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The Role of Inflammation in the Pathogenesis of Colorectal Cancer
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Abstract

Chronic inflammatory disorders are often associated with an increased risk of developing cancer. A
classic example of the connection between inflammation and cancer is the increased risk of colorectal
cancer in patients with inflammatory bowel disease (IBD). In this review, we discuss aspects of IBD
that promote colorectal cancer and highlight key molecular mediators that contribute to cancer risk.
Additionally, we report on progress in identifying molecular targets that may prove efficacious in
blocking the progression of IBD-related inflammation to cancer.

Introduction

Inflammatory bowel disease (IBD) affects approximately 1.4 million people in the United
States. The most common forms of IBD are Crohn's disease (CD) and ulcerative colitis (UC).
The primary differences between these diseases are the location and nature of the inflammatory
response. CD can affect any part of the gastrointestinal tract and most commonly affects the
terminal ileum, whereas UC is restricted to the colon and/or rectum. Furthermore, CD is
characterized by granulomas and transmural inflammation, whereas UC-related inflammation
is restricted to the mucosa and submucosa. Because of chronic damage to the colon and rectum
in both types of IBD, these patients are at an increased risk of colorectal cancer (CRC). This
risk is even more pronounced with longer duration of disease and greater extent and severity
of colitis [1-3]. This review explores the relationship between inflammatory responses in IBD
and the pathogenesis of CRC and discusses advances in understanding some of the key
molecular culprits.

Chronic Inflammation in IBD

Chronic inflammatory responses that occur in IBD have been connected to predisposing genetic
factors, which contribute to abnormal immune responses to luminal bacteria [4]. A number of
genetic alterations associated with IBD have been identified in genes related to innate and
adaptive immune responses. The first gene shown to be associated with CD was NOD2/
CARD15, which encodes a protein that acts as an intracellular pattern-recognition receptor for
bacterial muramyl dipeptides [5,6]. Polymorphisms in two autophagy-related genes
(ATG16L1 and IRGM) are also associated with CD and are important for degradation and
antigen processing of intracellular pathogens [7,8]. Genes of the adaptive immune system that
have been linked to CD and UC include components of the interleukin (IL)-23 signaling
pathway, which affect T-cell differentiation. These are IL23R, which encodes a subunit of the
receptor for IL-23R; IL12B, which encodes the p40 subunit of IL-12 and IL-23; and STATS3,
which encodes signal transducer and activator of transcription 3 [9,10]. A working model for
the pathogenesis of IBD is that genetic and environmental factors that predispose individuals
to defects in sampling gut luminal antigens lead to activation of innate immune responses.
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Exacerbated responses to antigens activate dendritic cells, which then mediate differentiation
of naive T cells into effector cells [11]. In CD, aberrant immune responses cause a bias toward
the production of cytokines associated with a T helper cell 1 (TH;) and TH47 response. In
contrast, UC disease is primarily associated with a TH, and natural killer T-cell response
[11]. Thus, the chronic activation of these key immune cells and their secreted products
contribute to a tissue environment that can culminate in cancer.

Key Players in Inflammation-Associated CRC

COX-2

In recent years, several molecules have emerged as critical players in contributing to
inflammation-associated CRC. These culprits have been the focus of intense research to
understand the molecular basis of their association with disease and to explore therapeutic
possibilities. In this article, we highlight some of these molecules, namely cyclooxygenase-2
(COX-2), nuclear factor-kB (NF-«xB), tumor necrosis factor-a (TNF-a), and toll-like receptors
(TLRs), describing their connection to inflammation and cancer and discussing recent advances
in elucidating their contribution to disease.

COX-2 is an intermediate response gene that encodes a cytoplasmic protein, which catalyzes
the synthesis of prostaglandins from arachidonic acid. COX-2 expression is activated by
numerous proinflammatory cytokines, including IL-1a, IL-1f, and TNF-a, and it is increased
at sites of inflammation [12]. In relation to human cancer, COX-2 is overexpressed in
approximately 80% of CRCs and 40% of colorectal adenomas relative to normal mucosa
[13]. By immunohistochemistry, COX-2 is found in the cytoplasm of neoplastic colonic
epithelial cells and to a lesser extent in stromal cells, whereas normal epithelium is negative
for COX-2 [14]. Activation of COX-2 expression in neoplastic cells is also seen in genetic
mouse models of intestinal cancer involving mutations in the tumor suppressor adenomatous
polyposis coli (Apc) and in rodent models of colon cancer using a combination treatment of
azoxymethane (AOM) and dextran sodium sulfate (DSS) to induce inflammation-associated
tumors [14].

The contribution of COX-2 to the development of CRC is further supported by the fact that
coxibs—a class of nonsteroidal anti-inflammatory drugs that specifically target COX-2—are
highly effective in reducing colon cancer in rodent models and humans [15,16]. COX-2 is
thought to contribute to tumor development by modulating apoptosis, angiogenesis, and tumor
invasiveness. Effects on apoptosis were shown in rat intestinal epithelial cells with ectopic
expression of COX-2 [17]. These cells had increased adherence to the extracellular matrix,
resistance to apoptosis-inducing agents, and upregulation of the antiapoptotic protein B-cell
lymphoma-2 (Bcl-2). Similar results were seen with overexpression of COX-2 in human colon
cancer cells in which COX-2 provided resistance to apoptosis following treatment with
antineoplastic drugs [18]. In affecting the progression of cancer, COX-2 has been shown to
increase invasiveness of colon cancer cells by way of activation of metalloproteinase-2
(MMP-2) [19]. Furthermore, suppression of COX-2 in human prostate tumor cells by a
selective COX-2 inhibitor resulted in reduced levels of MMP-2 and MMP-9 [20]. In relation
to angiogenesis, expression of COX-2 in Caco-2 and HCA-7 colon cancer cells correlated with
high levels of vascular endothelial growth factor, basic fibroblast growth factor, and
endothelin-1, which stimulate endothelial migration and endothelial tube formation [21].

Given the extensive role of COX-2 in inflammation and various aspects of carcinogenesis,
COX-2 is an attractive target for treatment of inflammatory disorders and cancer. A search for
COX-2-specific inhibitors resulted in promising candidates, such as valdecoxib, celecoxib,
and rofecoxib. Indeed, clinical trials with specific COX-2 inhibitors showed great promise for
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treatment of patients with prior adenomas. However, these trials were discontinued because of
increased risk of thrombotic events [22e¢,230¢].

NF-«B is a key regulator of innate immunity and inflammation, and its constitutive activation
is associated with various types of cancer, including acute lymphoblastoid leukemia, Hodgkin's
lymphoma, and breast, ovarian, prostate, and colon cancer [24]. NF-«B is a dimeric
transcription factor that is composed of members of the Rel transcription factor family, and its
activity is directed toward a wide array of genes that promote proliferation and survival [25].
In tumor, epithelial, and immune cells, NF-kB activates the expression of genes encoding
inflammatory cytokines, adhesion molecules, enzymes in the prostaglandin synthesis pathway
(including COX-2), inducible nitric oxide synthase, and angiogenic factors [26e¢]. In addition,
NF-«B induces expression of a number of antiapoptotic genes, including Bcl-2 family
members, which can provide a survival advantage to precancerous or tumor cells.

In the resting nonstimulated state, NF-xB dimers are cytoplasmic and inactive. Activation of
NF-xB occurs downstream from signaling pathways mediated through TLRs and other
microorganism-sensing molecules or by the inflammatory cytokines TNF-a and IL-13 [26e¢].
The canonical regulation of NF-xB involves sequestration of NF-xB in the cytoplasm by the
inhibitor IxB. IxB levels are regulated by the 1xB kinase (IKK) complex, which phosphorylates
kB, targeting it for ubiquitin-dependent degradation [27]. Upon the degradation of IxB, NF-
kB is released and translocates to the nucleus, where it becomes transcriptionally active.
Targets of NF-kB can be separated into four functional categories: antiapoptotic genes,
inflammatory and immunoregulatory genes, genes that promote cell cycle progression, and
genes that encode negative regulators of NF-xB. Many of these targets have been associated
with cancer initiation and progression [27].

A seminal article presented by Greten et al. [28] in which NF-xB activity was disrupted in a
mouse model of colitis-associated cancer contributes to our understanding of the role of NF-
kB in inflammation-associated carcinogenesis. In this article, the authors developed mice with
deletions of IKKp, a component of the IKK complex, in intestinal epithelial cells or myeloid
cells, resulting in functional inactivation of NF-xB in the two cell types. The authors then tested
the effects of inactivation of NF-kB in the two cell types by treating the mice with acombination
of AOM and DSS to induce inflammation-associated tumors. When NF-«B activity was
disrupted in colonic epithelial cells, there was a dramatic reduction in tumor number in these
mice. In examining the mechanism, there was enhanced epithelial cell apoptosis during early
tumor development without any reduction in inflammation. Thus, the authors concluded that
activation of NF-xB in epithelial cells contributes to tumor initiation and promotion primarily
by suppressing apoptosis; when that suppression is removed, precancerous cells are eliminated
through cell death mechanisms. In mice with IKKP deleted in the myeloid cells, there was
reduced expression of many genes involved in inflammatory responses, including IL-1pB, IL-6,
macrophage inflammatory protein 2 (MIP-2), TNF-a, COX-2, and intercellular adhesion
molecule (ICAM) [28]. These mice exhibited a significant reduction in tumor size and some
reduction in tumor number. From these results, the authors suggest that myeloid cells contribute
to tumor development through production of paracrine signaling molecules that promote tumor
growth.

In addition to promoting proliferation and providing protection from apoptosis, NF-xB has
been shown in a number of studies to enhance invasion of tumor cells through regulating genes
that promote metastasis and angiogenesis [25]. Evidence for NF-«xB signaling affecting
metastatic potential is found in an article by Luo et al. [29], who used a prostate cancer model
to show that inhibition of IKKp activation slowed cancer growth and inhibited
metastatogenesis. Activation of IKKp inhibited expression of the metastasis suppressor gene
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Maspin, thus promoting the metastatic phenotype. NF-«xB has also been shown to induce
vascular endothelial growth factor and COX-2, which promote angiogenesis [27].

Given the role of constitutive NF-kxB activity in promoting tumor initiation and progression,
the question arises whether NF-xB can be targeted for anti-inflammatory and/or cancer
prevention therapies. In contrast to its pathogenic roles, NF-xB is clearly important for
promoting innate immune responses to infection, and its absence may result in severe
immunodeficiency. Thus, prolonged or significant inhibition of NF-kB may not be a practical
treatment for cancer prevention. However, targets upstream and downstream of NF-kxB may
provide potential therapies.

TNF-a is a member of the TNF superfamily of cytokines and is a key molecule regulating
inflammation and host defense. Activation of TNF receptors (TNFRs) leads to the recruitment
of intracellular adaptor proteins, which in turn activate several distinct signal transduction
pathways [30]. Binding of TNF-a. to its receptors has two primary outcomes—activation of
inflammatory/cell survival pathways through NF-xB or activation of apoptotic pathways
through caspase 8.

TNF-a has been shown to have conflicting roles in cancer, serving as a tumor-promoting or
tumor-destructive factor [31]. The latter role is observed as hemorrhagic tumor necrosis, which
occurs through selective destruction of tumor blood vessels and activation of T cells that attack
and eliminate tumor cells. However, this antitumor activity requires high levels of TNF-q,
which can be extremely toxic. At low doses, chronic production of TNF-a is a feature of many
tumor types and can promote all stages of cancer development, from growth to invasion and
metastasis. Several clinical studies provide evidence for the contribution of TNF-a to the
development of CRCs and other human cancers. For example, TNF-a expression is found in
the tumor microenvironment of many tumor types, including breast, ovarian, colorectal,
prostate, melanoma, lymphomas, and leukemia [32]. In addition, TNF-a mRNA and protein
levels are increased to abnormal levels in preneoplastic Helicobacter pylori—positive gastric
lesions and inflamed colonic mucosa [33].

Popivanova et al. [34e¢] recently explored the contribution of TNF-a signaling to the
development of CRC using a genetic mouse model deficient in type 1 TNFR-p55. The authors
found that abrogation of TNF-a signaling in mice significantly reduced colitis following AOM
and DSS treatment, with decreased mucosal damage, inflammatory cell infiltrates, and
cytokine expression in the mucosa. These effects corresponded with markedly reduced tumor
formation. The contribution of TNF-a to inflammation-associated cancer was further tested by
administering etanercept, a specific antagonist of TNF-a, to wild-type mice following
treatment with AOM and DSS. This treatment also suppressed neutrophil and macrophage
infiltration into the mucosa and reduced the number and size of tumors. Etanercept is approved
for treatment of rheumatoid arthritis but lacks the efficacy of anti—-TNF-o monoclonal
antibodies, such as infliximab, in treating IBD. However, given the results of this study, it is
highly possible that monoclonal antibodies directed against TNF-a that are being used for
clinical treatment of IBD will have a similar ability to inhibit tumor formation in these patients
[35].

In addition to TNF-a, a number of other inflammatory cytokines and adhesion molecules are
being targeted as potential therapies for IBD [36¢], and these may also be efficacious for the
prevention and treatment of CRC. Therapies in clinical trials include antibodies against the
p40 subunit of IL-12/1L-23 (ABT-874), the IL-6 receptor (MRA), interferon-y (fontolizumab),
and the IL-2 receptor (CD25). In addition, adhesion molecules that promote trafficking of
leukocytes into the inflamed gut wall, such as a4-integrins, vascular cellular adhesion molecule
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1 (VCAM-1), and ICAM-1 are being targeted with antibodies and oligodeoxynucleotides. The
challenge of these strategies is to identify therapies that can reduce aberrant inflammatory
responses while retaining proper defenses against infection and functional tumor surveillance
mechanisms.

TLRs play a major role in sensing gut microbiota by the intestinal mucosa, and activation of
these receptors is required to maintain intestinal homeostasis. This homeostasis is often
disturbed in IBD, in which abnormal immune responses to luminal bacteria play a key role in
disease pathogenesis. Several polymorphisms in genes encoding innate immune receptors have
now been associated with IBD through linkage analysis and population-based association
studies. As mentioned previously, the first susceptibility gene associated with CD, NOD2/
CARD15, encodes a protein that acts as an intracellular pattern-recognition receptor for the
bacterial component muramyl dipeptide [5]. In addition, polymorphisms in TLR4, a receptor
required for innate immunity to gram-negative bacteria, have been associated with UC and CD
[37¢]. TLR4 is upregulated in intestinal epithelial cells in active CD and UC [38], and TLR4
signaling has been shown to induce production of inflammatory molecules, such as COX-2,
prostaglandin E,, and reactive oxygen species [37¢].

In addition to the involvement of TLRs in IBD, evidence is mounting to support a role for
TLRs in carcinogenesis. Recently, it was shown that a deficiency in the TLR adaptor, MyD88,
significantly reduced tumor number and size in the Apc™"* mouse model of intestinal
tumorigenesis [39]. Furthermore, the absence of bacteria in several mouse models of
inflammation-associated cancer has resulted in abrogation of dysplasia or cancer [37¢]. Thus,
the presence and recognition of bacteria in the gut appear necessary for inflammation-
associated carcinogenesis. Examples of genetic alterations of TLRs in cancer include
polymorphisms in TLR4 and TLR10 that have been associated with prostate cancer, and
TLR4 polymorphisms that have been identified in gastric cancer [40]. In specifically examining
the contribution of TLR4 to carcinogenesis, mice inoculated with colon cancer cells silenced
for expression of TLR4 showed increased survival and a significant reduction in tumor size
compared with mice injected with cells expressing control short interfering RNA (SiRNA)
[41]. Furthermore, using the AOM-DSS mouse model of CRC, it was shown that TLR4-
deficient mice exhibited significantly reduced tumor number and size compared with wild-
type controls [42].

An important end point of TLR signaling is NF-xB activation, and aberrant TLR signaling may
contribute to the tumor-promoting activity of NF-xB. Thus, specific TLR pathways may
provide new targets for therapies to interrupt oncogenic pathways associated with IBD.

Conclusions

The connection between inflammation and cancer is becoming generally accepted, and the
transcription factor NF-«xB has emerged as a key mediator of this link. Given its comprehensive
role in promoting inflammation-associated cancer, the NF-kB pathway provides a promising
target for cancer therapy. Supporting this idea, numerous anti-inflammatory and anticancer
drugs, including nonsteroidal anti-inflammatory drugs, glucocorticoids, and anti-inflammatory
cytokines demonstrate the ability to block NF-«xB activation [24]. NF-«xB induces the
expression of powerful proinflammatory mediators, such as COX-2 and TNF-q,; these, along
with other transcription targets, provide numerous possibilities for treatment for IBD and
colitis-associated cancer. With continued progress in understanding the contribution of various
cytokines to the pathogenesis of inflammation-associated cancer, the use of cytokine
antagonists as anti-inflammatory treatment is a growing area. Signaling molecules upstream
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of NF-kB may likewise provide attractive targets for therapies, such as molecules involved in
recognition of gut microbiota for inflammation-associated CRC.

In examining the functional attributes of the molecules discussed in this review, what becomes
evident is their interconnectedness (Fig. 1). From signaling molecules to transcription factors
to downstream targets, the complexity of inflammatory pathways and mechanisms only
increases as we continue to make discoveries. Like pulling a thread and unraveling the fabric,
targeted therapies can have unexpected outcomes and side effects. However, given the success
of some of these therapies, such as anti-TNF-a treatment for chronic inflammatory diseases,
pulling the correct thread can prove very effective.
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» Proliferation/inflammation: TNF-¢t, 1L-1, COX-2
* Invasion: MIP2, Maspin, MMP-9, ICAM
* Survival: Bcl-2, Bcl-XL, c-IAP

Figure 1.

Key mediators of inflammation-related colorectal cancer. Tumor necrosis factor-o (TNF-a)
and bacterial components for toll-like receptors (TLRs) activate nuclear factor-xB (NF-«xB)
through the 1xB kinase (IKK) complex. NF-xB in turn induces transcription of genes involved
in several aspects of tumorigenesis. Molecular targets, such as TNF-a and cyclooxygenase-2
(COX-2), support and enhance inflammatory responses. Chronic activation of these pathways
in the gut provides an environment that promotes the establishment of colorectal cancer. Bcl-2
—B-cell lymphoma-2; Bcl-XL—Dbasal cell lymphoma—extra large; c-1AP—cellular inhibition
of apoptosis; ICAM—intercellular adhesion molecule; IL-1—interleukin 1; LPS—
lipopolysaccharide; MIP2—macrophage inflammatory protein 2; MMP-9—
metalloproteinase-9; TNFR—tumor necrosis factor receptor.
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