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ABSTRACT
BLACK BEANS AND SOY FLOUR INHIBIT EXPERIMENTAL COLON
CARCINOGENESIS BY REDUCING INFLAMMATION AND ENHANCING
COLONOCYTE DIFFERENTIATION
By
Elizabeth Ann Rondini

Colorectal cancer (CRC) is one of the most common neoplasms afflicting
Western societies (1). The geographical differences in CRC and studies in migrant
populations provide strong evidence that a majority of sporadic CRC cases are
attributable to environmental exposures, more specifically dietary habits (2-4). Legumes
(peas, beans, peanuts, lentils) are among dietary components frequently consumed by
populations who have a lower risk for cancers of the colon, breast, and prostate (7).
Experimental studies conducted in animals have also demonstrated that bean-based diets
inhibit the development of colonic neoplasms (14-18, 265). Because diet is a major
determinant of risk for CRC, this research was designed to achieve a more thorough
understanding of cellular and molecular events involved in chemoprevention by beans
using the azoxymethane (AOM)-induced rodent model of colon cancer.

The first experiment was conducted to assess biological processes involved in
cancer promotion. Microarrays were performed to profile genes differentially expressed
in colon tumors compared to non-neoplastic colonic mucosa in rats treated with the
carcinogen AOM. A majority of genes affected during cancer development were related
to immune responses and inflammation, extracellular matrix remodeling, and suggestive

of global disturbances in cellular metabolism and epithelial ion transport. Having

determined genetic alterations associated with cancer promotion, the second experiment



was designed to identify molecular targets permissive for tumorigenesis and those
associated with cancer inhibition by bean-feeding. Microarrays were performed on
mRNA isolated from normal-appearing colonic mucosa in rats treated with either AOM
or saline and fed a control (casein), black bean (BB), or soy-flour (SF) based diet for 30
weeks. Carcinogen (AOM) treatment was found to induce expression of genes involved
in inflammatory and immune responses, protein synthesis, and extracellular matrix
remodeling. BB- and SF-fed rats exhibited a higher expression of genes involved in
energy metabolism and a lower expression of inflammatory and cell cycle-associated
genes. Genes involved in extracellular matrix (collagen 1al, fibronectin 1) and in innate
immunity (NP defensin 3c, secretory phospholipase A2 (sPLA2)) were induced by AOM
in all diets, but less so in bean-fed animals. This gene profile suggests that bean diets
inhibit colon cancer by maintaining crypt cell homeostasis and reducing inflammation.
The third study was designed to address whether dietary differences in sPLA2
were associated with alterations in colonic epithelial proliferation and inflammation in
colon tissue using immunohistochemical techniques. Rats treated with AOM and fed a
control diet were found to have a higher zone of proliferative cells, a higher content of
sPLA2, and evidence of infiltrating macrophages in colonic tissue compared to rats fed
BB, SF, or control-fed animals not administered carcinogcn. A positive and significant
correlation was found between sPLA2 immunoreactivity and the zone of proliferative
cells. These data, consistent with microarray profiles suggest that the ability of beans to
suppress colon cancer occurs early in the neoplastic process and is associated with

modulating inflammation and enhancing cellular differentiation.
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CHAPTER 1.

INTRODUCTION




Colorectal cancer (CRC) is the one of the most common neoplasms afflicting
industrialized societies (1). In 2002, there were 528,978 deaths due to colorectal cancer
worldwide, with 59,345 cases in the United States alone (1). Both genetic and
environmental exposures have been implicated in the etiology of CRC, and up to 75% of
cases may be preventable by adequate diets and regular exercise (2-4). Generally,
consumption of diets low in red meat and alcohol and high in vegetables and cereal
grains is associated with a decreased risk of developing CRC (2-4). Results from several
epidemiological studies also indicate that populations consuming higher intakes of
legumes (peas, beans, lentils, peanuts) have a lower occurrence of (5-6) and mortality
from CRC (7). Legumes are naturally high in dietary fiber, micronutrients, and several
bioactive compounds (ie. phytoestrogens, protease inhibitors, saponins, phytic acid) that
may contribute to anti-cancer properties (270-276, 280-281). However the mechanisms
underlying reduced susceptibility to colon cancer development have not been fully
elucidated.

The development of colon cancer from normal epithelium is a genetically driven
process (8-11). Several genes altered during the adenoma-carcinoma sequence in humans
have been identified (8-12), and have led to a more thorough understanding of molecular
events important in the pathogenesis of CRC. With the advent of technology available to
explore multiple genes simultaneously, it is now possible to determine how certain foods
and/or food components influence colon carcinogenesis at a cellular level.

Several animal models have been developed to examine various aspects of colon
cancer under controlled conditions (13). Among these, the azoxymethane (AOM)-

induced rodent model is one of the most widely used models for examining dietary




influences on colon cancer development. In this model, feeding either dry beans (14-15)
or soy flour (16-18) inhibits the development of carcinogen-induced colon tumors.
Therefore, the purpose of the current research was to identify early cellular events
associated with colon cancer inhibition by beans in vivo using oligonucleotide
microarrays. Histochemical procedures were then performed to assess diet-related

differences in colonic epithelial kinetics and inflammation.



CHAPTERIIIL

LITERATURE REVIEW



A. INCIDENCE AND ETIOLOGY OF COLORECTAL CANCER.

Colorectal cancer (CRC) is one of the most common types of neoplasms, with an
estimated total 1,023,152 cases diagnosed worldwide in 2002 (1). The highest rates
occur in more developed regions such as North America, Western Europe, and Australia
contributing to 65% of the total global incidence of CRC (1,2). In the United States,
CRC remains the fourth most common type of cancer and, after lung cancer, is the
second leading cause of all cancer deaths (19). Incidence rates are slightly higher in men
than women, with a predominance of cancers arising in the distal colon (30%) and rectum
(29%) and the remainder (39%) in the proximal colon (20).

Both genetic and environmental factors have been implicated in the etiology of
CRC. The inherited syndromes familial adenomatous polyposis (FAP) and heredity non-
polyposis colorectal cancer (HNPCC) account for approximately 5-10% of cases and up
to 25% may arise from genetic susceptibility factors that have not yet been fully
elucidated (21). The remainder of cases (65-70%) arise sporadically, with over 90% of
new CRC cases diagnosed in individuals greater than 50 years of age (11, 19, 21). The
geographical differences in CRC and studies in migrant populations provide strong
evidence that a majority of sporadic cancers are attributable to environmental exposures
(2). More specifically, dietary and lifestyle habits are thought to contribute to most of the
worldwide variation in the incidence of CRC (2). Generally, populations at increased
risk for the disease consume higher intakes of red and processed meat and alcohol and
lower intakes of cereals, dietary fiber, and vegetables (2-4). Other factors related to an
increased risk include obesity (4, 22-25), insulin resistance (25-28), and ulcerative colitis

(29) whereas physical activity (4, 30), nonsteroidal anti-inflammatory drugs (NSAIDs)



(4, 31), and, in women, hormone replacement therapy are inversely associated with CRC

(4, 32).

B. PATHOGENESIS OF COLORECTAL CANCER.
B.1  Normal Histology.

The human colon is approximately 150 cm (5 ft.) in length and is functionally
important for water and electrolyte absorption and evacuation of stool (33-34). The
surface of the colon is composed of a single layer of epithelial cells, termed the mucosa,
that extend downward into the lamina propria forming crypts (35-36). The epithelial
lining is maintained by a population of multipotent stem cells anatomically located in the
base of the crypts (35-36). Cell division is normally confined to lower 1/3 of the crypts
and as cells migrate towards the lumen, they terminally differentiate into absorptive,
goblet, or enteroendocrine cell types (35-36). Once cells reach the crypt apex, they
undergo apoptosis and are shed into the lumen. In humans, the entire surface of the colon

is replaced every 3-6 days (35).

B.2  Histopathology.

The development of colorectal cancer from normal appearing epithelium is
associated with alterations in cell proliferation, differentiation, apoptosis, and cellular
senescence. These changes are genetically driven and for a majority of CRC (>90%)
manifest through distinct histological steps (37-39). An early event in the process of
colon carcinogenesis involves an expansion of the proliferative zone towards the lumen
(37-38). This hyperproliferative change precedes tumor development and has been

identified throughout the colon of humans predisposed to colon cancer and in rodents




administered carcinogen (37, 40). Eventually, either through gene mutation or deletion,
there is a focal defect resulting in an abnormal accumulation of proliferative cells (polyp)
within a crypt. Two types of polyps can be distinguished histologically. Hyperplastic
(nondysplastic) polyps are more common, containing cells with normal morphology
aligned in a single layer along the basement membrane, and generally not considered to
have malignant potential (35). Comparably, adenomatous (dysplastic) polyps contain
epithelial cells with abnormal morphology, arranged in several layers along the basement
membrane, and are more likely to progress to cancer (35). As adenomatous polyps grow
in size the epithelial lining invaginates and expands in various directions, forming first a
tubular than villus structure (11, 35, 38). Transition to malignancy is accompanied by a
progressive increase in dysplasia followed by the potential of cells to invade the
basement membrane and metastasize to distant organs (11, 35, 38).

Although polyps are the earliest macroscopic lesions detectable, aberrant crypt
foci (ACF) have been proposed to precede adenoma development. ACF are microscopic
lesions usually composed of crypts that are larger in size, have altered lumenal openings,
and exhibit thickened epithelia (41-43). ACF are found in colons of rodents injected with
carcinogen and in humans at increased risk of colorectal cancer. Although ACF contain
similar genetic alterations to those in human cancers, a large portion of ACF are not
dysplastic (42) and, in animals, ACF do not consistently correlate with adenocarcinoma
development (43-44). Therefore the proposed role of ACF as precursors to adenomas

remains elusive.



B.3  Molecular genetics.

Carcinogenesis is considered to be a multi-step process, with each step
representing mutations, deletions, and/or epigenetic alterations in genes normally
regulating cell growth and behavior (11). Two classes of genes are commonly affected in
neoplasia. Tumor suppressor genes normally restrain cell growth and inactivation of both
alleles results in a “loss of function” phenotype. Conversely, proto-oncogenes promote
normal cell growth and mutations cause constitutive activation (45). Each mutation
confers the cell with a selective growth advantage accompanied by a progressive change
from normal to malignant behavior (11, 46). For each tissue, the mutations and order that
they occur comprise the genetic pathway (11).

More than 10 years ago, Fearon and Vogelstein proposed the genetic model for
colorectal cancer development based on mutational analyses of tumors at various stages
of the adenoma-carcinoma sequence (8-10). According to this model, colorectal cancer
arises from the cumulative loss of functional tumor suppressor genes and dominant
activation of proto-oncogenes, with the former predominating (9-10). Somatic mutations
in at least 4-5 genes are necessary for malignant transformation, whereas fewer are
associated with benign tumor growth. Further, genetic alterations occur in a preferred
sequence, with only a subset of genes capable of initiating the tumorigenic process (8-
10). The most common mutational events include loss of function of the adenomatous
polyposis coli (APC) gene, p53 gene, one or more genes on chromosome 18q, and

constitutive activation of k-ras (FIGURE 1).
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B3.1 APC.

APC, located on chromosome 5q21 in humans, encodes a protein with tumor
suppressive properties (10). Inactivation of APC, either through mutation or allelic loss
is permissive for adenoma formation and has been detected in 60-80% of sporadic colon
tumors (47-48). Analysis of the APC gene from sporadic and inherited forms of colon
cancer indicate that mutations occur most frequently in codons 1286-1513, named the
mutation cluster region (MCR) (48-50). More than two-thirds of mutations result in
frameshift, and one-third involve nonsense point mutations, both resulting in premature
truncation of the polypeptide (49). Functional regions downstream of the MCR include
those involved in down regulation of B-catenin and binding sites for interaction with
microtubules, EB1, and DLG, suggesting these regions may all be involved in the tumor
suppressive properties of APC (49, 50).

The involvement of APC in controlling intracellular levels of B-catenin has been
one of the most widely researched areas in colon tumorigenesis. B-catenin associates
with cadherins in the plasma membrane and also exists in a monomeric (free) form in the
cytoplasm, which, upon stimulation, functions in a signal transduction pathway (51, 52).
In the absence of Wnt signaling, the cytosolic level of B-catenin is tightly controlled (45).
Glycogen synthase kinase (GSK) 38, a serine/threonine kinase, phosphorylates both B-
catenin and APC (45, 49, 53) and phosphorylation results in an APC/B-catenin/GSK-
3p/axin complex that mediates degradation of B-catenin by the ubiquitin-proteosome
pathway (53, 54). Initiation of the Wnt/wingless signal transduction pathway, which

inhibits GSK 3B, or mutations in the B-catenin binding site on APC, both result in

stabilization of cytosolic B-catenin, enabling it translocate into the nucleus, where it
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interacts with a family of high mobility group-box (HMG) containing transcription
factors (TCF-1, TCF-2, TCF-4, LEF-1) and initiates transcription of genes (45, 51, 52,
55-56). A few of the target genes have been found to be those involved in the cell cycle
and tumor progression, including c-Myc (57), cyclin DI (58), c-Jun (59), survinin (60),
matrilysin (61), fibronectin (62) and PPARJ (63).

Thus, the regulation of cytoplasmic levels of B-catenin is likely an important
function of APC. This is further corroborated by the finding that gain-of-function
mutations in the NH2 regulatory domain of B-catenin occurs in 48% of human colorectal
tumors lacking APC mutations (64). However, important tumor suppressive properties of
APC are also likely mediated through interactions with other cellular proteins. Some of
these events involve apoptosis, cytoskeletal reorganization, chromosomal stability, and

cell migration and mobility (reviewed in 50).

B.3.2. K-ras.

The k-ras gene, located on chromosome 12p encodes a 21-kDa, guaninine
nucleotide binding protein with intrinsic GTPase activity (35). The ras proteins (k-ras,
N-ras, and H-ras) are involved in transducing mitogenic signals from receptor tyrosine
kinases in response to growth factors, cytokines, and hormones (35, 65). Binding of
GTP activates ras whereas GTP hydrolysis, facilitated through GTPase activating
proteins (GAPs), leads to the inactive, GDP-bound form (65). Ras oncogenes are made
constitutively active through point mutations occurring at amino acids 12, 13, or 61,

rendering them insensitive to GAPs (35, 65). Mutations in k-ras generally occur later in

11



adenoma growth and have been detected in 50% of colorectal carcinomas and in

adenomas larger than 1 cm in size (35).

B.3.3 DCC, DPC4(Smad4), and JVI8-1(Smad2).

One copy of chromosome 18q is lost in 47% of advanced adenomas and 73% of
adenocarcinomas, but the target gene(s) has not been conclusively determined (11, 35).
One candidate is deleted in colon cancer (DCC), which encodes a large transmembrane
protein that contains immunoglobulin-like domains and shares homology with neural
adhesion molecules (11, 35). The protein is expressed in a variety of tissues at points of
cell-cell contact, suggesting a role in differentiation (66). Two other candidate genes
include deleted in pancreatic carcinoma (DPC4, or Smad4) and JVI8-1 (also called
Smad2) (35). Both of these proteins function downstream in the transforming growth
factor (TGF)-B signaling pathway (11, 35). TGFp exerts an inhibitory effect on cell

growth in normal colorectal epithelium (67).

B34 p33.

Mutational inactivation of the p53 gene occurs late in tumor progression, most
likely in the adenoma-carcinoma transition (9-10, 35). p53 normally functions to mediate
anti-proliferative processes and/or apoptosis in response to cellular stresses (reviewed in
68, 69). Genomic damage, hypoxia, and aberrant oncogene expression stabilize p53,
allowing transactivation of genes such as p21"*"“"" (69-72) and Growth Arrest and

DNA-Damage Induced (GADD) 45a (69-70, 73). These proteins block progression

through the cell cycle and allow repair of DNA damage by inhibiting the activity of

12



cyclin dependent kinases (68, 69). p53 also mediates apoptosis in response to cellular
damage through transcription-dependent and independent mechanisms, but the signaling

pathways involved have not been completely elucidated (68, 69).

B.3.5 Epigenetic events.

In addition to the model proposed by Fearon and Vogelstein, aberrant methylation
patterns are frequently observed in colorectal cancers. Methylation of 5’cytosine residues
in gene-specific promoter regions is a naturally occurring modification of DNA that is
heritable (74). Hypermethylation of certain promoter regions leads to transcriptional
silencing whereas hypomethylation can lead to transcriptional activation. In both benign
and malignant colon tumors global hypomethylation of DNA is frequently observed (75).
In addition, promoter-specific hypermethylation in genes including the tumor suppressors
APC, p16, and p14**F and those involved in mismatc;h repair have been reported (74).
These changes would likely contribute to cancer by affecting cell cycle regulation and
capability of DNA repair, the latter leading to a “mutator” phenotype observed in a subset

of tumors.

B4. Inflammation/NSAIDS.

Although specific genetic mutations are required for initiation and propagation of
tumorigenesis, modifier genes and/or the tumor microenvironment can also substantially
contribute to colon cancer development. Inflammation has long been recognized to be
involved in the etiology of CRC. Patients with a history of recurrent ulcerative colitis are

at an increased risk of developing the disease (29). Additionally, Waddell et al. (76)

13



recognized over 25 years ago that administering the NSAID sulindac to patients with the
inherited condition familial adenomatous polyposis (FAP) caused a significant regression
of rectal polyps. Since then, several studies in humans (reviewed in 77) and animals (78-
84) have established that NSAIDs inhibit colorectal tumorigenesis. In a review of
published studies, the authors estimated a 40-50% reduction in sporadic colon adenomas,
cancer, and mortality for regular users of NSAIDs (77).

The anti-neoplastic properties of NSAIDs have not been fully established. They
bind to and inhibit the activity of cyclooxygenase (COX) enzymes, which catalyze the
conversion of arachidonic acid to prostaglandins (PG) and thromboxane (TX) (85). The
gastrointestinal tract contains two isoforms of COX. COX-1 is constitutively expressed
and important for normal physiological processes such as maintenance of the
gastrointestinal mucosa whereas COX-2 is normally expressed at very low levels but can
be induced by pro-inflammatory cytokines, growth factors, lipopolysaccharides (LPS),
and mitogens (85).

Treatment of cancer cells with NSAIDs increases apoptosis, induces cell-cycle
arrest, and inhibits angiogenesis, presumably through down-regulating the synthesis of
prostaglandins (85-89). Because increased levels of COX-2 have been detected in up to

90% of human colon cancer tissues (85), in adenomas from Min*"¢

mice (84), and in
colon tumors from rodents induced with carcinogen (90), most of the anti-neoplastic
effects of NSAIDs are thought to be mediated by this isoform. Boolbol et al (84)
reported elevated COX-2 and PGE, in Min*"€ mouse intestines compared wild-type

littermates. Treatment of mice with sulindac inhibited tumor formation, reduced both

COX-2 protein and PGE, levels, and restored enterocyte apoptosis. More direct evidence
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for involvement of COX-2 in tumorigenesis was demonstrated by Oshima et al (91) who
reported targeted disruption of COX-2 in Apc*’'® knockout mice reduced polyp
formation by ~86% and also reduced polyp size (91). However, NSAIDs that are not
selective for COX-2 such as aspirin and sulindac sulphone are also as effective in
inducing apoptosis and suppressing tumorigenesis in vivo, suggesting that some of the
anti-neoplastic effects of NSAIDs may be mediated through PG-independent pathways

(92-94).

B.S. Carcinogen-induced model of colon cancer.

Although CRC was one of the first cancers to be characterized in terms of a
genetic model, examining the etiology of carcinogenesis in humans is hampered due to
the lack of specific prognostic biomarkers, heterogeneity among population groups, and
the latency of time it takes for colorectal tumors to manifest. The use of animal models
has proven a useful tool for studying various aspects of human disease under controlled
laboratory conditions. Druckery and colleagues were the first to demonstrate that
administration of the synthetic compound 1,2-dimethylhydrazine (DMH) or one of its
metabolites azoxymethane (AOM) specificity and reliably induced colon tumors in
rodent species (95-97). Following administration, DMH and AOM are metabolized in
the liver to methyldiazonium (MDM) (97). MDM is an active methylating agent that
forms a number of DNA adducts in vivo, with O°-methyldeoxyguanosine (O%-mdg) being
one of the major mutagenic DNA lesions produced (98). Prior to replication, this lesion
can be repaired in a “suicide” fashion by O°-alkylguanine-DNA alkytransferases (O°-

atase) or removed by targeted apoptosis (98). The inability to remove 0®-mdg by either

15



of these processes can cause G:C to A:T transitions during DNA replication, a common
genetic alteration reported in some human tumors (99).

The carcinogen-induced rodent model is one of the most widely used models for
studying colon carcinogenesis. Tumors develop almost exclusively in the colon,
primarily in the distal region, similar to the distribution observed in humans from high-
risk areas. Although APC mutations are rare in carcinogen-induced rodent colon tumors,
mutations in the GSK-3p phosphorylation consensus sites on P-catenin have been
reported (100). These sites are important for down-regulation of p-catenin by
ubiquitination and likely affect the stability of the protein. Takahashi er al. (100)
reported that in normal colon epithelium, B-catenin was primarily localized to the plasma
membrane, whereas a majority of dysplastic ACF, adenomas, and adenomacarcinomas
exhibited homogenous cytoplasmic and scattered nuclear staining. k-ras mutations on
codon 12 and 13 in DMH-induced colon adenocarcinomas have also been reported to
occur in a similar frequency to that observed in humans (101-102). In addition, local
inflammation, promoted in part through up-regulation of COX-2 and inducible nitric
oxide synthase (iNOS), is another common characteristic involved in the pathogenesis of

colon cancer from both species (103-104).

C. DIETARY FACTORS AND COLORECTAL CANCER.

Dietary habits are strongly linked to the etiology of CRC (2-4). Numerous
epidemiological studies have been conducted in attempts to identify specific dietary
components associated with higher risk of developing CRC or contributing to CRC
mortality (reviewed in 2-4, 105). Generally, data are most consistent for a lower

occurrence of CRC in individuals consuming higher intakes of vegetables, particularly
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raw, green, and cruciferous vegetables, and dietary fiber. Dietary components associated
with an increased risk include red meat and alcohol, and possibly dietary fat, processed
and heavily cooked meats, and sucrose (2, 4, 105). Metabolic consequences related to
over-nutrition, including obesity and insulin resistance have also been implicated in the
etiology of CRC (22-23, 106-112). Several hypotheses have been generated to explain
the association of diet and lifestyle habits with CRC and further tested in animal models.
There is currently no consensus as to how diet consistently modulates risk, which is
undoubtedly multi-factorial and likely depe;xds on the ratio of both promoting and anti-
promoting factors. Some of the more established mechanisms are presented in TABLE 1
and are discussed below.

Red and processed meats may increase CRC by increasing lumenal concentrations
of potentially carcinogenic compounds (113-114). Heterocyclic amines (HCA),
produced by cooking meat at high temperatures are mutagenic in bacterial assays (115)
and dose-dependently induce large intestinal tumors when administered to rodents (116-
117). Meat consumption has also been associated with higher intakes of dietary fat.
Dietary fat and cholesterol stimulate bile acid secretion and populations at increased risk
for colon cancer excrete higher levels of bile acids in the stool (118). Approximately 2-
5% of bile acids escape reabsorption in the small intestine and are metabolized by colonic
microflora producing the secondary bile acids deoxycholate and litholicholic acid (119).
Secondary bile acids are irritating to the epithelium (120), induce cell proliferation (120),
and have been demonstrated to promote experimental colon cancer when administered to
animals (121-123). Adequate intakes of dietary calcium can form insoluble salts with

lumenal bile and fatty acids and calcium supplementation reduces hyperproliferation in
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the colorectal mucosa of rodents (124-125) and in humans at increased risk for CRC
(126-129).

Moderate alcohol consumption potentially increases CRC risk by influencing
mucosal cell proliferation (130-131), inhibiting DNA repair (132), and/or through
generation of DNA-acetylaldehyde adducts (132). The effect of alcohol on CRC risk
appears to be potentiated by insufficient dietary intake of folate or methionine (133-134).
Folate is required for normal functioning of the methionine cycle. Tetrahydrofolate
(THF) is the reduced form of folic acid capable of accepting one-carbon groups from
metabolites generated in amino acid metabolism and serves as a precursor for 5
coenzyme forms (135). These THF derivatives participate in distinct one-carbon
metabolism pathways including amino acid metabolism and purine and pyrimidine
synthesis (135-137). N°-methyltetrahydrofolate (N°>-methyl THF) regenerates methionine
from homocysteine, which can be converted to S-adenosyl-methionine (SAM). SAM is
required for biological methylation reactions, and may be reduced when diets are
deficient in labile methyl groups (137). This can result in DNA hypomethylation, which
may enhance oncogene expression (138). Aberrations in 5,10 methylene tetrahydrofolate
(a metabolite of folate) may also result in misincorporation of dUMP for dTMP during
DNA replication, thereby enhancing point mutations (136-137). In rapidly dividing cells
such as the intestinal epithelium, enzymatic mechanisms may not sufficiently repair DNA
damage prior to proliferation, causing heritable changes to be “fixed”. In support of this,
diets deficient in folate have been demonstrated to produce DNA strand breaks in the p53
gene in rat colon mucosa (139) and were associated with higher prevalence of k-ras

mutations in human colon adenomas (140-141). However, these diets contained sub-
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optimal levels of dietary folate and it is not likely that intakes exceeding current
recommendations would provide any additional benefit to CRC.

Vegetables contain several antioxidant vitamins and minerals as well as bioactive
compounds that may contribute to reduced CRC risk (2, 142-151). Antioxidants may
inhibit carcinogenesis through scavenging reactive oxygen species (ROS) and preventing
ROS-induced DNA damage (152-156). Epidemiological and experimental data however
do not indicate that supplementation of antioxidant compounds beyond recommendations
is associated with reduced occurrence of CRC or colorectal polyps (157-163). Several
bioactive compounds present in vegetables have been suggested to exert anti-cancer
properties through a variety of mechanisms including induction of hepatic and intestinal
phase II detoxification enzymes (164-168), modulating oncogene activation (169-171),
and anti-inflammatory properties (172-176), among others (177-178). Vegetables and
cereal grains are also rich sources of dietary fiber, which is related to lower colon cancer
rates in some epidemiological studies (2, 179). However, dietary fibers differ in
physiochemical characteristics and identifying mechanisms by which fiber consistently
modulates colon carcinogenesis is difficult. Less fermentable fiber constituents and
sources including cellulose, lignins, and wheat bran may affect colon cancer by speeding
intestinal transit and diluting and adsorbing lumenal carcinogens or irritants. Bacterial
fermentation of more soluble fibers and non-starch polysaccharides lowers lumenal pH,
which can affect microbial metabolism and generation of secondary bile acids (180).
Fermentation also produces the short-chain fatty acids (SCFA) acetate, propionate, and
butyrate (181-182). Butyrate has been demonstrated to inhibit colon cancer cell growth

and induce apoptosis in vitro (183-185). Numerous animal studies have been conducted
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to examine the influence of purified fiber sources on experimental colon carcinogenesis
and inconsistent results have been reported (186-198). Generally, wheat bran protects
against colon cancer more consistently than cellulose or more fermentable fiber sources
(187, 190-191, 194, 198). These results suggest that purified fibers alone do not appear
to inhibit tumorigenesis, whereas it is likely that some other factors present in vegetables
and grains and/or synergistic effects of fiber with other dietary components may be
responsible for anti-cancer properties.

Limited data are available for n-3 fatty acid consumption and CRC risk, although
animal studies have consistently shown a protective effect of fish oil on experimental
colon carcinogenesis (199.-204). The inhibitory effects of fish oil on colon cancer have
been associated with enhancing cellular differentiation and apoptosis (200, 202),
suppressing the expression and/or activation of p21™ and COX-2 (205-207), reducing
protein kinase C (PKC) BII activity (208), and altering synthesis of prostaglandins (209-
210) and TXp; (210) in non-neoplastic mucosa.

Aside from specific dietary components, metabolic disorders related to over-
nutrition have been proposed to contribute to higher incidence of CRC. McKeown-
Eyssen (106) and Giovannucci (107) were the first to recognize that several risk factors
associated with CRC, such as sedentary lifestyles, obesity, and high fat diets were similar
to those for insulin resistance and diabetes. This led to the proposal that metabolic
consequences associated with insulin resistance (hyperinsulinemia, hyperglycemia,
hyper-triglyceridemia, increased non-esterified fatty acids (NEFAs)) promotes colon
carcinogenesis (106-107). Several possibilities for this association have been suggested.

First, high circulating levels of insulin may directly promote colonic tumorigenesis
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directly through receptor binding and mitogenesis. Second, insulin resistance may
indirectly affect colon epithelial proliferation through increased intravascular energy
provision. A third model suggests that hyperinsulinemia may lead to increased insulin-
like growth factor-1 (IGF-1) bioavailability, a mediator of cell survival and growth, by
reducing hepatic IGF binding protein 1 (IGFBP1) production (211).

The epidemiology studies relating insulin resistance to colon cancer have been
recently reviewed (109). Most case-control and cross-sectional studies show a slightly
elevated risk of CRC in diabetics, with odds ratios (OR) ranging from 1.0-2.9 (109).
Similar results have been reported using cohorts of patients with diabetes. However,
some of these studies are limited in interpretation because most relied on self-reporting of
diabetes and were not designed to address the extent of glycemic control. Prospective
studies evaluating biomarkers of insulin-resistance (i.e. C-peptide, HgBc) rather than
history of diabetes generally show stronger positive associations, particularly for
advanced CRC and CRC mortality (109, 111-112). Increased risk for CRC has also been
reported in individuals with elevated plasma IGF-1 (112, 212) and in individuals with
acromegly, who have pathologic elevations of serum growth hormone and IGF-1 (pooled
OR=2.04) (213).

Colon cancer cells express both insulin (214) and IGF-1 receptors (IGF-1R) (215-
216), and treatment of cells with either insulin or IGF-1 stimulates mitogenesis (217-
218). Additionally, IGF-1 up-regulates the expression of vascular endothelial growth
factor (VEGF) (219) and cell lines over-expressing IGF-1R are resistant to apoptosis and
are more metastatic than non-transfected cells (220). In animal studies, repeated

administration of insulin significantly increased the multiplicity of ACF (221) and the
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number of colon tumors (222) in rats chemically induced with AOM, suggesting a direct
effect of insulin on tumor promotion. Koohestani et al. (223) conducted a study to
compare the effect of diet on insulin resistance and colon carcinogenesis and found that
high energy, high fat diets led to impaired glucose tolerance, which was positively

correlated with the size of ACF (r = 0.67, p<0.001).

D. LEGUMES AND COLORECTAL CANCER.

Legumes (peas, beans, lentils, peanuts) are one dietary component traditionally
consumed in populations where cancers of the colon, breast, and prostate are low (7), and
several of the mechanisms proposed to reduce CRC risk in humans and animals can be
achieved through increased consumption of legumes (TABLE 1). Legumes are unique
plant foods, providing a concentrated source of vegetable protein and a variety of both
essential and non-essential nutrients (224-226) (TABLE 2). Oilseeds, including
soybeans, and peanuts are higher in lipid content (24%) than dry beans (1-2%), but both
are a significant source of complex carbohydrates and both soluble and insoluble dietary
fiber. Legumes are a good source of the minerals iron, calcium, copper, zinc, potassium,
and magnesium and the wziter-soluble vitamins thiamine, niacin, riboflavin and folate
(224-226). Several bioactive compounds including saponins, phytic acid, phenolics,
tannins, phytosterols, lectins and protease inhibitors are also present in legumes and some
have been shown to exert a number of health benefits (224-227).

In the US, soybeans are typically processed prior to consumption to generate
products with a higher protein content and to extract oil for commercial use (228).

Typically, soy products are grouped into three categories based on their protein content:
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soy flour, soy concentrates, and soy isolates. All three products are derived from defatted
soy flakes and range in crude protein content from 50% (dry wt) in defatted soy flour to
>90% protein in soy isolates (TABLE 2). Soy flours and soy grits are the least processed
of the three and are made by grinding and screening soybean flakes (229). Soy
concentrates are prepared through aqueous or aqueous-ethanol extraction of defatted soy
flakes to remove soluble carbohydrate fractions. Isolates are the most refined soy protein
source through which most of the total carbohydrates from soy flour are removed. Soy
protein products are used in a variety of second-generation soy foods, bakery products,
breakfast cereals, and infant formulas, accounting for more than 90% of soybeans
consumed in the United States (228).

There has been renewed interest in studying legumes with respect to chronic
disease prevention (225-227, 231-232). Several epidemiological and experimental
studies have implicated that incorporating more legumes into the diet has the potential to
aid in the prevention and/or management of several chronic diseases including diabetes
(225, 231-236), cardiovascular disease (6, 225-227, 231-232, 237-241), obesity (231-232,
242-244), and cancer (225, 227, 5-7). These diseases are more common in developed
countries, such as the United States, where consumption of beans and other plant

products remains below recommendations (225).

D.1 Epidemiological Studies.

Most epidemiological studies examining relationships between diet and cancer
put little emphasis on legume/pulse consumption. In studies where legume intake is
assessed, distinctions are usually not made between the various legumes, making direct

correlations with colon cancer difficult. In two prospective studies examining dietary
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patterns and disease risk as part of the Adventist Health Study in the US, significant
inverse associations between legume consumption and colon cancer were reported (5-6).
In the study by Singh and Fraser (5), individuals consuming legumes > 2 times/week
were 47% less likely to develop colon cancer when compared to individuals consuming
legumes never to < 1 time/week. Two case-control studies, one conducted in Australia
and the other in the Spanish island of Majorca, also reported a protective effect of legume
consumption on colon cancer risk. In the study by Steinmetz and Potter (245), the OR
was 0.4 and 0.7 for women and men with the highest legume (beans, split peas, lentils,
soybeans, chickpeas) intakes, respectively. Another case-control study in Majorca
reported on fiber from pulses, rather than as a group. Similar to the previous studies, the
authors reported a significant protective effect (P < 0.01) for individuals in the highest
quartile of legume fiber intake, with an OR of 0.4 (246). Correa (7) was the only study to
specifically examine bean consumption. Per capita data compiled from 41 countries,
revealed that countries with the greatest consumption of beans had the lowest mortality
rates due to breast (r = -0.70), prostate (r = -0.66), and colon (r = -0.68) cancer (7).

The epidemiological studies addressing soy intake and colorectal cancer risk have
been recently reviewed (247-248). A total of 13 studies (3 ecological, 1 cohort, and 9
case-control) have been conducted. In the three ecological studies examining soy intake
and mortality from colon or rectal cancer, 1 found a significant inverse association (249),
one found a positive association (250), and the third reported no significant association
(251). Among the remaining studies, the risk ratios reported for soy consumption and
colon or rectal cancer ranged from 0.48 to 1.9 (252-261). Only two studies found a

significant inverse association between soy consumption and colon cancer after
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adjustment for multiple confounding variables. The first reported a 50% lower risk of
colon cancer only in women consuming higher soy products (260) and the other found a
50% reduction in risk of colorectal polyps with increased consumption of tofu or
soybeans (259). The interpretation of results from the remainder of the studies is limited
due to the incomplete assessment of soy intake and because most studies did not adjust
for confounding variables (248). However, despite these limitations, there was some
suggestion of an inverse association between soy consumption and colon cancer and
between non-fermented soy products and rectal cancer (248).

One clinical study was conducted to determine if consumption of soy protein
isolate could reduce early biomarkers associated with colon cancer development (262).
Subjects with a history of colon cancer or polyps consumed 38 g of soy protein isolate
containing 70 mg of isoflavones or 38 g of casein for one year. Biopsies of colon tissue
were taken at the start of the study and after one year of intervention. The author
reported a downward shift in the proliferation zone in colonic crypts obtained from
individuals consuming the soy protein isolate, suggesting soy consumption reduces colon

cancer risk by enhancing cellular differentiation (262).

D.2 Experimental studies.

Only two studies have examined the potential of dry beans to inhibit colon cancer.
Hughes et al. (14) fed rats diets containing either pinto beans or casein as the protein
source and found that feeding pinto beans inhibited colon cancer by 50% and
significantly reduced the number of tumors that developed. In another study, Hangen and

Bennink (15) reported that feeding either black beans or navy beans inhibited colon
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cancer by ~57%, and similar to Hughes et al. (14), bean-fed rats also developed fewer
tumors. In this study, the chemoprevention of beans was associated with significantly
more resistant starch reaching the colon, higher colonic acetate and butyrate production,
and a decrease in body fat (15).

The experimental data examining the potential of soy-based diets to inhibit
chemically induced colon cancer in rodents is inconsistent. This is due, in part to
differences in experimental protocols, the type of soy products (soy flour/meal or isolated
soy proteins) utilized, and end-point biomarkers examined. Processing of soybeans can
affect the content of carbohydrates, fiber, and various bioactive compounds. Because
some of these compounds have been reported to have anti-carcinogenic properties, it is
likely that consumption of soy products that are minimally processed may be more
beneficial in reducing risk of colon cancer.

Experiments where soy flour was examined and feeding began following
carcinogen administration (promotion), a protective effect on both preneoplastic lesions
and colon cancer has been reported (16-18, 263). In a series of studies, Bennink et al.
(16-18) compared the potential of diets containing soy flour (full-fat or defatted), casein,
or ethanol-washed soy concentrate to inhibit colonic tumor development during the
promotional phase of carcinogenesis. They consistently reported a reduction in colon
tumor incidence and tumor burden in rats fed defatted soy flour (43%, 0.67
tumors/animal) compared to rats fed either soy concentrate (68%, 1.1 tumor/animal) or
casein (68%, 1.43 tumor/animal). However, two animal studies that fed rats either soy
flour or soybean meal both prior to and after carcinogen administration have produced

inconsistent results (264-265). One found an increase in colon tumors (264) in soybean
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meal-fed animals (P = 0.15) whereas the other study found a significant reduction in
tumor incidence in animals fed defatted soy flour (P < 0.05) (265).

Five experimental studies have examined the influence of soy protein isolates
high or low in isoflavones on colon carcinogenesis (44, 266-269). With the exception of
one study (269), isolates do not appear to influence colon tumorigenesis (44), and may
enhance the development of ACF when fed prior to carcinogen injection (44, 267-268),
although this does not appear to correlate with increased tumorigenesis (44). These
studies indicate that minimally processed soy products more consistently inhibit colon
cancer than either soy concentrates or isolates and chemoprevention appears associated

with one or more bioactive compounds present in soy.

D.3 Non-nutritive bioactive compounds.

The inverse relationship between consumption of plant-based foods and lowered
risk of several cancers has generated interest in identifying compounds with anti-cancer
potential. Legumes contain several compounds including saponins, protease (Bowman-
Birk) inhibitors, phenolics, phytoestrogens, and phytic acid that have been examined with
respect to colon cancer inhibition. In an attempt to summarize these studies, protease
inhibitors (270-272) and phytic acid (273-276) inhibit colon cancer most consistently in
animal models, whereas phytoestrogens (17, 277-279) do not appear to modulate colon
cancer risk. Limited data are available for saponins (280) and phytosterols (281).

The Bowman-Birk protease inhibitor (BBI) and phytic acid (IPs) have been the
most extensively studied components in legumes, and both consistently inhibit
€xperimental carcinogenesis in the colon (270-276) and at other sites (282-289), The

mechanisms of inhibition by either compound are not known with certainty. BBIs are
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small (6-10 kDa) proteins that can bind to and inhibit both chymotrypsin and trypsin
(143). BBI distributes among most tissues within 3 hours following oral administration,
the highest concentrations remaining in intestinal contents and urine (290). Because the
catalytic activity within tissues remains intact (291), Kennedy proposed that BBI may be
inhibiting one or more enzymes involved in inducing the transformed phenotype (148-
149, 291). In support of this, BBI has been associated with reversing the up-regulation of
proteolytic activity in the oral epithelium following carcinogen treatment (292) and
suppressing radiation-induced expression of proto-oncogenes (c-myc) in colon tissue and
cancer cell lines (170, 293).

Vucinek and Shamsuddin (294) suggested that phytic acid (IP¢) inhibits tumor
growth by affecting cellular signaling through lower inositol derivatives. There is some
evidence that P interacts with the Akt-NFkB cell survival pathway (295). Sandra ef al.
(295) reported that pre-treatment of IP¢ to HeLa cells inhibited insulin or TNF induced
Akt phosphorylation and NFkB translocation into the nucleus. In this study, neither PI-3
kinase activity nor the MAP kinase signaling pathway was affected by IP¢ however there
was a significant reduction of Akt translocation to the plasma membrane, potentially
through antagonist binding of IP, to the pleckstrin homology domain of Akt (295).
Treatment of cells with IP¢ induces a G1 cell cycle arrest and reduces cells in the S phase
in breast (296), colon (296), and prostate cancer cell lines (297). Additionally, IP¢ and
inositol derivatives containing at least 3 phosphates (IPs, IP4, and IP;) can bind divalent
metals, and reduces iron catalyzed lipid peroxidation (298) and high iron-induced

promotion of colon tumorigenesis in rats (299).
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Most of the experimental evidence suggesting phytoestrogens, in particular
genistein, may prevent cancer has been derived from in vitro studies. Genistein
suppresses growth and induces apoptosis in a variety of cancer cell lines (300-308).
Genistein has also been shown to inhibit lipid oxidation (309-310), suppress angiogenesis
(311-314), and at high concentrations inhibits tyrosine kinases (315). However, animal
studies examining the potential of purified phytoestrogens to modulate colon
carcinogenesis are generally not supportive of a protective effect (17, 277-279). Four
studies have been conducted long enough for tumors to develop and neither found a
significant reduction in colon tumorigenesis by feeding genistein (277, 279), genistin
(17), or a mixture of soy isoflavones (17, 280-281). In one study, genistein (250 pg/g
diet) enhanced tumor multiplicity in the colon of rats administered AOM (277).
Similarly, Bennink et al. (17) fed genistin or a mixture of isoflavones (genistin, daidzin,
and glycitin) in amounts comparable to that in defatted soy flour and found that genistin
increased the number of rats with tumors (P = 0.06), although the tumors that developed
were smaller than in controls. The other two studies found no effect of phytoestrogens on
intestinal tumorigenesis (278-279). Therefore, phytoestrogens fed as purified compounds

are likely not sufficient to inhibit colon cancer in established animal models.
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E. RATIONALE.

CRC is a significant health problem in industrialized countries. In the United
States, it is the fourth most common cancer and the second leading cause of cancer
mortality (19). Despite improvements in adjunct therapy for those diagnosed with
colorectal cancer, the relative five-year survival rate is currently only 63% (19). When
detected at an early, localized stage, the overall prognosis improves. However, due to
low rates of screening in the general population, only 39% of CRC cases are diagnosed at
this early stage (19). Clearly, prevention strategies aimed at early detection and
modifying risk factors have the potential to reduce medical costs and age-adjusted
mortality associated with the disease.

Dietary habits strongly influence the development of CRC, and dietary factors
associated with an increased or decreased risk for CRC have been identified (2-4)
(TABLE 1). Several of the mechanisms proposed to explain the relationship of diet to
risk of colon tumorigenesis are related to modulation of mucosal abnormalities that favor
adenoma formation. For example, in the colon of individuals at high risk for CRC and in
animals treated with colon carcinogens, an upward shift of proliferative epithelial cells
towards the lumen has been described (37, 40). The anti-cancer properties of some
dietary components have been attributed to reversing mucosal hyperproliferation (124-
129, 262), either through enhancing apoptotic indices (200, 202), favoring differentiation
(200, 202, 262), and/or modulating mitogenic enzyme activity (201, 205-208).

Recent studies have begun to explore dietary differences in mucosal gene
expression utilizing microarrays, and have revealed a more complex involvement of diet

on expression of genes involved in apoptosis, immunity, and endocrine changes
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potentially contributing to colon cancer inhibition (316-317). Because the anti-neoplastic
effects of many dietary components precede adenoma formation, further characterization
of these events may lead to a more thorough understanding of diet on CRC etiology and
provide a rationale basis for specific public health recommendations aimed at colon
cancer prevention.

The AOM-induced rodent model is frequently utilized to examine dietary
influences on colon carcinogenesis. Using this model, dry beans (14-15) and soy flour
(16-18) have been previously demonstrated to inhibit the both the incidence and
multiplicity of colonic tumors compared to rats fed a control (casein-based) diet. The
mechanisms underlying altered susceptibility to colon cancer by beans have not been
fully elucidated. Because beans inhibit the occurrence and the number of tumors (14-18)
that develop rather than the size of colon tumors (mg tumor/tumor bearing rat) (15), the
current study was designed to examine potential chemopreventative mechanisms of beans
early in the neoplastic process. Therefore, the central hypothesis of this research is that
beans inhibit colon cancer by modulating mucosal expression of genes regulating
epithelial cell growth and differentiation. The primary objectives were to: 1) identify
genes involved in cellular growth and differentiation that are significantly increased or
decreased in colon tumors compared to normal colonic epithelium; and 2) identify which
of these gene changes in non-neoplastic mucosa were attenuated by feeding beans using

microarrays.

To test my hypothesis, three experiments were conducted:

l. In the first experiment, microarrays were used to profile genes differentially

33



expressed in rat AOM-induced colon cancers compared to non-neoplastic colonic
mucosa. Because AOM is a global methylating agent and early gene changes have
not been previously described, results from this experiment provided insight into
biological processes involved in tumor promotion (CHAPTER III).

2. Having determined genetic alterations associated with cancer promotion, the second
experiment was conducted to profile genes altered in non-neoplastic mucosa to
identify early cellular events permissive for tumorigenesis and those affected by
dietary treatment. Microarrays were performed on RNA isolated from normal-
appearing colonic mucosa in rats treated with either carcinogen (AOM) or saline and
fed a control (casein)-, black bean-, or soy-flour based diet. I anticipated that genes
important in dietary suppression of colon carcinogenesis would have altered
expression (increased or decreased) that correlated with tumor incidence and

proceeded in the following sequence (CHAPTER IV).

4 Colon tumors
Increased Colonic mucosa from Casein-fed, AOM-injected Decreased
mRNA 1 Coloni from Black Bean/Soy-fed, AOM-injected | er
expression olonic mucosa from Black Bean/Soy-fed, -injected | expression
Colonic mucosa from Casein-fed, saline-injected
Colonic mucosa from Black Bean/Soy-fed, saline-injected ‘

3. The third experiment was conducted to determine if diet-related differences in gene
changes correspond to alterations in epithelial kinetics and colonic inflammation

using immunohistochemical techniques (CHAPTER V).
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