14-prostaglandin-J2 (15d-PGJ2). Understanding the fine interplay between the TLR
signaling and intestinal tumorigenesis in the setting of chronic inflammation can contribute
to establishing a novel treatment strategy for inflammation-associated cancers.
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1. Introduction

Chronic inflammation has been implicated in the development of cancer in many organs including
the gastrointestinal tract. Ulcerative Colitis (UC) is a chronic inflammatory disorder within the large
intestine, which leads to a constant cycle of injury and repair of the mucosa. UC is one of the diseases
that demonstrates a clear link between chronic inflammation and cancer. The intestinal mucosa is in
continuous contact with a diverse array of dietary antigens and luminal microbes to which the host
maintains a silent state of inflammation. Therefore, disruption of this mucosal integrity has been
thought to be the central pathogenesis of uncontrolled inflammation in patients with UC. Although
several mechanisms have been proposed to explain how chronic inflammation is linked to cancer
development, the exact cause as to how this occurs in patients with UC, especially in the context of
host response to intestinal microbes is still obscure.

We have examined molecular mechanisms underlying cancer development during the course of UC
by using a mouse model of colitis-associated cancer (CAC) [1,2]. The AOM-DSS model mimics
human CAC as it represents repeated cycles of mucosal injury and repair that are associated with
increased epithelial proliferation and dysplastic transformation in the large intestine [3,4]. Using the
AOM-DSS model, we have previously described that mice deficient in toll-like receptor 4 (TLR4), a
pathogen recognition receptor specific for gram-negative bacteria, are resistant to the development of
colitis-associated tumors due to decreased expression levels of mucosal cyclooxygenase-2 (COX-2),
prostaglandin E, (PGE,), and amphiregulin (AR), a ligand of the epidermal growth factor receptor
(EGFR). Since exogenous administration of PGE, during the recovery phase of colitis bypasses the
protective phenotype of TLR4-deficient mice against colitis-associated tumors, we concluded that
TLR4-mediated up-regulation of PGE, during the recovery phase of colitis would be a key for
inflammation-associated tumor development in the intestine. The underlying mechanism is that
chronic induction of mucosal PGE; forms a positive feedback loop leading to sustained up-regulation
of COX-2 in macrophages and AR release from epithelial cells. Both PGE, and AR induce epithelial
cell proliferation through EGFR activation and uncontrolled activation of this pathway is known to
result in the development of cancer. Elucidating how TLR4-mediated regulation of epithelial
proliferation leads to cancer will provide a novel insight into the pathogenesis of inflammation-
induced tumorigenesis in the intestine.

2. Regulation of Intestinal Epithelial Proliferation

Increased epithelial cell proliferation has been implicated in the development of colorectal cancer [5,6].
Epithelial cells in UC mucosa tend to be hyper-proliferative, which is known to predispose to genetic
mutations thereby increasing cancer risk [6,7]. The epithelial lining of the gastrointestinal tract is
regularly replaced every two to seven days. In addition to the physiological cycle of regeneration,
epithelial turnover can be facilitated as a result of injuries or inflammation and is regulated by the
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crypt stem cell niche and the surrounding mesenchymal cell populations [8,9]. Subepithelial
myofibroblasts are known to play a crucial role in the regulation of epithelial differentiation and
proliferation by secreting tropic factors [10,11]. Recently, subepithelial macrophages have been shown
to regulate the differentiation of colonic stem cells and epithelial proliferation in response to intestinal
microbes [12]. This regulation of epithelial proliferation is implicated in TLR signaling through an
adapter molecule MyD88 and consequent expression of Ptgs2, a gene encoding COX-2 and a
precursor for PGE, [13]. Therefore, infiltrated macrophages and activated myofibroblasts may be
involved in the pathogenesis of CAC by inducing aberrant proliferation of intestinal epithelial cells
during chronic inflammation, which is dependent upon TLR signaling in response to luminal microbes.

3. Mechanism Underlying TLR4-mediated Intestinal Tumorigenesis

Although deregulated proliferation is involved in inflammation-associated cancer, currently little is
known about the nature of this regulation. Following mucosal injury, an inflammatory response is
generated leading to up-regulation of many pro-inflammatory mediators. Many cytokines, chemokines,
and prostaglandins have been identified as having tumorigenic potential forming a microenvironment
that favors tumor growth [14,15].

Nuclear factor kappa B (NF-kB), a pro-inflammatory transcription factor, has long been identified
as a crucial factor in developing inflammation-associated cancer because of its tight regulation of cell
survival and anti-apoptotic genes [16-18]. Inhibition of NF«B activation by kB kinase inhibitors has
significantly suppressed tumorigenesis in a murine model of CAC [19]. However, strong inhibition of
NF-kB may be detrimental as the mice deficient in NFxB die in utero, presumably due to its multiple
roles involving diverse upstream signaling [17,20]. Although the definitive upstream signaling that is
responsible for NFkB activation during development of CAC has not been identified, TLR signaling
may be involved in sustained activation of NFkB in the context of colitis-associated tumorigenesis [18].

In addition to the TLR-mediated NF-kB activation in the intestine, we have recently described two
important downstream pathways involved in TLR4-mediated epithelial proliferation in the intestine.
First, TLR4 signaling induces COX-2 expression in lamina propria macrophages and to a lesser extent
in epithelial cells, which results in up-regulation of mucosal PGE, (Figure 1) [21]. This up-regulation
of PGE; appears to be required for mucosal restitution in response to epithelial injury [21]. However,
sustained activation of this TLR4-COX-2-PGE, axis may result in aberrant epithelial cell proliferation
and thus lead to colitis-associated tumor development [1,2].

Mucosal TLR4 expression has been shown to be up-regulated in the setting of chronic inflammation
in human and mouse models of UC [1,22-25]. Both COX-2 expression and PGE, production are also
increased in UC mucosa, although upstream signaling leading to their induction has not been
described [26-28]. Since TLR4-deficient mice are unable to induce mucosal COX-2 expression and
subsequent PGE, production in response to intestinal mucosal injury, deregulated TLR4 signaling may
be responsible for the increased COX-2 expression and PGE, production in UC mucosa [21].
Furthermore, we have found that increased mucosal levels of PGE, form a positive feedback loop with
COX-2 induction within intestinal mucosa, causing sustained epithelial proliferation (Figure 2) [2].
Therefore the continuous overdrive of the epithelial TLR4-COX-2-PGE, axis during the chronic phase
of colitis may be the key factor in the pathogenesis of CAC.
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Figure 1. The TLR4-COX-2-PGE; axis. In the setting of intestinal inflammation, epithelial
TLR4 is up-regulated. TLR4 signaling induces and stabilizes COX-2. COX-2 acts on
arachidonic acid to generate PGE; through a series of metabolic cascades. PGE,, through
its receptors (EP receptors), can activate downstream signaling molecules that are
associated with proliferation in intestinal epithelial cells.
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Figure 2. COX-2 and PGE; form a positive feedback loop within the intestinal mucosa.

Mucosal TLR4 expression is increased in chronic intestinal inflammation and PGE, is
synthesized by COX-2 induction. The PGE; in turn stimulates COX-2 production in
mucosal macrophages (M¢s) which causes further release of PGE,, which forms a positive
feedback loop thus inducing tumorigenesis.
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The other mechanism underlying TLR4-mediated epithelial proliferation is through the
TLR4-AR-EGFR pathway (Figure 3). We and others have shown that mucosal expression of EGFR
ligands, AR and epiregulin, are regulated by TLR4 signaling during colitis [29,30]. Interestingly,

TLR4 signaling induces these EGFR ligands with different kinetics throughout the course of colitis
[29]. Epiregulin is expressed during the acute phase of colitis and AR is up-regulated in the chronic
period of colitis suggesting distinct roles of these ligands in mucosal repair. It is likely that mucosal
AR production is more responsible for intestinal tumorigenesis than epiregulin although both ligands
induce activation of the same receptor. In fact, mice deficient in epiregulin are more susceptible to
chemically-induced colitis but similarly induced intestinal tumors in Apc/Min model compared to
WT mice [31].
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Figure 3. The TLR4-AR-EGFR axis. TLR4 signaling in intestinal epithelial cells induces
the expression and release of AR, an EGFR ligand. Released AR binds to the EGFR in an
autocrine and paracrine fashion. EGFR signaling is associated with increased proliferation

of the epithelial cells.
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In TLR4-deficient mice, neither AR nor epiregulin is expressed following mucosal injury, which is

consistent with their phenotype, which includes a defective recovery from colitis [32]. Therefore,
induction of these EGFR ligands in response to mucosal injury or inflammation is necessary to repair
the epithelial defects; however, sustained production of AR results in colitis-associated tumorigenesis.
This idea is supported by the fact that AR expression is increased in UC mucosa and colorectal cancer
tissue [33].

The question that now arises is how and why there is selective and sustained production of AR in
the pathogenesis of CAC. The answer to this is still obscure, but our data, which demonstrates an
induction of mucosal AR by exogenous PGE, administration in TLR4-deficient mice, indicates that
sustained mucosal production of PGE, may at least be part of the underlying mechanism by which
sustained production of mucosal AR during TLR4-mediated tumorigenesis is involved in the pathogenesis
of CAC.

4. TLR4 Signaling Mediates Cell Proliferative and Anti-Inflammatory Prostaglandins:
Their Role in Developing CAC

Intestinal homeostasis is characterized by a balance of pro-inflammatory and anti-inflammatory
mediators in response to luminal microbes and mucosal damage. The arachidonic acid metabolites are
known critical mediators in maintaining this balance during the healing process of damaged mucosa in
the intestine [34,35]. Intestinal prostaglandin synthesis is induced by the expression of COX-1 and
COX-2, and the physiological balance between inflammatory (cell-proliferative) PGE, and
anti-inflammatory 15d-PGJ2 maintains mucosal homeostasis. Although mucosal production of PGE,
has been shown to be up-regulated in patients with UC and CAC, little is known about mucosal
15d-PGJ2 production in those patients [28,36].

In the murine CAC model, we have described that TLR4 signaling is a dominant regulator of
mucosal COX-2 expression and thus plays an important role in balancing mucosal production of PGE,
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and 15d-PGJ2 during both the acute and chronic phases of colitis [2]. Compared to PGE,, which acts
as an acute inflammatory mediator and inducer of epithelial proliferation, 15d-PGJ2 is known to
suppress inflammatory gene induction and instead induces cell apoptosis [37,38]. We found that
TLR4-mediated induction of COX-2 results in production of both PGE, and 15d-PGJ2 during the
acute phase of colitis [2]. However, the mucosal level of 15d-PGJ2 returns to baseline during the
chronic phase of colitis despite continuous induction of COX-2 and PGE,. Therefore, an additional
factor that negatively regulates mucosal production of 15d-PGJ2 and/or a mechanism by which PGE,
is selectively induced during the chronic phase of colitis is suspected. Further elucidation of the
detailed mechanism which balances the mucosal production of PGE; and 15d-PGJ2 during acute and
chronic phases of colitis may directly contribute to establishing a novel strategy to prevent
development of CAC in patients with UC.

5. Concluding Remarks

TLR4 signaling integrates inflammatory signaling and tumorigenesis through the two unique
downstream pathways; the COX-2-PGE, and the AR-EGFR axes. These pathways are necessary to
repair the damaged mucosa in the intestine, but continuous activation of these pathways may cause
tumor development through amplification of COX-2. Two types of prostaglandins can be induced by
COX-2 expression, i.e., PGE, and 15d-PGJ2, which trigger epithelial proliferation and apoptosis,
respectively balancing mucosal integrity during inflammation. An imbalance of these prostaglandins
resulting in PGE, predominance seems to be involved in CAC pathogenesis and can be induced by
abnormal TLR4 signaling.

There are many facets of TLR4-mediated tumorigenesis that need to be elucidated prior to
establishing efficacious clinical strategies to prevent CAC. In addition to the direct contribution of
epithelial TLR4 signaling to neoplastic development, the contribution of TLR4 signaling to anti-tumor
immunity needs to be evaluated in order to establish treatment for CAC. Mice deficient in MyD88, a
major downstream molecule of most TLRs, and Interleukins 1 and 18, demonstrate conflicting
phenotypes in the context of intestinal tumorigenesis depending on the presence or absence of
background inflammation and on the type of CAC model that is used. Therefore, the influences of
other upstream signaling that share the MyD88 pathway with TLR4 need to be explored [39-42].

Current treatment for UC, a combination strategy of aminosalicylate compounds, steroids, and
biologic agents, has been successful in inducing remission. However, decreasing the risk of colorectal
cancer in UC patients has not been satisfied by these strategies. We believe that by blocking some
steps of the TLR4-mediated COX-2-PGE, and the AR-EGFR axes is advantageous; while potential
adverse effects may have to be taken into account because these pathways are indispensable for the
host repair process following mucosal injury. TLR4 antagonists may reduce the incidence of CAC in
patients with UC but may delay mucosal healing if colitis is in an active phase [43,44]. A deep
understanding of the precise mechanisms regulating mucosal integrity during chronic colitis will
provide important insight into the pathogenesis of inflammatory cancers and future development of
treatment and prevention strategies.
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