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Abstract
Colorectal cancer (CRC) is among the most prevalent cancers worldwide and represents a major
public health challenge in the developed world. From the perspective of translational investigation,
scientists have enormous opportunity to elucidate the molecular genetic mechanisms contributing to
CRC pathogenesis since the majority of cancers arise from adenomatous precursor lesions. The
process of adenoma growth and transformation is accompanied by cumulative mutations in dominant
genetic pathways that confer a growth advantage. While this developmental process permits
interrogation of informative pathways prior to the development of cancer, only a minority of
adenomas progress to CRC. Accordingly, a major challenge for clinical translational investigators
is to identify the molecular signatures that indicate increased likelihood for adenoma progression.
By corollary, these molecular signatures include mutations in high penetrance alleles, including the
Adenomatous Polyposis Coli (APC) gene as well as other alleles in the Wnt/β-catenin signaling
pathway that specify increased genetic susceptibility to CRC. Interactions between these high
penetrance alleles and other modifier genes as well as with environmental factors are of particular
importance in understanding the complex network of events leading to CRC. This brief review will
highlight three areas where important questions concerning genetic and environmental risk factors
have fueled translational investigation into possible pathways leading to CRC.

There have been substantial advances in the last two decades in our understanding of the
molecular pathways that lead to colorectal cancer (CRC), the results of research that
demonstrated the role of mutational activation of oncogenes coupled with loss of function of
tumor suppressor genes in a model that advanced the concept of finite, but cumulative
mutational events (summarized in (1)). These studies in preclinical, animal models as well as
cell-based models, clinical observational and randomized studies in humans have led to a more
complete understanding of the role of both environmental and genetic factors in CRC
pathogenesis.

One tangible result of this expanded scientific foundation is an emerging consensus that
familial or inherited factors play an increasingly relevant role in our approach to patients with
CRC(2). Examples of dominant genetic pathways include those governed by Adenomatous
Polyposis Coli (APC) tumor suppressor gene, and also the microsatellite instability pathway
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whose tumor phenotype results from hereditary or acquired mutations in mismatch repair genes
that lead to replication error (2). Inherited mutations in the APC tumor suppressor gene (ie
familial adenomatous polyposis) account for a very small proportion (less than 1%) of all CRC,
yet somatic mutations are found in over 80% of sporadic cases of CRC, suggesting that this is
a key genetic event in most tumors (2). Similarly, inherited germline mutations in mismatch
repair genes (ie Lynch syndrome) account for perhaps 2–3% of all cases of CRC, yet the
functional somatic signature of this repair defect, microsatellite instability, is found in
approximately 15% of cases of sporadic CRC (2).

However, despite these seminal advances in our understanding of the aberrant pathways that
contribute to CRC pathogenesis, there is growing awareness of the complexity in mutational
signatures that accompany CRC. For example, sequence information from the consensus
coding sequence database demonstrated that individual CRC tumors accumulated
approximately 90 mutant genes, but only a subset were felt to participate in tumorigenesis, the
remainder representing “passenger” mutations (3). This apparent redundancy highlights a
major challenge in translational research, namely understanding how complex genetic traits
and environmental factors interact and how to design experimentally testable models that might
reveal unanticipated interactions between dominant and recessive pathways.

Cyclooxygenases, aspirin and the genetics of CRC chemoprevention
There has been an exponential increase in the last two decades in our understanding of the
pathways involved in cyclooxygenase (cox) signaling and their relationship to CRC
pathogenesis, driven largely by studies demonstrating that sustained aspirin use or chronic
intake of non-steroidal anti-inflammatory drugs decreases both adenoma formation and
recurrence and also decreases the incidence of CRC (4–6). The mechanisms and pathways by
which cox-2 inhibition in particular mediates chemoprevention in human subjects as well as
in relevant preclinical animal models has been the focus of intense interest.

PGE2, the dominant prostanoid produced through the cox-2 pathway, is synthesized and
secreted by stromal fibroblasts as well as by epithelial cells, and transduces signals in epithelial
cells through interactions mediated through one or more of four receptors, principally (at least
in the colonic epithelium) by endoprostanoid (EP) receptor subtypes 2 and 4. Activation of EP
receptors leads to an array of downstream events, including activation of the epidermal growth
factor receptor (EGFR), activation of the phosphatidyl-3-kinase (PI3K) and Akt pathways,
which together result in the release of glycogen synthase kinase 3β from its stable complex
with axin and β-catenin (7). Inactivation of glycogen synthase kinase 3β stabilizes β-catenin
and permits its nuclear translocation, which in turn results in growth stimulation through
transcriptional activation of TCF/LEF family members (7). There is additional complexity
however, since PGE2 signaling through EP2 and EP4 leads to a feed-forward loop in which
PGE2 itself stimulates cox-2 expression and thereby further enhances prostaglandin production
(8,9). This summary overview illustrates some of the complexity in dissecting functional
intersections between cox-2 dependent prostaglandin production and the Wnt/β-catenin/TCF
signaling pathways of CRC pathogenesis.

Several features of the cox-2/CRC pathogenesis pathway interactions have been validated in
preclinical animal models and in cell lines, and serve as a foundation for translational research
initiatives in understanding the relevant pathways in human CRC. These include the
observations that cox-2 knockout mice crossed into the Apcmin background (a relevant model
of intestinal adenomatous polyposis) demonstrated a dramatic reduction in polyposis, along
with decreased production of PGE2 (10). In addition, EP2 knockout mice also demonstrate
reduced intestinal polyposis when crossed into the Apcmin background (8). Pharmacologic
inhibitors of EP4 suppress polyposis in the Apcmin model (9), findings consistent with
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numerous other reports that selective cox-2 inhibitors inhibit polyp development, while
administration of PGE2 accelerates their appearance and progression (8,9). These findings in
animal models have been extended to studies in human colorectal cancer cell lines, where many
of the downstream events of cox-2 inhibition and PGE2 signaling are more readily dissected
(11). Taken together, the findings from preclinical models, cell culture and human clinical
investigational studies provide a substantial foundation for exploring cox-2 dependent
pathways and their intersection with other dominant genetic pathways for growth regulation
in chemoprevention of CRC.

With this general background in mind, there is considerable translational research interest
emerging from the recent report that chronic aspirin use is associated with prevention of CRC
particularly in the subgroup (about two thirds) where cox-2 immunostaining was moderately
or strongly positive (4). These authors found that sustained (over several years) intake of at
least five aspirin tablets per week was associated with an age-standardized CRC incidence rate
of 37 per 100,000 person-years in subjects with cox-2 positive tumors, compared with 56 per
100,000 person-years for subjects not using aspirin (4). These findings raise important
questions for new translational research initiatives, including the importance of cox-2
independent pathways in aspirin users whose tumors are cox-2 positive as well as in those
subjects whose tumors are cox-2 negative. Are there alternative pathways that become
dominant following cox-2 inhibition in certain subjects and how can these be identified in
human subjects? Are there fundamental differences in CRC pathogenesis in cox-2 negative
versus positive tumors? Are cox-2 positive tumors responsive to aspirin use via cox-2
independent pathways? Can we identify individuals who are most likely to show benefit from
cox-2 inhibition as an approach to optimizing the risk-reward benefit from long-term aspirin
use? There are also questions of a more basic nature that will require further exploration. These
include understanding the cell-specific regulation of cox-2 expression and the epithelial
mesenchymal/stromal cell dialog that occurs during the course of CRC development. How
does PGE2-mediated signaling occur between cells located at a distance as opposed to adjacent
locations? What are the implications of PGE2 signaling via different EP receptors and their
downstream pathways and are these relevant considerations in the adenoma to carcinoma
progression?

Estrogen, Hormone Replacement Therapy and Colorectal Cancer Risk
Significant epidemiologic data exists regarding an association between estrogen
supplementation and CRC risk. The bulk of the data consists of case control and cohort studies,
with the Women’s Health Initiative (WHI) being the only randomized placebo-controlled trial
addressing the issue of estrogen supplementation and CRC risk. The WHI examined a cohort
of postmenopausal women who were enrolled in a set of clinical trials, two of which involved
randomized, placebo-controlled treatment with combined estrogen plus progestin or estrogen
alone. Results of the trial comparing combination HRT versus placebo were reported in 2002
(12). The trial enrolled 16,608 post menopausal women who received conjugated equine
estrogen (0.625 mg daily) plus medroxyprogesterone acetate 92.5mg daily) in a single tablet,
or placebo. The cohort was followed over an average of 5.2 years, with the primary endpoints
of the study being coronary heart disease and invasive breast cancer; CRC was one of several
secondary endpoints. At the conclusion of the study, the hazard ratio for CRC was 0.63 (0.43–
0.92), for endometrial cancer 0.83 (0.47–1.47) and for invasive breast cancer 1.26 (1.00–1.59).
The authors concluded that combined HRT produced a 37% reduction in CRC incidence, and
noted a benefit starting at 3 years of therapy.

In 2004, the WHI reported specifically on CRC risk in study subjects (13) with a total of 122
CRC cases confirmed; 48 in the HRT group and 74 in the placebo group (HR 0.61, 0.42–0.87).
There were 43 invasive cancers in the HRT group compared to 72 in the placebo group (HR
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0.56. 0.38–0.81). Despite a 44% reduction in invasive CRC in the HRT group, the cancers that
developed in the HRT group were more likely to be lymph node positive (3.2% vs 0.8%,
p=0.002) and advanced (76.2% vs. 48.5%, p=0.004). This unexpected difference was not
explained by screening rates or symptoms.

In parallel with the above study the WHI also conducted a randomized placebo controlled trial
of conjugated equine estrogen (0.625 mg daily) versus placebo with the same primary and
secondary endpoints of the combined HRT study (14). The trial enrolled 10,739 post-
menopausal women, and followed them for an average of 6.8 years. The hazard ratio for CRC
was 1.08 (0.75–1.55) and for invasive breast cancer 0.77 (0.59–1.01). The authors concluded
that estrogen-only supplementation did not protect against CRC risk (14).

On a practical note, an important obstacle surrounds the implementation of HRT as a
chemopreventive agent. The WHI study was halted prematurely due to an overall increased
risk for disease in the subjects taking HRT versus placebo. In particular, there was an increase
in invasive breast cancer and cardiovascular disease in the HRT group, and although the HRT
group had fewer CRCs, the cancers that developed in this group were more advanced at
diagnosis (13). Of interest, a similar reduction in CRC was not seen in the estrogen-only arm
of the WHI, (14) a finding that remains unexplained. As a consequence, although HRT is
unattractive as a chemopreventive agent for CRC, there remains intense interest with respect
to estrogen and its effect on CRC risk and the pathways by which such interactions might be
tested.

Biological data provides insight into several possible mechanisms by which estrogen may
impact CRC risk. Data support a role for estrogen-induced proliferation of colorectal neoplasia
and also for induction of apoptosis and suppression of colorectal neoplasia. For example,
certain estrogen metabolites have been shown to induce apoptosis in both tissues and CRC cell
lines (15,16). One such metabolite, 2-methoxyestradiol (2-MeOE2) induced apoptosis in CRC
cell lines and cells cultured with 2-MeOE2 at increasing doses showed a dose dependent
increase in p53 and p21WAF1CIP1 expression (17). 2-MeOE2 binds weakly to estrogen receptors
(ER), suggesting that induction of apoptosis in this setting may be an ER independent event.

Considerable attention has focused on how estrogens may impact CRC pathogenesis via ER-
related mechanisms. Estrogen receptor β (ERβ) expression was demonstrated in normal colon
tissue, with a progressive decline in ERβ expression in CRC accompanying loss of
differentiation (18). ERα, by contrast is minimally expressed in colorectal tissue, but 17β-
estradiol (E2) induced apoptosis in LoVo colon cancer cells following transfection of ERα
(19). In another study, E2 induced apoptosis in COLO 205 colon cancer cells via an ERβ-
dependent pathway in which there was decreased vascular endothelial growth factor (VEGF)
mRNA and protein secretion, suggesting inhibition of angiogenesis as a possible downstream
event (20). VEGF has been linked to induction and maintenance of the neovasculature in human
CRC (21), suggesting a possible mechanistic link between E2 and CRC prevention.

Reconciling the expansive yet conflicting data from colon cancer cell lines in conjunction with
the epidemiologic data discussed above is challenging and thus the role of estrogen and HRT
in CRC remains uncertain. The bulk of epidemiologic data clearly points to a protective effect
of HRT, but a limitation to these studies is that they identify an association but provide no
evidence of causation. Estrogens and estrogen receptors have been shown to both promote and
repress growth in colorectal cancer cell lines, while HRT (although not estrogen alone) has
been consistently associated with reduction in CRC risk. One plausible mechanism to account
for the discrepancy is that HRT generates estrogen metabolites in-vivo with accompanying
ER-dependent effects that are unique and distinct from those demonstrated in colon cancer cell
lines. The role of estrogen and HRT in CRC is intriguing and is an area of ongoing investigation.
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Ideally, future investigation will reconcile the evidence from tissue and cancer cell lines with
the robust epidemiologic data already available. In particular, breakthroughs might include
differentiating which estrogen metabolites infer CRC protection and how, and why only
combined HRT appears to decrease CRC risk in women.

Obesity and colorectal cancer risk
There is consensus agreement that maintaining an appropriate body weight, through strategies
including regulated calorie intake coupled with physical activity, represents one of the most
effective approaches to cancer prevention, second only to smoking cessation. This statement
applies broadly also to CRC prevention. In regard to the genetic-environmental factors that
influence CRC, there are several lines of evidence that suggest a uniquely informative role for
obesity, increased calorie intake and increased disease susceptibility. First, studies of migrants
moving from a low- to a high-risk area for CRC have shown that these migrant families acquire
the cancer pattern of the host country within a single generation (22). Secondly, the shift in
dietary behaviors accompanying cultural trends towards Westernization has produced a
striking increase in CRC within populations previously considered to have a low prevalence
rate. A specific example of this phenomenon has emerged from observational studies for the
last 40 years in Japan (a country with one of the world’s lowest incidence of CRC at the
beginning of the century), where the age-standardized incidence rate of colon cancer has
increased 9.4 times for males and 4.7 times for females (23). By way of emphasizing the
importance of environmental modifiers of genetic risk, studies show that the chances of
identical twins developing cancer at the same site are generally less than 10% (24). Finally,
data from epidemiological studies strongly suggest that increased calorie consumption,
decreased physical activity, and excessive adiposity, are key players in the pathogenesis of
some types of cancer, in particular CRC (25).

Data from large epidemiological studies indicate that excessive adiposity, physical inactivity
and malnutrition are associated with increased incidence and/or death from CRC (26,27). In
particular, there is a clear association between abdominal obesity, as reflected by a higher waist
circumference, and colon cancer and advanced adenoma risk in both men and women (28),
findings confirmed in studies where visceral fat—measured by CT scanning—was strongly
associated with colorectal adenoma detection and inversely associated with circulating
adiponectin levels (29). Accumulating evidence in experimental animals support these data
and indicate that normal colonic epithelial cells as well as CRC cells proliferate more rapidly
in obese animals and in mice fed a hypercaloric diet (30,31). Moreover, tumor development
and size is increased after subcutaneous injection of CRC cells in obese compared to non-obese
mice (32). By contrast, animal studies have demonstrated that calorie restriction strongly
inhibits cancer and slows tumor growth (33). In particular, calorie restriction inhibits
spontaneous, transplanted, and carcinogen-induced colon cancer in mice and rats (34-36). This
said, the underlying mechanisms by which excessive caloric intake/adiposity promotes and
calorie restriction prevents CRC remain incompletely understood (37).

Excessive adiposity is associated with insulin resistance, dyslipidemia, low-grade
inflammation, and changes in hormone and growth factor levels that likely play a role in the
pathogenesis of CRC (25,38). Chronic positive energy balance, for example, promotes adipose
tissue hypertrophy, adipokine-mediated insulin resistance, compensatory hyperinsulinemia
and increased sex hormone availability (39,40). By contrast, calorie restriction, which is the
most effective and reproducible intervention for preventing cancer, improves insulin
sensitivity, and reduces circulating levels of insulin, leptin, sex hormones, and increases
circulating levels of adiponectin and sex hormone binding globulin (37).
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Calorie restriction may have additional beneficial effects on cancer prevention independent of
adiposity, including a reduction in insulin-like growth factor 1 (IGF-1), reduced inflammatory
cytokine levels, reduced oxidative stress, and enhanced repair of DNA damage (41,42). Insulin
is a recognized growth factor, promotes proliferation of colon cancer cells in vitro and promotes
colonic tumor growth in experimental animals (43–45). Hyperinsulinemia has been
hypothesized to promote CRC both directly and indirectly through increases in insulin-like
growth factor-1 (IGF-1), which itself is a potent mitogen and inhibitor of apoptosis (46,47).
Independent lines of evidence suggest that increased circulating IGF-1 may promote CRC
pathogenesis through up-regulation of Akt, p53 and NF-kB pathways (48–50). Moreover,
excessive adiposity, insulin resistance and high serum IGF-1 levels are also associated with
higher oxidative stress and free radical mediated-DNA damage, which are key players in the
pathogenesis of cancer (51,52). The adipokine leptin also has been shown to stimulate the
growth of colon cancer cells (53,54). Further support for the possible role of leptin in promoting
CRC growth comes from the demonstration that both CRC cell lines and tissue express
functional leptin receptors (55) and that leptin promotes mitogenesis and inhibits apoptotis in
several different CRC cell lines (56). Several features of the proposed pathways linking excess
adiposity and insulin resistance to CRC pathogenesis are summarized in Figure 1.

It has been postulated that changes in hormone metabolism, specifically insulin and sex
hormones, may be a common pathway by which environmental risk factors promote CRC
development (57,58). This proposal raises the possibility that interactions between estrogen-
signaling and insulin resistance particularly in a permissive genetic setting may explain some
aspects of CRC tumorigenesis. A key question emerging from this particular suggestion is to
understand the mechanisms whereby obesity is associated with a greater increase in CRC risk
for men than for women (59,60). As with the other areas examined in this review, unraveling
the importance of these individual components is complex and advances will come from a
combination of basic and translational approaches. Given the array of data that suggest calorie
restriction in humans is effective in replicating the metabolic adaptations and benefits
(including extending life expectancy and reduced manifestations of aging) seen in calorie
restricted animals, it seems intuitive that the same pathways should be reasonable candidates
for CRC reduction. However, much work will need to be undertaken to identify appropriate
biomarkers for CRC risk reduction in obese individuals and to validate their corresponding
utility in controlled studies. Among the questions to be addressed will be an exploration of
potential pathways that link the regulation of cox-2 gene expression to excess adiposity or
caloric intake.

Current and future research efforts will focus on identifying subsets of patients in whom
specific genetic pathways can be targeted with appropriate interventions. With the array of
preclinical animal models now available, coupled with the widespread dissemination of
reagents with which to interrogate specific genetic pathways, it is now feasible to tailor
translational studies to a more refined analysis of genetic-environmental interactions at play
in CRC pathogenesis.
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Figure 1.
Excess adiposity is associated with insulin resistance, compensatory hyperinsulinemia,
increased inflammation and increased production of adipokines including leptin. Insulin
resistance also leads to upregulation of IGF1 and IGF2 production. Inflammatory cytokines,
insulin, IGFs and leptin stimulate colorectal cancer cell proliferation, both via systemic as well
as local paracrine pathways. Abdominal obesity is inversely associated with circulating
adiponectin levels.
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