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ABSTRACT 

Bile, known for millennia to play a role in health and disease, is currently being 

studied for its pivotal contribution to the development and possible prevention of colon 

cancer. Bile acids, the active ingredients in bile, vary greatly in chemical structure and 

biological activity. Some bile acids have long been suspected to play a role in the 

development of colon cancer. Particularly, highly hydrophobic bile acids, such as 

deoxycholic acid (DCA), are known to promote the formation of colon tumors in 

animal models. However, one moderately hydrophobic bile acid, ursodeoxycholic acid 

(UDCA). has been shown to be a colon cancer chemopreventive agent, although its 

mechanism of action is unknown. Originally, it was believed that increased 

hydrophobicity caused high levels of cell membrane perturbation and digestion, thus 

resulting in cell death. In addition, it was believed that bile acids could cross 

membranes to a level related to their hydrophobicity and interact with intracellular 

molecules to induce biological responses. My studies have shown that while bile acid 

biological activity is related to hydrophobicity. bile acids do not have the innate ability 

to cross colon cell membranes. While highly hydrophobic bile acids cause a rapid 

induction of apoptosis and moderately hydrophobic bile acids cause growth arrest in 

colon cells, no evidence could be found to show that bile acids could enter colon cells. 

In fact, my data indicate that bile acids activate signaling cascades through 
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transmembrane receptors on the plasma membrane. It is the activation of these 

signaling pathways, which result in DCA-induced apoptosis or UDCA-induced growth 

arrest. My studies have shown that DC A has the ability to activate GADD153. 

FADD, and caspase 8 and that activation of these molecules is necessary to produce 

apoptosis. Additionally. I discovered that UDCA activates Rb and GADD153 and has 

the ability to induce 01 growth arrest and protect cells from DC A induced apoptosis. 

Interestingly. I found that while DCA and UDCA cause drastically different cellular 

responses, my data suggest that they signal through shared pathways. I show that both 

bile acids induced GADD153 expression and UDCA could modify DCA activity. 

These studies also show two possible mechanisms by which UDC.A acts as a chemo-

preventive agent: by causing growth arrest and by preventing DCA induced apoptosis. 
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CHAPTER 1 

INTRODUCTION 

I. Epidemiology of Colon Cancer 

Colon cancer is a major cause of morbidity and mortality in developed 

countries. To effectively combat this disease, a thorough understanding of the many 

factors that contribute to colon tumor development must be achieved. A variety of 

environmental and genetic factors involved in the initiation and progression of colon 

cancer have been identified. Understanding how these factors increase the risk of colon 

cancer may lead to more effective treatments that can prevent or cure this ruthless 

disease. 

a. Structure and Function of the Colon 

The colon, often called the large intestine or large bowel, is approximately five 

to six feet in length in adults and is located in the abdominal cavity (51). The structure 

of the bowel is divided into five anatomical sections (Figure 1.1) which all play a role 

in forming, storing, and expelling waste matter. The cecum, located at the right lower 

quadrant of the abdomen, is the beginning of the colon and is the point where the small 

intestine attaches (51). Partially digested food material enters the cecum where it is 

stored until it moves up into the ascending colon. The ascending colon begins in the 

lower right quadrant and extends to the upper right quadrant of the abdomen where it 



GaHbladder 
(Bile Storage) 

Small Intestine 
(Fat Digestion 
and Absorption) 

Colon 
(Excretion and 
Bacterial 
Modification) 

HH Figure l.l Colon Structure and Bile 
V|V Circulation 

The dotted lines represent the direction in which bile circulates throughout 
the digestive tract. Bile is synthesized by the liver, stored in the gallbladder 
and then released into the small intestine, where it it either returns to the 
liver or is excreted into the colon. Digestive tract image taken from Bishops 
College, Department of Biology. 
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attaches to the transverse colon. The ascending and transverse colons function to 

absorb salts, water and metal ions (34). The transverse colon extends from the upper 

right to upper left quadrant and attaches to the descending colon. The descending colon 

reaches down to the lower left quadrant where it attaches to the S shaped sigmoid colon 

(51). The descending colon functions to absorb water and control the movement of the 

feces to the sigmoid colon, where waste then moves into the rectum for excretion. 

The colon is made up of four distinct cellular layers. Starting from the luminal 

surface, or inside of the colon, these layers are the mucosa, submucosa. muscularis 

externa and the serosa (51). The mucosa is made up of many closely spaced cr>'pts and 

these crypts are lined with a single layer of epithelial cells (56). These epithelial cells 

are known as columnar absorptive cells (56). It is from these epithelial cells that most 

colon tumors arise (lOl. 184). The cells at the base of the crypts are undifferentiated. 

Starting in the lower two thirds of the crypts, the epithelial cells divide and then migrate 

to the luminal surface (51). This migration takes between three and eight days in 

humans (51). The quantity of food consumed in the diet has been shown to be directly 

related to the rate of epithelial migration and cell turn over. During times of starvation, 

the epithelial cells have a marked reduction in division, however when adequate 

amounts of food are consumed, the epithelial cells rapidly proliferate (51). During the 

migration, the epithelial cells differentiate and then are sloughed off as they reach the 

lumen (51). 
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b. Colon Cancer Incidence 

Cancer of the colon is currently the second leading cause of death due to cancer 

for residents of westernized countries. Approximately 150.000 new cases of colon 

cancer will be diagnosed in the United States this year and more than 50.000 deaths 

will occur (69. 70). For the most part, this disease strikes people of advanced age. vvith 

the mean age of diagnosis being 70 years old for men and 73 for women (114. 122). 

The majority of diagnosed cases of colon cancer are in people over the age of 50 (122). 

Currently, colon cancer incidence is slightly higher among men than in women, but this 

disease strikes all classes and ethnicities (16). 

For those diagnosed with colon cancer, early detection has been found to play a 

vital role in patient survival. Cancer development in the colon begins as an increase in 

proliferation of the epithelial cells in the colon crypts. There is evidence to indicate 

that this increase in proliferation may be due in part to a reduction in the normal levels 

of programmed cell death or apoptosis (106). Often, these aberrant crypts develop in 

clusters and are called aberrant crypt foci (ACF). The increase in cell number 

associated with ACF eventually causes the formation of a colon polyp and it is widely 

believed that these polyps are the precursors to malignant tumors (11. 153. 154). Early 

removal of the polyps before they become malignant can prevent them from growing 

large enough to obstruct the colon or penetrate the colon wall and metastasize to distant 

organs (25). 
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For those diagnosed with localized polyps, surgical removal provides five year 

survival rates of over 90% (92). However, in those patients diagnosed with regional 

disease, survival rates drop to approximately 78% (92). Only about 7% of patients 

diagnosed with advanced disease survive five years. Fortunately, at time of diagnosis. 

74% of patients are found to have either localized or regional disease (92). 

Interestingly, the five-year survival rates are relatively similar across a broad range of 

age groups. Persons over the age of 65 at time of diagnosis have an overall five-year 

survival rate of 61.2% while patients younger that 65 have a 62.1% survival rate (148). 

These data indicate that surviving colon cancer is based on the stage in which the 

disease is discovered and is not related to the age of the patient at the time of detection. 

Because of these findings, there has been an increased effort by the medical community 

to detect colon cancer in its early stages (70). The most accurate means of detecting 

colon polyps or cancer is through visualization of the entire colon called a colonoscopy. 

Other methods used for early detection of colon cancer include digital rectal exam, 

sigmoidoscopy, fecal occult blood test, and barium enema. The use of these protocols 

has increase five-year survival rates from 50.1% in the years 1974-1976 to over 62% in 

the years 1986-1993 (93). 

While the United States and many westernized countries are plagued by colon 

cancer deaths, colon cancer is relatively rare in countries of Asia. .A.frica and parts of 

South America. People living in most of Western Europe. New Zealand, and Australia 

had the highest rates of colon cancer in the world among men and women (130). 
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Russia, the United States, Canada and Hong Kong had moderate rates of colon cancer, 

while Greece, Thailand, China, Korea, Venezuela, and Mexico had the lowest rates 

(130). For this reason factors such as genetics, lifestyle and environment have been 

scrutinized for their role in cancer development. 

II. Molecular Basis for Colon Cancer 

A genetic mutation in a particular gene can predispose a person to develop a 

specific type of cancer (21). Inherited mutations in the xeroderma pigmentosum (XP). 

BRCAl. p53 or rentinoblastoma (Rb) genes have been shown to increase the risk of 

skin, breast, colon and retinal cancers respectively (21. 67. 118. 126). Often mutations 

to specific genes involved in inherited types of cancer are seen mutated in sporadic 

cases of that same cancer (21). This tinding led to the understanding that mutations in 

specific genes were important for controlling the development of certain cancers. 

Further study has shown that these genes are often involved in damage repair 

mechanisms and the control of the cellular lifecycle. To effectively tight colon cancer, 

the genes and mechanisms that control its development must be thoroughly understood. 

a. Regulation of Cell Growth and Apoptosis 

For cells to grow and divide they must complete an ordered series of steps. The 

complex process of cell division requires a variety of signaling cascades and gene 
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activations to be successful (Figure 1.2). After a cell is formed from mitosis, it enters 

Gl or gap I phase of the cell cycle. In this stage the cell volume increases dramatically 

and RNA and protein are synthesized (94). This phase may last many hours or decades 

depending on the cell type. Those cells that permanently remain in GI are said to be in 

the GO phase of the cell cycle. Growth factor binding to growth factor receptors during 

the final phases of Gl causes cyclin D to be e.xpressed and assembled (17). 

Once cyclin D is expressed it binds to cyclin dependant kinase 4 or 6 (CDK. 4. 

6) (94). This complex then phosphorylates and activates the pi07 and retinoblastoma 

protein (Rb). Until this point, pi07 and Rb are bound to the transcription factor E2F. 

but activation of these proteins causes the release of E2F (24. 94). E2F then enters the 

nucleus of the cell and activates the machinery needed to replicate DNA and drive the 

cell in to S (synthesis) phase (97). During late Gl phase, due to the transcription 

activities of E2F. cyclin E is expressed and binds to CDK2 (94). This complex also 

phosphorylates the Rb protein and causes the release of E2F (24). If the cell has 

sustained DNA damage during this period. CDK inhibitors such as p21 and p 16 are 

expressed and they prevent CDKs from binding to the cyclins (17. 63). These 

inhibitors keep Rb in the hypophosphorylated form and the cell blocks in Gl (63). If 

the cell is fionctioning properly it will continue into S phase. 

As the cell enters S phase it must inactivate E2F so that DNA synthesis can 

occur (37). To deactivate E2F. cyclin A binds to CDK2 and this complex binds to and 

inactivates E2F (24). If this complex does not form, the cell will block in S phase due 
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Figure 1.2. The Cell Cycle and Important Checkpoints 



to the activated E2F (24). During this time the DNA in the cell doubles and the 

chromosome number goes from 2n to 4n (37). 

When the cell has completed replication of the DNA, the cell enters another gap 

or resting phase called G2 (173). During this phase cyclin B is expressed and binds to 

CDK I and this comple.x signals the cell to enter mitosis. If DNA damage occurs 

during G2. the cell will accumulate and activate p53 (17. 173). Once activated. p53 

will translocate into the nucleus and activate e.xpression of the tumor suppressor gene 

p2l (10. 164). p21. in turn, blocks formation of the cyclin B/ CDKl complex, causing 

the cell to arrest in G2 (63. 94). 

A cell's ability to arrest its growth after experiencing DNA damaged is an 

important mechanism allowing the cell time to repair itself before progressing to 

division (119). In addition, growth arrest helps to prevent DNA mutations from being 

perpetuated in future cell generations (17. 119). The loss of this important mechanism 

is often seen in cancer cells (17). Lacking the ability to growth arrest after DNA 

damage not only allows cancer cells to increase the speed of their growth, but to accrue 

mutations at a faster rate (119). Any process that increases the accumulation of 

mutations will also increase the rate of cancer development. In addition to an increase 

in growth rates, most cancer cells also have a decrease in cell death (19. 42). Both 

processes work together and allow cancer cells to out grow neighboring normal tissue, 

thus forming a tumor. 
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Cell death is an important part of maintaining the normal architecture of the 

tissues in the body (5). Cells can undergo programmed cell death or apoptosis when 

they are no longer needed, are damaged or infected with a virus. Apoptosis is a normal 

and necessary part of development and occurs extensively during embryonic growth 

(5). Additionally, apoptosis is required to maintain the immune system and other body 

processes. Apoptosis is an active form of cell death requiring an energy input, whereas, 

necrosis is characterized by passive degeneration of a cell. Morphological and 

biochemical changes associated with apoptosis. have been extensively studied and been 

shown to be shared by most cells (73). 

Apoptosis cell morphology progresses though a series of steps (Figure 1.3). 

Cells that have been targeted to die first show condensation of the chromatin in the 

nucleus (III). The nucleus then shrinks to a dense sphere still surrounded by an intact 

nuclear envelope (73). At this point the nucleus may remain in a single ball or bleb to 

form multiple fragments called nuclear bodies (73. 111). During this time the DNA 

becomes highly fragmented due to digestion by a variety of enzymes including caspase-

activated DNase (CAD), an enzyme that has the ability to cleave DNA (109. 110). 

While undergoing this form of cell death, the cell becomes rounded in shape and 

detaches from its surrounding environment (73). In tissues of the body, an apoptosing 

cell would either be absorbed by neighboring cells or phagocytes, or in tissue culture 

the cell would tloat in its surrounding medium. 
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A. B. 

N  

Figure 1.3. Morphological Characteristics of Apoptosis 
Panel A. An electron micrograph of an HCTl 16 cell undergoing 
apoptosis after treatment with DC A. Arrows point to apoptotic 
nuclei. Panel B. SK-NS-H cells undergoing apoptosis. Cells 
stained with Acridine Orange and Ethidium Bromide. 
Arrows point to apoptotic nuclei. Panel 1 taken from Martinez, 1998 



25 

The tumor necrosis factor (TNF) family of receptors are involved in receiving 

and transmitting signals that induce a cell to undergo apoptosis (Figure 1.4) (14). This 

family has several known receptor members including the TNFR. fas R (CD95). TNF-

related apoptosis inducing ligand receptor 1 and 2 (TRAIL R1 and R2) and TNF-like 

weak inducer of apoptosis (TWEAK) receptor (98). All of these receptors have an 

internal domain called the death domain (DD), which binds to intracellular molecules 

involved in apoptosis or necrosis signaling (55). There are also several decoy 

receptors, including TNFR I-associated death domain protein 3 and 4 (TRAIL R3 and 

R4) that may bind the ligand TRAIL, but do not transmit any intracellular signals (159). 

These decoy receptors are thought to be anti-apoptotic in nature because they bind 

TRAIL and prevent true death receptors from being acted upon by this ligand (121. 

159). 

Once activated, these death receptors bind to several proteins to form the death 

initiation-signaling complex (DISC) (98). The fas receptor, the best-characterized 

death receptor, plays a crucial role in the regulation of apoptosis. Fas R can be 

activated by the fas ligand. by UV light and other stimuli. Once activated, fas receptors 

bind together and form aggregates in the cell membrane. The internal surface of the 

receptor then recruits the binding of the fas associated protein with death domain 

(FADD) (159). FADD binds to and converts pro-caspase 8 to the active caspase 8 (14). 

This activation of caspase 8 leads to activation of caspase 3 and other caspases. which 
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Figure 1.4. Death Receptor Signaling and Apoptosis 
The TNF family of death receptors include fas, TRAIL R1,R2, R3, R4, 
TNF-R and TWEAK. 
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ultimately leads to the death of the cell (159). TRAIL RI, R2 and TWEAK respond in 

this same manner to signal apoptosis (14). TNF receptor (TNF-R) responds to its 

ligand. TNF-a. in a similar manner to fas R. however the DD of TNF-R binds to 

TRADD or RJP (14. 55). IfTRADD binds to the death domain of TNF-R. then FADD 

is recruited and activation of caspase 8 occurs and apoptosis ensues (159). However, if 

TNF-R binds to RIP. this complex signals for the cell to undergo necrosis. TRAIL R2 

also has the ability to bind RIP to its death domain and induce necrosis (159). 

When a cell suffers, and is unable to repair. DNA damaged caused by radiation, 

viral infection, or chemical exposure it can undergo apoptosis (121). Usually, the DNA 

damage can trigger activation of death pathways or the immune system can signal 

abnormal cells to undergo apoptosis by activating the fas pathway (159). Any mutation 

that would prevent normal activation of a death receptor pathway could allow a cell to 

escape this immune surveillance. Because many cancer cells lack the ability to undergo 

apoptosis. their growth can often go unchecked by the body's nature defenses. 

b. Inherited Diseases Leading to Colon Cancer 

Most people afflicted with colon cancer are of advanced age. however, in some 

families, colon cancer affects the very young. Patients with a mutation in the 

adenomatous polyposis coli gene (APC), which is located on the long arm of 

chromosome 5. develop hundreds to thousands of polyps in their colons usually before 
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the second decade of life (35, 53). This disease, called familial adenomatous polyposis 

(FAP), is usually inherited and accounts for about 1% of all colon cancer cases (53). 

For patients affected with this disease, drastic measures must be taken early in life to 

prevent the polyps from developing into colon cancer. The genetic basis for this 

disease and the phenotype caused by APC mutations suggests that changes to the APC 

gene are important events in the development of many colon cancers (68). 

It is known that the APC gene plays a role in signal transduction pathways that 

control cell cycle, cell adhesion and possibly apoptosis (177). Mutations to .APC 

usually result in a truncated protein that has abnormal or lost function.(53). Normally. 

.•\PC forms a comple.x with P-catenin and GSK3 p (20. 53). This complex causes P* 

catenin to be phosphor>'lated and subsequently degraded (20. 178). However, when 

.A.PC is mutated, p-catenin remains unphosphorylated and accumulates in the cell. The 

increased levels of p-catenin initiate transcription of cyclin D and the oncogene c-myc. 

both of which are important for commencement of cell division (20). In addition to its 

role in cell division. APC is also expressed in cells undergoing apoptosis. Cells at the 

base of colon crypts divide and then migrate to the top or luminal surface of the crypt 

where they undergo apoptosis (51). Cells at this luminal surface undergoing apoptosis 

in normal mucosa are found to express APC. However, in abnormal tissue where 

apoptosis is reduced. APC was only expressed sporadically. The addition of wild-type 

APC to cancerous cell lines expressing mutant APC. causes an increase in apoptosis. 
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These data show that the mutation of APC can increase the risk for developing colon 

cancer. 

It is known that DNA mismatch repair genes, especially hMHl/hMSH2. are 

important for maintaining DNA integrity (129). Mutations to DNA repair genes results 

in increased accumulation of mutations. Studies have suggested that deficiencies in 

DNA mismatch repair genes contribute to the development of Lynch syndrome, also 

known as hereditary non-polyposis colorectal cancer (HNPCC) (129). This inherited 

disease accounts for approximately 5 to 10% of all colon cancer cases and can be 

caused by a mutation to any of the five DNA mismatch repair genes MSH2. MLHl. 

PMSl. PMS2. or MSH6(13). 

Throughout the human genome, there are sequences of dinucleotide and 

trinucleotide repeats. These sequences are called microsatellites. These repeats are 

difficult for DNA polymerase to reproduce and are prone to replication errors due to 

DNA polymerase slippage (129). In patients with HNPCC. this slippage results in 

mutations that cannot be repaired by their non-functional mismatch repair proteins (9). 

This lack of normal repair results in microsatellite instability (MIN) (9). Inherited 

mutations in mismatch repair genes leads to increased mutation rates in the cells of 

patients. This rapid accumulation of mutations in other critical genes such as APC. ras 

and p53 causes 80% of ^^NPCC patients to develop colon cancer. 

Clearly, particular genes play a major role in the development of colon cancer. 

However, just knowing which genes are mutated does not completely explain 
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molecular mechanisms of colon cancer development. An understanding of how these 

genes function in signaling pathways and the importance of the pathways themselves in 

needed to have a more complete model of colon cancer. 

c. Genetic Factors of Colon Cancer Deveiopment 

The conversion of normal colon tissue to that of a cancerous tumor usually takes 

decades and occurs in a step-wise process (38). The escalation from normal tissue to an 

adenoma and tlnally to a carcinoma is associated with the accumulation of mutations to 

genes important for controlling cell growth, differentiation. DNA repair and cell death. 

By analyzing the genetic mutations found in abnormal colon tissue in all stages of 

cancer development it has become clear that several genes are commonly involved in 

progression of this cancer (Figure 1.5). Genes important to this process include, but are 

not limited to. APC. K-ras. p53 and hMHl/hMSH2 (38. 54). In addition to mutations 

in these particular genes, deregulation of the pathways in which they signal is also an 

important step in the progression of cancer. 

A gene often found mutated in colon tumors is ras. More than half of all 

patients with a colon cancer are found to have one of their ras genes mutated. The ras 

family includes three closely related genes. K-ras. H-ras and N-ras. which all form a 21 

kDa G-protein (1). Interestingly, only specific forms of mutated ras are associated with 

specific cancers. For cancer of the colon, only k-ras is found to be mutated. This 

oncogene, usually activated by a variety of growth factors, has long been known to be 
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Figure 1.5. Genetic Factors in Colon Cancer 
Development 
Mutations in APC, DCC and pS3 are commonly seen in colon cancer. 
In addition, activation of k-ras and increased DNA hypo-methylation 
also contribute to tumor development. 
Figure adapted firom Fearon and Vogelstein, 1990. 
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involved in signaling cell growth. Evidence suggests that mutations in the ras gene are 

an early event in the progression of tumors from adenomas to carcinomas. While 

ninety percent of adenomas smaller than Icm are found to e.xpress normal ras. 

adenomas greater than 1cm and carcinomas are found to have ras mutations 

approximately half of the time (2, 168). Because, ras mutations occur very early in the 

development of colon cancer, it is often used as a biomarker for early detection of this 

disease (2. 161. 168). 

The human colon cancer cell line HCT116 contains an activated k-ras gene. 

Normally these cells are able to grow in soft agar and form tumors in nude mice. 

However. HCT1I6 cells with ras homozygously knocked out were no longer able to 

grow in soft agar or nude mice (I. 155). These e.xperiments demonstrate that mutated 

ras is an important component for colon cell tumorigenesity. 

The most well studied pathway for ras signaling is the epidermal growth factor 

receptor pathway (EGFR). When the EGFR. is activated, it turns on a signaling 

pathway that induces the cell to grow (182. 183). Interestingly, it is known that 

abnormal expression of any of the molecules involved in the EGFR signaling pathway, 

not just ras. can play a role in colon cancer development (182. 183). For e.xample. one 

third of all epithelial cancers are found to have the epidermal growth factor receptor 

itself over-expressed. 

The plasma membrane, where the EGFR resides, is a complex structure made of 

lipids, proteins and carbohydrates. The plasma membrane acts as a barrier to the 



external cellular environment, but also functions to transduce signals from the outside 

to the nucleus (7). This signaling is vital to maintain proper cellular activities. 

Perturbations to the plasma membrane can alter the signaling of many receptors, 

including the EGFR (41). 

Within the plasma membrane are a variety of microdomains that are 

characterized based on their chemical content. Areas enriched in glycosphingolipids 

and cholesterol are called lipid rafts, as these domains can "float" within the membrane 

(48). Lipid rafts are thought to form do to interactions between the polar domains of 

the lipids and by hydrogen bonding between cholesterol and the sphingolipids (128. 

135). Caveolins are a family of proteins that include I alpha. I beta. 2 and 3. that 

reside in the plasma membrane and participate in the formation of panicular 

microdomains called caveolae (60, 125. 157). When one or more members of the 

caveolin family of proteins are associated with a lipid raft, a caveolae will 

spontaneously form (7. 86). A caveolae is an omega or flask shaped invagination in 

the plasma membrane approximately 70nm in diameter (Figure 1.6) (135). Many 

signaling molecules are found associated with caveolae. including the EGFR. ras and 

others (41. 96. 116. 125). Disruption of the caveolae by reduction of cholesterol or a 

mutation to caveolin I can produce inappropriate activation of the signaling molecules 

that normally associate with this particular microdomain (61). 

Ras is normally found localized to the membrane, often near a caveolae domain, 

where it flmctions to cormect activated EGFR with downstream signaling cascades. 
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Diagrammatic scheme of a caveolae in a ceil membrane including 
caveolin 1, cholesterol and sphingolipids. When the EGFR is 
activated by its ligand, it travels out of the caveolae to activate 
a signaling cascade that leads to AP-I activation. Disruption 
of the caveolae by mutation of caveolin 1 or loss of membrane 
cholesterol can result in activation of EGFR without the EGF ligand. 
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Upon activation of the EGFR by epidermal growth factor (EGF), Grb2 binds to the 

receptor and recruits the son of sevenless (SOS) protein to the membrane (Figure 1.7) 

(1. 172). Ras, which already resides at the membrane can now bind SOS. The binding 

of SOS to ras causes ras to undergo a conformational change enabling it to 

preferentially bind to OTP (guanine triphosphate). This binding of OTP activates ras 

and allows it to bind raf (176). Activated PKC then phosphorylates and activates raf 

(176). This activated raf then phosphorylates MEK. Activated MEK in turn actives 

ERK. which in turn travels into the nucleus and activates the transcription of activator 

protein 1 (AP-1). an important signaling complex needed to initiate cell division. 

Mutations in K-ras cause it to be constitutively active with the result being an increased 

expression of AP-1 and inappropriate cell division (162). 

Protein kinase C (PKC) is an important family of serine/threonine kinases 

involved in the EGFR pathway and a variety of other signaling pathways (123). It is 

known that PKCs play a role in cell growth, migration, differentiation, and death (57. 

103. 105). When a PKC isoform becomes active, it translocates from the cytoplasm to 

the membrane where it interacts with a variety of other signaling molecules (66. 123). 

In particular PKC is involved in the phosphorylation of raf and the EGFR. Activation 

of these proteins leads to signaling of cell growth. Often inappropriate activation of a 

PKC isoform can be found in cancer cells. 

The tumor suppressor gene. p53, also known as guardian of the genome, is 

found mutated in approximately half of all carcinomas. Originally. 75% of colon 
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Activation of the EGFR via its iigand or other external stimulus causes 
activation of this signaling cascade leading to expression of AP-l, which 
in turn leads to cell proliferation by signaling the cell to enter the S 
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carcinomas were found to have a loss of the short arm of chromosome 17, later it was 

discovered that this portion of the genome contained the p53 gene (15). The p53 

protein has several domains, which includes a transactivation domain, a DNA binding 

domain, a nuclear localization signal, tetramerization sequence, and regulatory domain 

that is responsible for negative regulation of some binding domains (15). Studies of 

p53 knock out mice have shown that while these nuce develop normally, they acquire 

tumors at an abnormally high rate (97). When a cell experiences genoto.\ic stress, such 

as when it is exposed to a hypoxic environment, y-radiation. ultraviolet light or 

chemical mutagens. p53 rapidly accumulates in a cell (15). 

Normally. p53 is sustained at a low level by rapid degradation. However, when 

cells experience DNA damage. p53 is post-translationally modified by many proteins 

including ataxia telangiectasia mutated (ATM), ataxia telangiectasia and Rad-3 related 

(ATR) and DNA-dependent protein kinase (DNA-PK) (10). There have been 18 sites 

discovered to be modified during p53 activation. Serines 6. 9. 15. 20. 33. 37. and 46 

and threonines 18 and 81 in the N-terminal domain are phosphorylated after DNA 

damage, while threonine 55 is dephosphorylated (10). All of these sites occur in the 

transactivation domain of p53. In response to different genotoxic agents there are 

striking differences in post-translational modifications. For instance, cells exposed to 

UV light respond by phosphorylating serines 15. 37, 315. and 392. while ionizing 

radiation results in phosphorylation of serines 6. 9. 15 and 20 (71). 
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These post-translational modifications result in p53 disassociating from MDM2 

(15). Under non-stress conditions MDM2 binds p53 and targets it for ubiquitin-

mediated degradation but during genotoxic stress, p53 accumulates through 

stabilization and a conformational change results in p53 translocating into the nucleus 

(62). Once in the nucleus. p53 binds to the promoters of many genes and initiates their 

e.vpression, which leads to induction or growth arrest or apoptosis (15). Initiation of 

growth arrest occurs, by p53 induction of the tumor suppressor gene p21 (63). Upon 

activation. p21 inhibits phosphorylation of Rb and thus cells block in the G1 phase of 

the cell cycle (37. 63). Alternatively. p53 has been shown to activate Bax. GADD45. 

fas R. and down-regulate Bcl-2 in some cell types (173). The exact mechanism by 

which p53 induces apoptosis is still not clearly understood, but it is known that cells 

deficient in p53 often have impaired apoptotic function (15). 

Unlike mutations in ras. which are considered as an early event in the 

development of colon cancer, mutations in the p53 gene generally occur late in the 

carcinogenesis process (54. 104). The loss of chromosome 17p is rarely seen in 

adenomas of the colon and mutations to p53 are not frequently seen until a colon tumor 

begins to invade surrounding tissues and organs (38). While most of the changes to the 

p53 gene occur as somatic mutations, there are some cases of colon cancer that can be 

attributed to inherited mutations in p53. Usually these patients are also at greater risk 

of developing other intestinal tumors, breast cancer and sarcomas. 
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III. Environmental Factors and Colon Cancer 

Early epidemiological studies showed that people living in Westernized 

countries had higher rates of colon cancer than people living in other countries (85. 93). 

These studies also noted that if a person moved from a low-risk country to a high-risk 

country that their chances for getting colon cancer would raise dramatically (99. 148). 

This finding suggested that environmental factors contributed to a person's risk of 

getting colon cancer. Once environment was recognized as a major risk factor for 

colon cancer, many investigators looked into various components of a person's 

environment to determine the exact factor(s) causing this disease. Dietary components, 

including fat and fiber intake, strains of microorganisms colonizing the colon and bile 

acid composition in the colon have been intensely studied to determine if these factors 

play a role in colon cancer formation. 

a. Diet 

As early as the 1950s, diet was recognized as a major contributing factor to 

colon cancer risk (147). Specifically, a diet high in fat, high in meat and lacking in 

consumption of fioiits. vegetables and other fiber rich foods is thought to contribute to 

greater susceptibility to colon tumors (99, 115). Dietary components including certain 

minerals, vitamins, and lipids have been analyzed in clinical trials and epidemiological 

studies to determine the exact role of diet and colon cancer (152, 163). 
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Epidemiological studies have shown that people who consume low levels of fiber and 

high amounts of fat and meat have higher levels of fecal bile acids and are at greater 

risk of colon cancer (115, 141, 144). In addition, the consumption of fat and fiber can 

alter the activity of a several intracellular signaling molecules. It was found that rats 

fed diets high in fat and low in fiber e.xpressed higher levels of PKC a and 5. which are 

both known to be involved in the signaling of cell growth (46). 

The laxative effects of foods with high fiber content have long been assumed to 

play a positive role in health. Hippocrates, in 430 BC. described the differences in the 

anii-constipaling effects of unprocessed versus refined wheat (64. pg 126). More than 

two thousand years after Hippocrates first described the health benefits of unprocessed 

wheat are the true health benefits of dietary fiber better understood. Fiber, produced 

only by plants, is currently defined as "any plant material resistant to digestion by the 

endogenous enzymes of humans" (64. pg 126). Fiber can be found in all fruits, 

vegetables, grains and nuts, as it is concentrated in plant cell walls (75). In the large 

intestine, approximately 75% of the fiber is broken down by colonic microflora to 

produce gas, butyrate, propionic acid and acetate (64). It is known that a diet 

containing high fiber levels reduces senun lipid levels. One explanation for this is that 

propionic acid, a product of fiber digestion, is reabsorbed and transported to the liver 

were it suppresses cholesterol synthesis. Another byproduct of fiber, butyrate. has been 

shown to play a direct role in the inhibition of cell proliferation (64. 179). In vivo and 
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in vitro studies have shown that butyrate slows or arrests the growth of normal and 

neoplastic cells in the colon (64). This effect of fiber consumption could directly 

reduce tumor number and size. 

Epidemiological studies have shown the protective effects of fiber in human 

populations. When colon cancer mortality rates were analyzed by country, the higher 

national dietary fiber consumption rate correlated with reduced risk of this disease. 

Currently, the average consumption of fiber in the United States falls between 14-15 

g/day. whereas the recommended daily level is 20-35g/day (64). A study by Howe et 

al.. where 13 case control studies of colon cancer and diet were reviewed, found that 

fiber intake was inversely related to cancer formation (88). In addition, the authors 

concluded that increasing the fiber consumptions of Americans by 13 grams/day could 

reduce colon cancer rates by over 30% (88). However, a recent clinical trial of patients, 

with a previous history of colon polyps, taking wheat bran tiber supplements did not 

show a significant reduction in polyp reoccurrence (3). While this study showed no 

correlation between fiber and polyps, current studies are unable to reproduce the effects 

of a lifetime of high tlber intake. Taken together these data suggest that fiber plays a 

many faceted role in the prevention of colon cancer and is still a valuable area of study. 

Studies of populations in Japan and the United States suggested that colon 

cancer incidence was also related to dietary fat intake (85, 99). Japan had a 14.2 rate 

(per 100,000 males) of colon cancer while the United States was 17.2 (85). This 

directly correlated with fat consumption in the two countries. An average person in the 
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United States consumed 62 grams/day of fat, while people in Japan consumed only 22 

grams/day (163). Animal studies have shown that not only the amount of fat in the 

diet, but the kind of fat was strongly correlated with colon tumor formation. Rats fed 

diets high in animal fats such as lard and beef fat or polyunsaturated fats like com oil 

had the highest rates of colon tumors (141). However, animals fed diets primarily of 

olive or fish oil, even at high levels, had no significant increase in tumor formation 

(141). Identifying the many components of the diet that contribute to colon cancer 

development is important for complete understanding of this disease. 

b. Colonic Microflora 

Bacteria inhabit the entire length of the colon and are thought to play a strong 

role in tumor development. The colon is colonized by a variety of microbes, but the 

exact strains varies greatly among individuals. Approximately lO'^ microorganisms 

inhabit the colon of an average adult (64). Of these microorganisms, several hundred 

strains of bacteria have been identified. The bacterial populations consist of several 

families including bifidobacteria, bacteroides, enterbacteria, eubacteria. enterococcus. 

lactobacillus, Clostridia, veillonella, and peptococcus (64. 143. 146). The host 

environment, namely dietary components, determines the actual strains of bacteria 

colonizing the colon. These bacterial floras modify components of the feces and 

produce a variety of compounds including certain vitamins and some toxins (142. 146). 

These bacteria have the ability to metabolize and ferment carbohydrates, amino acids. 
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and neutral steroids including clioiesterol and steroid hormones (81). Additionally, 

bacteria can enhance their host's immune function and prevent infection by pathogenic 

bacteria (64). However, some bacterial functions play a role in the development of 

colon cancer, including the production of mutagens and the conversion of primary bile 

acids to secondary bile acids through dehydroxylation and deconjugation (Figure 1.8) 

(12. 81, 191). These secondary bile acids have been shown to act as tumor promoters 

in animal models and are probably the most significant contribution bacteria make in 

the development of colon cancer (140. 142). 

c. Bile Acids 

For millennia, bile has been considered an important part of human health (65). 

To the ancient Greeks, bile was one of the four humors or body fluids, and it was 

believed that an imbalance in bile played a role in the development of disease (78). By 

the 18"* century, however, it was understood that bile was a detergent and was often 

used as an effective soap (78). This understanding led early physicians to postulate that 

bile was important for the digestion of fats from the diet (78). Modem chemistry has 

shown us that bile acids are the main component of bile and are responsible for its 

detergent properties (64. 78). Bile acids are synthesized by the liver from cholesterol 
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and stored in the gallbladder (Figures 1.1 and 1.8) (76, 77). The primary bile acids 

produced by the liver in humans are cholic acid (CA) and chenodeoxycholic acid 

(CDCA) (76-78). To a minor extent the liver also produces ursodeoxycholic acid 

(UDCA), lithocholic acid (LCA) and others (76. 77). 

Upon consumption of a meal, bile acids are released from the gallbladder into 

the intestine and act as detergents to aid in the digestion and absorption of fats from the 

diet (Figure l.l) (77). Bile acids contain, as part of their structures, a hydrophobic and 

hydrophilic side, meaning that they possess the ability to be soluble in water or lipid 

environments (77. 78). This amphipathic nature, or "simultaneous presence of 

separately satisfiable sympathy and antipathy for water" (113). allows bile acids to act 

as effective detergents (78. pglO). Bile acid hydrophobicity can vary greatly based on 

their structure, the larger the hydrophobic side of a bile acid, the more hydrophobic it 

will be (Figure 1.9) (84). This increasing hydrophobicity directly correlates with 

detergent and tumor promoting properties. 

When placed in an envirorunent where both water and fats are present, such as 

the small intestine after a meal, bile acids form micelles (151). The structure of a 

micelle consists of many bile acids with their hydrophobic sides surrounding a fat 

molecule (Figure I.IO) (77. 78). This allows for the hydrophilic portion of the bile acid 

to face aqueous liquids keeping the fats in solution. The formation of micelles allows 

the small intestine to absorb the fats (78). Bile acids are also critical for the absorption 
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Panel A. Several bile acids run on gel chromatography separate by 
hydrophobicity. Bile acids arranged in increasing hydrophobicity, 
with the upper most bile acid being the most hydrophobic. Note that 
chenodeoxycholic acid (CDCA) is more hydrophobic than ursodeoxycholic 
acid (UDCA). Panel B. Line structure of CE)CA and UDCA. Note that 
the only difference in structure is the orientation of the C 7 hydroxyl group. 
Panel C. Space filling diagrams of CDCA and UDCA. The black circles 
represent the hydroxyl groups. The shaded side of the molecules are the 
hydrophobic sides and the unshaded are the hydrophilic sides. The 
hydrophobic face of the CDCA is larger than the UDCA due to the 
placement of the C 7 hydroxyl group. Panel A taken from 
Heaton, 1972 pg 70, panel C taken Hofinann, 2001. 



47 

Microvilli of the Small Intestine 

/ \ 
i 

Bile Acid 

^\// A ^ 

• • 

/ff • 
1 n 

6 t 
ii 

iV 

A 

1 

Micelle 
1 
( 

w 

« • • 
• 

Fatty Acid 

1 § 

Figure 1.10. Fat Absorption and Bile Acids 
Diagram of the microvilli of the small intestine. These microvilli are 
the sites were nutrients are absorbed. Bile acids form micelles which allow 
fats and fats soluble materials to be absorbed by the intestine. 
Adapted from Haslewood, 1978, pg 12. 
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of fat-soluble vitamins such as vitamin A, D, E, and K. as well as cholesterol and 

triglycerides (78. 83). 

When bile acids are present in excess, they are not reabsorbed by the liver, but. 

instead, allowed to pass into the colon for excretion. Bile acids, such as cholic acid, 

can be modified by colonic flora to produce secondary bile acids, usually deoxycholic 

acid (Figure 1.8). Bile acids modified in the colon can be re-absorbed by the body and 

become part of the circulating bile acid pool. Abnormal or excessive bile acid 

composition, including high levels of secondary bile acids, in the liver plays a major 

role in many diseases such as primary biliary cirrhosis (inflammation of the bile ducts), 

primary sclerosing cholangitis (scaring or narrowing of bile ducts), cholestatis of 

pregnancy (obstruction of bile ducts due to high estrogen levels) and others which can 

lead to cirrhosis and ultimately liver failure (8. 189). Because bile acids are well 

known for their detergent properties, it has been hypothesized that the high level of 

damage caused by bile acids is due to perturbations and even digestion of cell 

membranes. Recent evidence from studies in liver cells, however, suggests that bile 

acids may damage cells in more specific ways involving membrane receptors and 

intracellular signaling cascades. Data have shown that mouse hepatocytes treated with 

some bile acids induces apoptosis by signaling through death receptors such as fas R. 

and TRAIL-R, and activating apoptosis signaling cascades (52, 80). In mice that have 

had the fas receptor genetically knocked out. bile acids could not induce apoptosis in 

liver cells (52). 
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The transition from a "normal" cell to a cancerous one is categorized into three 

steps; initiation, promotion and progression. When mutations occur in genes that are 

involved in growth, DNA repair, programmed cell death or growth arrest, a cell is 

termed initiated and thus if exposed to the proper conditions has the ability to grow 

abnormally. Mutations in DNA can be the result of exposures to chemical mutagens or 

radiation, but can also occur naturally due to replication errors or the absence of the 

normal DNA repair mechanisms. Promotion of a cancer cell involves a chemical or 

physical agent that increases the growth or creates an environment where the initiated 

cell has a grovvth advantage over normal cells (108). Progression is the process by 

which abnormal cells acquire more DNA mutations, which alters their behavior and 

appearance. DC A is a known tumor promoter, but has also been suggested as an 

initiator. Mice fed the mutagen azoxymethane (AOM), an initiator, and then treated 

over extended periods with DCA. form more colon tumors than mice treated with AOM 

alone (87. 140). Some cell free in vitro studies have shown that DCA has the ability to 

bind to DNA (74. 134). These data suggest that DCA may act as a mutagen. However, 

in animal studies, mice fed with only DCA, and not pretreated with an initiator, failed 

to form colon tumors (87, 140), This suggests that DCA plays a role in the 

development of cancer by acting solely as a tumor promoter. 



50 

IV. Chemoprevention of Colon Cancer 

The high levels of fatalities caused by colon cancer have prompted research into 

ways to prevent this disease. Currently, investigations are underway to identify 

compounds that could reduce the incidence of colon cancer. A wide variety of dietary 

agents and drugs with potential anti-cancer activities are being studied in animal 

models and in clinical trials (185) (Figure l.ll). Among dietary components being 

investigated for anti-cancer activities, the most promising are vitamins with anti

oxidant properties, minerals such as selenium and flavonoids. In addition, some 

pharmacological agents are also being studied for their ability to prevent colon cancer. 

Currently, several agents including non-steroidal anti-intlammatory drugs, ornithine 

decarboxylase (ODC) inhibitors, polyethylene glycol, and ursodeo.xycholic acid and 

have shown considerable ability to reduce the number of aberrant crypt foci and the 

size and number of tumors in animal models. 

a. Dietary Agents 

It has been shown that populations who consume high levels of fruits and 

vegetables are protected against a variety of cancers (147, 152). For this reason many 

nutrients found in fruits and vegetables have been studied for anti-cancer activity. Folic 

acid, which plays a role in nucleotide and amino acid synthesis, appears to have the 
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Agents 
Chemopreventive agents fall into two main categories. Dietary 
supplements and pharmacological drugs. Dietary components that 
appear to prevent colon cancer are usually derived fit>m fruits and 
vegetables. Pharmacological agents tend to be more biologically 
active but also tend to have highly instances of negative side effects. 
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strongest activity against colon cancer. In case control studies of patients with 

ulcerative colitis, increased folate consumption reduced the incidence of colon cancer 

(136). In addition, prospective cohort studies of patients taking folate supplements also 

showed a reduced risk of colon cancer (136). Vitamins A, C. and E, which are anti

oxidants, are currently being tested in clinical trials to determine if they can reduce 

cancer development (152). The research of Dr. Bruce Ames suggests that a deficiency 

in any of these vitamins may cause DNA damage, leading to cancer formation (6). 

Polyphenolic compounds called flavonoids, which are found in plants, also 

appear to prevent cancer (187). Research has suggested that nearly one gram of 

tlavonoids are ingested per day by individuals that consume diets high in fruits and 

vegetables, but only 25mg are ingested by the average American (187). While there are 

numerous tlavonoids in nature, only a few have, thus far. been studied for their 

anticancer activities including quercetin, rutin, myricetin, baicalein, hesperidin and 

others (187). A variety of model systems have been employed to measure the anti-

tumorigenic properties of flavonoids. A common model to measure chemopreventive 

activity is to treat mice and rats with the mutagens azo.xymethane. 

dimethylbenz[a]anthracene (DMBA) or iV-nitrosomehylurea (NMU) to induce tumors 

and then treat the animals with or without the chemopreventive agent. Using this type 

of model system it was discovered that quercetin, rutin, and hesperidin all had the 

ability to reduce tumor formation in the colons of animals (187). In addition, research 

using the human colon cancer cell lines HT29 and CaCo2 has shown that these cancer 
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cells can be induced to undergo growth arrest and apoptosis when treated with the 

flavonoids baicalein and myxicetin. These data indicate that the anti-tumor activity of 

flavonoids may be due to their ability to inhibit or prevent the growth of colon cancer 

cells. 

Some vegetables, such as garlic and broccoli, naturally contain high levels of 

the mineral selenium. Increasing scrutiny has been placed on compounds that contain 

selenium, because it is believed that they may have anti-tumor properties. In rats 

treated with a chemical carcinogen, it was found that they had a reduced number of 

aberrant crypt foci in their colons and mammary tumors if their diets included high 

levels of selenium. 

b. Pharmacological Agents 

While dietary components appear to have promising anti-cancer properties, they 

tend to be less biologically active than many pharmacological agents that are currently 

being tested. Agents that have anti-oxidant, anti-inflammation or anti-growth 

properties appear to be the best cancer fighters. In a study of 126 anticancer agents, the 

anti-inflammatory agents sulindac, piroxicam and celecoxib, the ODC inhibitor DFMO 

and the chemical polyethylene glycol can all reduced aberrant crypt foci number by 

greater than half (40). In addition, the bile acid ursodeoxycholic acid was able to 

reduce the size of ACF in animal studies (40). Understanding the mechanism of action 
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of these compounds and why they are effective may help forward the development of 

drugs that fight colon cancer. 

Emerging, as a likely candidate for colon cancer chemoprevention is a well-

known class of drugs called non-steroidal anti-inflammatory drugs (NSAIDs) (165). 

NSAlDs include such commonly used drugs such as aspirin, ibuprofen, sulindac and 

piroxicam. These drugs are known inhibitors of the signaling molecules 

cyclooxygenase 1 and 2 (COX 1 and 2) (167, 175). COX I. a constitutively active 

protein expressed in the gastrointestinal tract and other tissues, plays an important role 

in the protection of tissue such as the stomach lining (36). COX 2. however, is 

expressed after signaling molecules activate it and, in turn, signals prostaglandin 

expression (33). Activation of prostaglandin signaling plays a role in inflammation, 

immune response, and cell growth. Animal studies have shown that rats, treated with 

the mutagen azoxymethane (AOM) and then subsequently treated with an NSAID. had 

greatly reduced numbers of colon tumors compared with control rats (174). These 

studies showed that aspirin, ibuprofen. sulindac and others were able to reduce tumor 

formation by approximately 50% (174). 

Unfortunately. NSAIDS have some negative side effects due to their lack of 

specificity for the COX isoforms (120). NSAID inhibition of COX I often causes 

gastrointestinal bleeding and ulceration and may impair renal function (167). However, 

the drug celecoxib, a specific inhibitor of COX 2, appears to ftmction as a chemo-

preventive agent without serious side effects (120, 167). Rats treated with AOM and 
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then with celecoxib show almost a complete reduction in tumor formation versus 

control rats (174). From additional studies in human trials, it appears that NSAlDs use 

could reduce colon cancer development. Clinical trials of suiidac show a positive 

correlation between the use of this drug and a sizable to complete reduction of colon 

polyps in patients with familial adenomatous polyposis (FAP) (72). Additional studies 

of patients consuming aspirin have shown a significant reduction in colon polyps (170). 

These studies strongly indicate that NSAIDs are effective chemo-preventive agents and 

that they may act by preventing the inflammation response and cell growth caused by 

COX 2 activity. 

A closer look at the role of inflammation and cell growth in colon tumorigenesis 

suggests that any chemical or physical agent that induces an inflammatory response 

may play a role in tumor promotion. Additionally, any agent that prevents or reduces 

inflammation may be an effective chemo-preventive agent. Bile acids such as 

deoxycholic acid are known tumor promoters and are suspected to cause damage and 

inflammation to the colonic epithelia. DCA has also been shown to activate COX 2 

(44. 190). 

Bile acid composition varies greatly among mammals. While the primary bile 

acids made by humans are CA and CDCA. bears produce mainly UDCA. From zoos 

across the nation, it is known that polar bears do not get colon cancer, even though their 

diet is made up primarily of fatty meats. Ursodeoxycholic acid was first isolated from 

the bile of Chinese black bears in the early 1900s (23). UDCA has been used for 
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hundreds of years in Chinese medicine to treat a variety of liver diseases and was used 

by Japanese to treat liver aliments after World War II. In 1976 several researchers in 

Japan showed that UDCA could successfully treat cholestatic liver diseases (186). Not 

until the late 1980s, was UDCA clinically tested in the United States for treatment of 

diseases of the liver (131, 132). UDCA, also known by its common name Ursodiol and 

brand name Actigall, was approved by the Food and Drug Administration (FDA) to 

treat a variety of disorders. For patients with small, noncalcified gallbladder stones. 

UDCA works slowly to dissolve the stones so that patients do not need to undergo 

surgery. In addition. UDCA therapy is the only effective treatment for primary biliary 

cirrhosis (8). UDCA is also effective at preventing gallstone formation in obese 

patients who are undergoing rapid weight loss and in pregnant women experiencing 

cholestatis (31. 32). Usually, the side effects associated with UDCA are mild and 

include diarrhea, nausea and upset stomach. 

While UDCA has been used for centuries to treat liver aliments, only recently 

was it discovered that its therapeutic properties could benefit other organs (78. 186). A 

retrospective case controlled study in which patients with primary biliary cirrhosis 

received either a placebo or UDCA, showed that patients who received the UDCA had 

a 5.8% reduction in adenomatous polyps of the colon (160). This serendipitous finding 

was the first suggestion that UDCA had activity against colon cancer. More recently. 

UDCA has been shown to reduce formation of colon tumors in animal models (28). 

Animal studies using UDCA in AOM treated mice show a reduction in tumor formation 
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(18. 91). It is known that UDCA does not activate cell growth or cause tissue 

inflammation. A possible insight into UDCA chemopreventive activities is the finding 

that it can protect cells against the damaging effects of some bile acids. Owing to its 

mild side effects associated with taking UDCA for extended periods of time and the 

preliminary data that it prevents colon tumors makes UDCA an ideal chemo-preventive 

agent. 
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V. Statement of the Problem 

As many as 50.000 Americans will die from colon cancer this year making it the 

second leading cause of death due to cancer in the United States. Pinpointing the exact 

causes of this disease are important to understanding how to prevent and cure it. Some 

bile acids promote the formation of colon tumors in animal models and can alter the 

activity of a variety of intracellular signaling molecules involved in cell growth and 

death (30). In addition, the bile acid UDCA has been shown to act to prevent colon 

cancer in animal models. Taken as a whole these data indicate that bile acids play a 

strong role in the induction of colon cancer and some bile acids may actually prevent 

this disease. Ultimately, finding a cure for colon cancer will require a thorough 

understanding of bile acid activity at the cellular and molecular level. 

Currently, it appears that the tumor promoting bile acids, deoxycholic acid, is 

present in the colons of Americans at high levels. DCA has shown the ability to induce 

the expression of COX 2 and cause inflammation in colon tissue. Other studies have 

shown that bile acids affect PKC activity and may activate the EGFR leading to the 

activation of AP-l. which triggers the initiation of cell growth. In addition. DCA has 

been shown to activate the death receptors fas R and TRAIL leading to apoptosis in 

liver cells. These findings indicate that DCA may induce colon tumors by activating a 

variety of signaling pathways leading to inappropriate cell growth or death. 

To facilitate the study of the molecular events involved in bile acid signaling of 

colon cancer. I have chosen to use the colon cancer cell line HCT116. Originally 
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obtained by Brattain et ai. through surgical removal of a colon tumor from a male 

suffering from human non-polyposis colon cancer, this cell line was established in 1979 

(29). From that time this cell line has been extensively studied and used as a model for 

colon cancer. Studies have shown that while HCTl 16 cells have a wild-type APC. p53 

and p2l, they also contain an activated k-ras and P-catenin. and an inactive DNA 

mismatch repair gene (1, 27). In addition, these cells are shown to be exceptionally 

sensitive to the biological activities of bile acids, which make them ideal to study the 

molecular signaling pathways activated by bile acids. 

The biological responses of colon cells to bile acids are dependant on the 

concentration to which they are exposed. To determine what concentrations are 

relevant to American populations. 1 used data from the UDCA phase 1 clinical trial to 

ascertain an appropriate bile acid concentration for testing. The phase 1 clinical trial of 

UDCA as a colon cancer chemopreventive agent determined the biological 

concentrations of bile acids in a healthy population before and after consuming UDCA 

for one month (Table I) (49). It is known that populations that have high levels of 

DCA are at the most risk for colon cancer. For this reason. I chose a concentration for 

my studies that reflected maximal levels seen in this healthy population. Thus, for all 

of my studies, I used bile acid concentrations between 100 and SOOjiM. 
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Pre-Trial Findings 
Average Minimal Maximal 

DCA(nM) 117 28 285 

UDCA(jiM) 11 3 48 

Trial Findings (Patients received dOOmg/day UDCA for 1 month) 

DCA(^M) 212 82 438 

UDCA(^M) 413 18 846 

Table 1. Bile Acid Levels in Fecal Water from 
Patients Participating in the UDCA Clinical Trial 
[Earnest, 1998] 
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Owing to the fact that bile acids have been shown to manipulate some 

intracellular signaling pathways which are known to be the precursors to variety of 

digestive diseases, it is important to determine how bile acids function at a molecular 

level in the development of colon cancer. Hypothesis: Bile acid biological activity is 

due to hydrophobicity related activation of particular membrane receptors 

leading to activation of signaling molecules resulting in either apoptosis or growth 

arrest. To test the above hypothesis my research focused on three areas. Specific Aim 

I: To determine which structural and hydrophobic components of bile acids account for 

their biological activities. Specific Aim II: To use the human colon cancer cell line 

HCTl 16 and genetically altered bile acid resistant HCTl 16 cell lines (HOMUR cells) 

to determine the mechanism of UDC A prevention of DC A induced apoptosis. Specific 

Aim III: To determine the role of receptors and signaling molecules in DCA induction 

of apoptosis and UDCA induction of growth arrest. 
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CHAPTER 2 

MATERIALS AND METHODS 

Reagents and Plasmids 

a. Bile Acids 

DCA, cholic acid, CDCA and hyoDCA were obtained from Sigma Chemical 

(St. Louis, MO) and UDCA was obtained from Calbiochem (La Jolla, CA). All were 

maintained as lOOmM stock solutions in water. All other bile acids, including the 

radiolabeled bile acids, were synthesized by A. K Batta Ph.D. (V.A. Medical Center, 

East Orange, NJ). The bile acids, except for radiolabeled bile acids, were also stored as 

lOOmM stock solutions in water. The radiolabeled bile acids were stored as 200|iM 

stock solutions in PBS. Upon addition of bile acids to media, no change in pH was 

observed. 

b. Plasmids 

The EGFP-Nl plasmid was purchased from Clontech (Palo Alto, CA). The 

dominant negative FADD (in the EGFP-Nl plasmid) was obtained through a generous 

gift from Gregory Gores M.D., Department of Hepatology, Mayo Clinic. Rochester, 

MN. 

c. Antibodies 

The a-tubulin antibody was used at a 1:1000 dilution and was obtained from 

Calbiochem (La Jolla. CA). Rb-HRP antibody obtained from Santa Cruz 
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Biotechnology (Santa Cruz, CA) (cat # sc-50) and was used at a 1:1000 dilution for 12 

hours at 4°C. PKC a, p, 8, £, and were obtained from Gibco BRL as part of the anti-

PKC isozyme sampler set (cat # 10267-011). PKC r| (cat # 13408018) was also 

obtained from Gibco BRL. All PKC antibodies were used at a 1:1000 dilution for 12 

hours at 4°C. GADD153 (B-3) was obtained from Santa Cruz Biotechnology (cat # sc-

7351). Fas R antibody was obtained from Transduction Laboratories (cat # 610198) 

and was used at a 1:500 dilution for 12 hours at 4°C. Caveolin 1 was obtained from 

Santa Cruz Biotechnology and was used at a 1:1000 dilution for one hour at room 

temperature. 

d. Drugs 

The receptor tyrosine kinase inhibitor genistein was obtained from Calbiochem. 

The PKC inhibitor Calphostin C was obtained from Sigma. The PKC activator TPA 

was obtained from Calbiochem. Methyl P-Cyclode.xtrin was purchased from Sigma. 

Cell Lines and Tissue Culture 

The human colon cancer cell lines HCTl 16 and HT29 were purchased from the 

American Type Culture Collection (Rockville, Maryland). The human liver cancer cell 

line HepG2 was a generous gift from Dr. David Lei (University of Arizona). HOMUR 

cells were generated by treating HCTl 16 cells with of ethyl methanesulfonate 

(methanesulfonic acid ethyl ester, EMS) for 12 hours and then selecting for cells that 
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could grow out in 500^M UDCA. HOMUR cells are grown in 250(iM UDCA. All 

CaCo2 cell lines were a generous gift from Dr. Gene Gemer (University of Arizona). 

The CaCo2 clone #60 and #96 were made by stable transfection of CaCo2 with an 

activated K-ras gene by Kathy Lawson (University of Arizona). Both of these cell lines 

have been shown by RT-PCR to over express ras. 

All cell lines were grown at 37°C and 5% CO2 in a humidified atmosphere in 

Dulbecco's modified Eagle's medium (DMEM) (Gibco/BRL, Gaithersburg, MD) 

supplemented with 10% fetal bovine serum (Gibco/BRL). 100 units of penicillin. 

lOOmg of streptomycin. 2mM L-glutamine, 4mM sodium pyruvate and 100|aM non

essential amino acids. 

Cell iVIutagenization fHOMUR Cells) 

To obtain HCTl 16 cells that were resistant to UDCA-induced growth arrest. 1 

used the following approach. HCTl 16 cells were plated onto a 162cm" flask with 

50mL of media and allowed to attach and grow for 24 hours. This produced a cell 

density of approximately 40% confluence. Cells were mutagenized by incubation with 

EMS at the final concentration of 500(ig/mL for 12 hours. Cells were then rinsed three 

times with DMEM, re-fed with media and retiuned to the incubator for 24 hours. Cells 

were split into 20 10cm dishes and allowed to grow for 24 hours before the addition of 

500(iM UDCA to each dish. Cells were re-fed with UDCA supplemented fresh media 
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once a week for four weeks. From this treatment 47 UDCA resistant colonies emerged, 

41 of which were successfully expanded into permanent cell lines. Once the lines were 

expanded into 10cm dishes, cells were maintained in ISO^iM UDCA. These lines were 

designated HOMUR cells for HCTl 16 Odd Morphology UDCA Resistant. 

Bile Acid Hvdrophobicitv 

To determine bile acid hydrophobicity, all non-conjugated bile acids were run 

on high performance liquid chromatography (HPLC). The HPLC analysis of the bile 

acids was performed on a Hewlett-Packard Series 1100 instrument equipped with a data 

system to store and analyze data. The chromatography was carried on a Zorbax eclipse 

18 XBD-C reversed-phase column (4.6 mm l.D. x 25cm; 5|^ particle size) and a Hewlett-

Packard 1047A refractive index detector was employed for detection of the various bile 

acids. Ten micrograms of the bile acid was dissolved in 10|j.L methanol and was 

injected into the HPLC column. A solvent system consisting of methanol; water; acetic 

acid, 10:30:0.1 (v/v/v) was used and the flow rate was maintained at 2mL/min 

(operating pressure, 200-300 bars). 

Apoptosis Assays 

For apoptosis assays 100,000 HCTl 16 cells were added to 60mm tissue culture 

plates and allowed to attach for 24 hours. This concentration of cells produced 30-40% 
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confluency at the time bile acids were added. The cells were treated with 500|iM bile 

acids for the times indicated. The media were removed and saved. Cells were then 

rinsed in PBS and then trypinized and re-suspended in the saved media. Approximately 

5xI0^cells/mL were treated with 100|4.g/mL each of acridme orange and ethidium 

bromide. 

Viable cell nuclei stain green from the acridine orange. Apoptotic cell nuclei, 

which are condensed and often fragmented, acquire a red color from the ethidium 

bromide, which enters the nucleus due to increased nuclear membrane permeability. 

Cells were viewed microscopically at the 60X dry objective under UV light. Cells were 

counted as either viable or apoptotic by morphological criteria 

^H- thymidine incorporation 

HCTl 16 cells were plated at a density of 350.000 cells per well, of a 24 well 

plate, in ImL of medium. After 20 hours, the cells were treated with 500|aM bile acid 

for 12 hours. Media were then removed and replaced with DMEM and lOjiCi/mL of 

thymidine was added to each well. After one hour, the DMEM were removed and 

the cells were harvested and added directly to Whattnan 2.4cm GF/C glass microfibre 

filters in a Millipore manifold apparatus. The fillers were rinsed with 5mL of distilled 

water. Filters were then rinsed twice with 2mL of 70% ethanol and one time with 2mL 
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of acetone and allowed to air dry. Radioactivity was quantified by counting in a 

Beckman LS 5000 TD scintillation counter. 

Radiolabeled Bile Acids 

.'Kpproximately 60,000 cells per well to a 24 well plate were allowed to attach 

tor 24 hours. The medium was then removed and IxlO'^M (l.xlO' dpm) of radiolabeled 

bile acids were added per well with 200|4.L of DMEM. labeled DCA and lagoDCA 

and labeled UDCA were added to HCTl 16, HT29 or HepG2 cells for 0. 3. 6, or 24 

hrs. The media were then removed and the cells were rinsed twice with ImL PBS. 

SGO^iL of a 10% SDS and lOmM EDTA solution was added to solubilize the cells. 

Radioactivity of the entire cell lysate from each sample was measured by a Beckman 

scintillation counter. 

Transient Transfection 

HCTl 16 cells were plated at a concentration of 100.000 cells in 2mL of 

medium on a 35mm tissue culture dish. Cells were allowed to attach for 48 hours, 

producing a confluency of approximately 75%. 300^L of serum free DMEM was 

mixed with 5(ig of DNA and then added to 300fiL of DMEM mi.xed with 20|aL of 

lipofectamine (Gibco/BRL). This mixture was incubated for 45 minutes at room 

temperature. The media from the cells were removed and the cells rinsed in sterile 
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PBS. The DNA solution was added drop wise to the cells and incubated for five hours 

at 37°C. The media was then removed and the cells were refed with 2mL of complete 

media and allowed to recover for 15 hours. Cells were then treated with or without 

SOO^iM DCA for three hours and then harvested and prepared for one-dimensional flow 

cytometry analysis. 

Flow Cytometry (One and Two Dimensionan 

A Becton Dickinson FACscan was used for all flow cytometry analysis. 

HCT116 cells were plated at l.xlO^cells per lOmL of media on a 10cm plate and 

allowed to attach for 48 hours. One dimensional flow cytometry was preformed for 

growth arrest experiments. UDCA and aphidicolin treated and double thymidine-

blocked cells were harvested by trypsinization. Cells were prepared for analysis by 

addition of FACS buffer (3.4 mM sodium citrate, lOmM sodium chloride. 0.1% NP40. 

and 75|iM ethidium bromide). Data were acquired by the CELLQuest program and 

analyzed by the ModFit LT 2.0 program. 

Two dimensional flow cytometry was preformed on DCA treated cells. Cells 

were incubated with lOfxM BrdU (Sigma Chemical) for one hour following the DCA 

treatment. Cells were then harvested by trypsinization. fixed with ethanol. 

permeabalized with 1% Triton X 100. Cell samples were then incubated with 20|iL 
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anti-BrdU FITC (Becton Dickinson, San Jose, CA) in ISOjxL PBS and 5(ig/mL 

propidium iodide. Data from these samples was analyzed by the CELLQuest program. 

Cell Cycle Blocking 

For all growth arrest experiments approximately 100,000 HCTl 16 cells in were 

plated to 35mm tissue culture dishes and allowed to attach for 48 hours. Cells were then 

incubated with 500|i.M UDCA or 10|j,g/mL aphidicolin (Sigma Chemical) for 12 hours. 

To arrest cells by double thymidine block, cells were treated with 20mM thymidine 

(Sigma Chemical) for 12 hours (26). Media was removed and the cells were rinsed 

with PBS and re-fed with fresh media for 12 hours. Subsequently, cells were incubated 

with 20mM thymidine for 12 hours. Cells that were growth arrested by these protocols 

were then tested for sensitivity to DCA induced apoptosis by incubating cells with 

500|aM DCA for six hours. Cells were then harvested and apoptosis was measured. 

Bile Acid Co-treatment/ Pre-treatment 

100,000 HCTl 16 cells were added to 35mm tissue culture plates and allowed 

to attach for 48 hours. This concentration of cells produced 50-60% confluency at the 

time bile acids were added. For co-treatment experiments, 250|a.M DCA was added to 

each plate in addition to one of the following: 0, 100, 250 or 500|aM cholic acid. 

hyoDCA or UDCA. Cells were exposed to the drug combinations for six hours and 
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thea harvested for apoptosis assays. For pre-treatment experiments, cells were treated 

with 0, ICQ, 250 or 500|aM cholic acid, hyoDCA or UDCA for 12 hours. Then 500|xM 

DC A was added to every plate for six hours. The cells were then harvested for 

apoptosis assays. The apoptosis assays consisted of removing and saving the media 

from each plate. The cells were then rinsed in PBS and then trypsinized and re-

suspended in the saved media. Approximately 5x10^ cells/mL were treated with 

lOO^g/mL each of acridine orange and ethidium bromide. Cells were classified as 

apoptotic or viable based on cell morphology. 

Protein Extraction 

Cells were rinsed and scraped into lOmL of ice cold PBS. Cells were 

centrifuged for ten minutes at 1000 rpm at 4C. The PBS was then removed and cells 

were lysed in 500(iL of lysis buffer containing 20mM Tris (pH 7.5). 150mM NaCl. 

ImM EDTA. ImM EGTA. 1% Triton X-100, 2.5mM sodium pyrophosphate. ImMB-

glycerol phosphate. lOjig/mL aprotinin. ImM PMSF. 10|ag/mL lupeptin, ImM sodium 

orthovanadate and lOmM sodium fluoride. This mixture was incubated on ice for ten 

minutes and then centrifuged at 12,000 rpm in a micro-centrifuge at 4°C. The 

supernatant was then used for Western blotting. 
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Cell Fractionation 

Cells were scraped into ice cold PBS and pelleted. Cells were then lysed in 

500|aL of digitonin buffer containing 0.5mg/mL digitonin, 20mM MOPS pH 7.2, 

lOmM EGTA, 5niM EDTA, 10|ig/mL aprotinin, ImM PMSF, and 10|ig/mL lupeptin. 

Next, the cells were passed through a 20-gauge needle, to ensure complete lysis. The 

lysed cells were then centrifiiged for 30 minutes at 4°C in a micro-centrifuge at 12,000 

rpm. The supernatant was designated as the cytosolic fraction. The membrane fraction 

was obtained by solubolization of the pellet with the addition of digitonin buffer 

containing 0.5% triton X-IOO. 

Western Blot Analysis 

Cell protein was obtained as indicated above. Aliquots of 50|ig total cellular 

protein were used with the Rb-HRP and GADD153 antibodies. ISO^ig of protein was 

used for all PK.C westerns with the exception of PKC tj. For PKC blots 50|ig of mouse 

brain e.xtract was used as a positive control, except for PKC x], which had e.xtracts from 

containing lOOug of protein from HCTl 16, HT29, SW480, and 50|ig of protein from 

HeLa and SaOS2 cells. 75|ag of protein was used for Fas western blots. For the Rb 
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antibody 7.5% SDS-PAGE gels were run, whereas, fas and PKC blots were run on 10% 

gels. GADD153 and caveolin 1 blots were run on 12% SDS-PAGE gels. Western blot 

analyses for a-tubulin were performed using mouse monoclonal antibody against rabbit 

polyclonal antibodies against human a-tubulin (Santa Cruz). Horseradish peroxidase-

conjugated goat anti-mouse or anti-rabbit IgG antibodies (Santa Cruz) and Luminol 

ECL reagents (Amersham Life Science, Little Chaifont, UK) were used to visualize the 

specific immunocomplex by chemiluminescence. 
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CHAPTERS 

THE RELATIONSHIP BETWEEN BILE ACID HYDROPHOBICITY AND 

BIOLOGICAL FUNCTION 

I. Introduction 

A typical part of the western diet is a high fat intake that leads to increased 

levels of fecal bile acids (140). After synthesis by the liver and excretion into the 

digestive tract, bile acids are metabolized by enteric bacteria to produce secondary bile 

acids (12, 90). These secondary bile acids, primarily deoxycholic acid (DCA) in 

humans, are cytotoxic to colon cells and have been implicated as tumor promoters (87). 

Although the mechanism by which bile acids function to promote colon tumorigenesis 

is not known, it has been suggested that relative hydrophobicities are an important 

determinant of the biological properties of these compounds (156). Bile acids are 

natural detergents that aid in fat solubilization and absorption. It is hypothesized that 

bile acids with increased hydrophobicity have a greater capacity to perturb the structure 

of or partially digest cell membranes (39, 156). In addition, it has been postulated that 

highly hydrophobic bile acids have the ability to pass through the membrane and 

interact with DNA and intracellular molecules, thus directly causing DNA damage and 

activating signaling cascades (4). 
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Highly hydrophobic bile acids such as DCA and chenodeoxycholic acid 

(CDCA) have the ability to rapidly induce apoptosis; this activity may require protein 

kinase C (PKC) and activator protein (AP-1) (137). Interestingly, the chemo-

preventive agent ursodeoxycholic acid (UDCA), a less hydrophobic stereoisomer of 

CDCA. is not cytotoxic and is able to inhibit proliferation in colon cancer cell lines (82, 

91, 112). Here I examined the biological effects of 16 different unconjugated bile acids 

and ten conjugated bile acids on the human colon cancer cell line HCT116, to 

determine if bile acid hydrophobicity is indeed an important predictive indicator of bile 

acid's ability to induce apoptosis or growth arrest. 

11. Results 

a. Hydrophobic Bile Acids Induce Apoptosis 

Previous work by my laboratory and by others has shown that relatively 

hydrophobic bile acids have the ability to induce apoptosis in colon cancer cell lines 

(112). To determine if this ability to cause an apoptotic response is inherent to bile 

acids based on chemical structure or hydrophobicity, I tested 16 unconjugated (Table 2) 

and ten conjugated bile acids to determine what structural factors favored the ability to 

cause apoptosis. Different bile acids that were structurally similar to DCA, CDCA and 

UDCA, but differed in the presence of or the orientation of hydroxyl groups at the C3, 
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Table 2. The Structures of Biologically Relevant Bile Acids 
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C6, C7 and C12 and/or by shortening or lengthening the side chain were tested for 

biological activity. A graphical representation of the basic bile acid structure and 

where modifications occurred are shown in Figure 3.1. 

The hydrophobicity of each of the 16 unconjugated bile acids was measured by 

HPLC and an ordered list was constructed based on retention times (Table 3). Increased 

retention times indicate increased hydrophobicity. The bile acids were ordered based 

on HPLC retention times and biological activity as determined in subsequent 

experiments. Previous work in the area of bile acid chromatography indicates that 

based on the particular method or solvent used, the order of bile acids with intermediate 

hydrophobicity varies (100). 

Next, each of the bile acids was tested for the capacity to induce apoptosis by 

incubating HCTI16 cells with 500|iM of an unconjugated bile acid for 12 hours. 

HCTl 16 cells have an approximately 1% basal rate of apoptosis when measured by this 

assay. The data in Figure 3.2 show that only the most hydrophobic of the bile acids 

tested. CDCA and DCA. induced apoptosis. at levels of approximately 60%. Taurine 

and glycine conjugated bile acids naturally occur in humans, and are known to be less 

hydrophobic than their unconjugated counterparts (100). Taurine and glycine 

conjugations were added to the side chains of DCA, CDCA. UDCA. hyoDCA and 

cholic acid and were tested for their ability to induce apoptosis in HCT116 cells. 

Incubation with conjugated bile acids for 48 hours at 500(iM did not induce apoptosis 



Figure 3.1. Bile Acid Primary Structure 
Diagram of a generalized bile acid structure. Modifications that occur 
in each of the bile acids tested are indicated by the labeled R groups. 
Glycine or taurine conjugations are made at the side chain labeled R*. 



BUe Acid 
HPLC Retention Time 

(in minutes) 
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DCA 31.68 
CDCA 24.48 
notDCA 19.44 
homoUDCA 14.54 
lagoEXTA 12.88 
hyoDCA 12.12 
UDCA 10.52 
isoUDCA 9.7 
choUc acid 15.26 
isoCDCA 14.76 
noiCDCA 14.76 
miirocix>lic acid 8.32 
^muricholic acid 7.65 
(o-muricholic acid 7.18 
hotLIDCA 6.27 
ursochoiic acid 5.01 

Table 3. Relative Bile Acid Hydrophobicity 

* Bile acids ordered by HPLC retention times and biological activity 



. 2  2  < < 3 < < Q < < < < < :  

i 2 - = - c  a 9  s o  
S g i i I g -1 I -i ® ° = 

3 cn. 

« i = 

Figure 3.2. Apoptosis in HCTl 16 Cells by Bile Acids 
SOO|iM unconjugated bile acids added to HCTl 16 cells for 12 hours. 
Apoptosis was measured by visual evaluation of cell morphology. Values 
are means +/- the range of at least 2 samples. Cholic acid treated cells 
showed no apoptosis. 
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(Figure 3.3). Hence, covalent linkage of either amino acid to the bile acid side chain 

nullifies the capacity of DCA and CDCA to induce apoptosis. These results are 

consistent with the notion that hydrophobicity plays an important role in determining 

the biological activity of these compounds. I observed a close relationship between 

biological activity of a bile acid and its relative hydrophobicity. However, 1 could find 

no apparent link between a particular structural modification and biological activity. 

b. The Intermediate Biological Activities of Moderately Hydrophobic Bile Acids 

During the course of my experiments I noticed that although some moderately 

hydrophobic bile acids did not induce apoptosis at 12 hours they did cause apoptosis 

after extended incubation with HCTl 16 cells. To examine the timing of apoptosis in 

more detail, several bile acids, including DCA. lagoDCA. norDCA. isoUDCA. 

hyoDCA. homoUDCA and UDCA. were added to HCTl 16 cells at a concentration of 

500(iM for 0. 3. 6, 12. 24. and 48 hours (Figure 3.4). As expected, none of the bile 

acids except DCA. could induce apoptosis at 12 hours. However, when the incubations 

were continued, apoptotic cells could be detected at 24 and 48 hours in all samples 

except UDCA treated. One of the bile acids, lagoDCA. could induce as much apoptosis 

as DCA. The sole exception. UDCA. could not induce apoptosis in cells even when 

incubation times were extended to 72 hours (data not shown). 
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Figure 3.3. Conjugated Bile Acids Do Not Induce Apoptosis 
SOO^M Conjugated bile acids do not induce apoptosis in HCTl 16 
after 48 hours of exposure. 
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Figure 3.4. Effects of Long Term Exposure to 
Moderately Hydrophobic Bile Acids 
500 nM DCA (O), lagoDCA (A), norDCA (•), hyoDCA (A), isoUDCA 
(•), homoUDCA (•), or UDCA(#) treated HCTl 16 cells for a 0, 3,6, 12, 
24, and 48 hours. Apoptosis was detennined by cellular morphology. 
Values are means +/- standard deviation of at least 3 samples. 
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c. Moderately Hydrophobic Bile Acids Can Inhibit Proliferation 

Since tiie moderately hydrophobic UDCA inhibits cell growth in HCTl 16 cells 

1 wanted to determine if other bile acids had similar abilities. 1 treated HCTl 16 cells 

with various bile acids. The results showed that higher relative hydrophobicities 

correlated with decreases in cell growth as indicated by reductions in thymidine 

incorporation. The results of different bile acid treatment on HCTl 16 cells are shown 

in Figure 3.5. Data was expressed as a percentage of the untreated control. DCA and 

CDCA appeared to cause a marked decrease in the "H thymidine incorporation that is 

attributed to cell loss due to induction of high levels of apoptosis. UDCA. lagoDCA. 

hyoDCA. homoUDCA. norDCA. isoDCA and isoUDCA cause a 65-80% reduction in 

thymidine incorporation without inducing apoptosis at this time-point (see Figure 3.2). 

These data indicate that these more moderately hydrophobic bile acids have the ability 

to induce growth arrest after 12 hours of exposure. 

1 next asked whether conjugation of amino acids to the side chain had any effect 

on bile acid capacity to induce growth arrest or apoptosis. Conjugated bile acids were 

added at a concentration of 500jiM for 48 hours to HCTl 16 cells. Data in Figure 3.6 

show that the conjugated bile acids tested had little or no capacity to reduce cell 

proliferation in contrast to their unconjugated counterparts (see Figure 3.4). While. G-

DCA did reduce cell growth approximately 50%, showing that it has some biological 
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Figure 3.5. Effects on Cell Growth by Unconjugated 
Bile Acids 
Cell growth after bile acid treatment measured by incorporation of 

thymidine. HCTl 16 cells were treated with SOO^M unconjugated 
bile acids for 12 hours. Values are shown as a percentage of thymidine 
incorporation to an untreated control. Any bile acid that reduced cell 
growth by at least 60% was classified as causing growth arrest. (*) Data 
for DCA and CDCA are not included because they induced large quantities 
of apoptosis at this time poinL Values are means +/- the range of at least 
2 samples. 
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Figure 3.6. Effects on Cell Growth by Conjugated Bile 
Acids 
500^M of the conjugated bile acids were added to HCTl 16 cells for 48 
hours. Cell growth was measured by incorporation of thymidine. 
Values are shown as a percentage of thymidine incorporation to an 
untreated control. Values are means +/- the range of 2 samples except 
for T-EX3A and T-UDCA which each contains data from one sample. 
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activity, the addition of glycine to DCA dramatically alters its affect on cells. These 

experiments show that the addition of amino acids, which reduces the hydrophobicity 

of a bile acid, also abrogates their activity. 

d. Bile Acids Only Moderately Associate with Colon Cells 

Several theories have suggested that bile acids can change the biological 

functions of colon and other cell types by passing through the cellular membrane and 

disrupting intracellular functions. Since this property would be e.xpected to be related 

to hydrophobicity. I tested whether several bile acids had the ability to enter colon and 

liver carcinoma cell lines. HepG2. HCT116 and HT29 cells were treated with '"^C 

labeled UDCA or labeled DCA or lagoDCA for 0, 3, 6. and 24 hours. The cells 

were harvested and the quantity of radioactivity associated with the cells was measured 

(Figure 3.7). All cell types were also treated with ^^S methionine for the same time 

course and all cells showed uptake in a time dependent maimer (data not shown). 

HepG2 cells are known to contain transmembrane bile acid transport proteins and 

nuclear receptors for bile acids. Unsurprisingly, when these cells were treated with 

radiolabeled bile acids they showed a time dependent uptake of the bile acids. 

However, the colon cancer cell lines HCTl 16 and HT29 showed minimal uptake of 
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Figure 3.7. Uptake of Radiolabeled Bile Acids by 
HepG2, HCTl 16 and HT29 Cells 
Radiolabeled (a) DC A, (b) lagoDC A and (c) UDCA were added to 
HCT116 (•) HT29 (A) or HepG2 (•) ceUs for 0, 3, 6 and 24 
hours in serum &ee DMEM. Sample values represent total 
radioactivity (cpm) associated with cells in each sample. 
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DCA and UDCA and no measurable uptake of lagoDCA. Also, the quantity of bile 

acids associated with colon cells did not increase over time. Instead, the amount of bile 

acid associated with colon cells remained constant between the six and 24-hour time 

points. Hence, although bile acids such as DCA and UDCA have marked effects on 

cell physiology, hydrophobicity does not correlate with increased cellular uptake of 

these drugs and uptake did not correlate with their biological activities. 

HI. Discussion 

Experimental evidence has suggested a link between bile acid exposure and 

changes in cell growth. Hydrophobicity has long been considered a marker of bile acid 

biological activity. Here 1 have tested 26 bile acids for their ability to induce apoptosis 

and found that, only DCA and CDCA, the two most hydrophobic, induced apoptosis 

within 12 hours. However. I also found that moderately hydrophobic bile acids, such as 

isoUDCA, norDCA. lagoDCA, homoUDCA and hyoDCA also induced apoptosis. but 

required much longer incubation times to accomplish this effect. These data were 

consistent with the notion that the ability and rapidity with which bile acids caused 

apoptosis was dependent on hydrophobicity. Conjugations with either taurine or 

glycine to biologically active bile acids, which reduce hydrophobicity, also eliminated 

or altered biological activity. Interestingly, my experiments with the moderately 

hydrophobic bile acids indicate that the interaction between bile acids and cells could 

be complex since they had the ability to reduce ^H thymidine incorporation. Notably 
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these bile acids did not cause significant levels of apoptosis until 24 hours after 

exposure, indicating that the growth arrest phenomenon preceded the induction of 

apoptosis. Hence, these moderately hydrophobic bile acids may require more time to 

achieve the same effect as that of more hydrophobic bile acids such as DCA. Only 

UDCA, which is less hydrophobic than the other biologically active bile acids, was 

unable to induce apoptosis. 

My biological data suggest that there are four distinct subclasses of bile acids. 

The first class appeared to have no discemable biological effect and included cholic 

acid, p and oj-muricholic acid, murocholic acid, norCDCA. norUDCA and ursocholic 

acid. In addition, none of the conjugated bile acids, with the exception of G-DCA, 

appeared to have detectable biological activity on colon cells in my assays. The second 

subclass of bile acids included hyoDCA, homoUDCA. lagoDCA and norDCA. These 

bile acids had the ability to suppress cell growth after 12 hours of treatment. However, 

extended exposure to these bile acids resulted in the induction of apoptosis. The third 

category included DCA and CDCA. which rapidly induced apoptosis without first 

causing growth suppression. The final subtype of bile acids could cause growth arrest 

but did not subsequently cause apoptosis. This subtype was represented by the chemo-

preventive agent UDCA and by the conjugated G-DCA. 

Work by Rao et al. and others have shown that, in an in vitro system, bile acids 

had the ability to bind directly to DNA and PKC, which may lead to activation of gene 
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expression (74, 139). Hydrophobicity has been hypothesized to impart biological 

activity onto bile acids by allowing them to solubilize and then cross the cell 

membrane. Hepatocytes, such as HepG2 cells, have been shown to contain 

transmembrane bile acid transport proteins and bile acid nuclear receptors (107, 127). 

These cells absorb considerable quantities of bile acids in a time dependant manner. 

Hence, in liver derived cells, elevated bile acid concentrations result in activation of 

signaling pathways by directly binding to intracellular components of these pathways. 

However. I found that only very small quantities of the bile acids become associated 

with colon tumor derived cells even after 24 hours of treatment. Additionally, there 

was little increase in the amount of bile acids detected between the si.x and 24 hour time 

points. 1 showed that the levels of bile acids absorbed by colon cells did not correlate 

with cellular response. This result indicates that bile acids do not activate biological 

responses by directly interacting with intracellular molecules in colon cells. Although I 

cannot exclude the possibility that small quantities of bile acids may enter colon cells 

and then be secreted back into the media, there are no reports in the literature for known 

bile acid transporters in HCTl 16 cells. One possible explanation for the affect that bile 

acids have on cells is that they may solubilize the cell's membrane and that perturbation 

of cell surface structures results in activation of membrane receptors. More 

hydrophobic bile acids might be more effective at this perturbation than less 

hydrophobic bile acids. 
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DCA treated colon cells showed nunimal uptake of the bile acid at 3 hours in 

both HCT116 and HT29 cells (Figure 3.7). Both of these cell types displayed high 

levels of apoptosis at this time-point (Figure 3.3). My results also illustrate that 

increases in hydrophobicity among the bile acids tested did not increase bile acid 

uptake by colon cells. While DCA was more hydrophobic than UDCA. DCA did not 

show a greater ability to enter the colon tiunor cells. These data suggest that it is not 

the intracellular concentrations of bile acids that trigger the unique biological responses 

of DCA and UDCA. Recent work by Schlottmann et al. (158) showed that DCA had 

the ability to activate caspase 8 in colon cell lines. It is known signaling through death 

receptors generally activates caspase 8. Others have shown in hepatocytes that bile 

salts signal apoptosis through the Fas receptor (22. 52, 166). Hence, it is tempting to 

speculate that DCA signals by activating death receptor-mediated signal u-ansduction 

pathways to induce apoptosis. 
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Ursodeoxycholic Acid Protects Against Deoxycholic Acid Induction of Apoptosis 

Through a Growth Arrest Independent Mechanism 

I. Introduction 

Bile acids have been shown to play a variety of physiological roles, both normal 

and pathological, in humans for centuries (78, 147). More recent discoveries have 

shown that several bile acids, such as deoxycholic acid (DCA). can play a role in the 

development of liver diseases, such as cholestasis, and possibly colon cancer (145. 

169). In contrast, the bile acid ursodeoxycholic acid (UDCA) has been used as a 

treatment for liver ailments and has been shown to be a colon cancer chemo-preventive 

agent in animal studies (50, 102, 131). 

In spite of their remarkable structural similarities, UDCA and DCA share 

dramatically different biological activities. DCA is known tc induce apoptosis, 

whereas UDCA causes growth arrest in colon cells (133, 158). Understanding how bile 

acids exercise their unique biological responses may help elucidate their effect on colon 

tumor development. 

UDCA has been shown to have protective activity against many cytotoxic 

agents (149). In addition, UDCA is protective against the damaging effects of other 
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bile acids (79, 156). Hence, it has been suggested that UDCA prevents colon cancer by 

protecting cells from cell damage and cytotoxicity induced by other bile acids. The 

manner by which these bile acids cause their distinct cellular effects, including the 

protective activity of UDCA, is largely unknown. Consequently, it was of interest to 

understand the mechanism by which UDCA-induced protection occurs. 

In these studies I examined the relationship between the biological activities 

exhibited by DCA and UDCA. I found that pretreating the colon cancer cell line 

HCT116 with UDCA and hyoDCA protected cells from DCA-induced apoptosis. In 

contrast, compounds that induced growth arrest, did not offer protection against DCA-

induced apoptosis. Moreover, pretreating with UDCA could protect cells that were 

resistant to UDCA-induced growth arrest. This result suggests that protection does not 

require growth arrest. 

II. Results 

a. UDCA can protect HCT116 cells from DCA-induced apoptosis 

DCA has been shown in numerous studies to rapidly induce apoptosis in a 

variety of liver and colon cells (134). The structurally related bile acid UDCA has been 

shown to be protective against agents that induce apoptosis in liver cells (149). To 

determine if UDCA could also protect colon ceils from DCA-induced apoptosis, 1 
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pretreated cells with UDCA and two other bile acids to examine their effect on DCA-

induced apoptosis. HCT116 cells were incubated with increasing concentrations of 

hyoDCA, cholic acid and UDCA for 12 hours prior to adding 500|aM DC A. I observed 

a dose dependent decrease in apoptosis induced by DCA in cells pretreated with UDCA 

or hyoDCA (Figure 4.1). Indeed, pre-incubating HCT116 cells with 500|iM UDCA 

reduced DCA-induced apoptosis by 70% of that observed in cells treated with DCA 

only. HyoDCA was less effective than UDCA at suppressing DCA-induced apoptosis. 

Pre-incubation with cholic acid had a minimal effect, consistent with out previous 

observations that this bile acid has little biological activity in our assays. Similar 

reductions in apoptosis were obtained when UDCA was removed from the cells and 

then re-fed media containing DCA (data not shown). These data indicate that UDCA 

has the ability to protect colon cells from DCA-induced apoptosis. 

b. G1 Arrest Does Not Protect From DCA-induced Apoptosis 

It is known that hyoDCA and UDCA can cause HCT116 to undergo growth 

arrest after 12 hours of treatment. Specifically, UDCA causes HCTl 16 cells to arrest in 

Gl (Figure 4.2A2) (112). This growth arrest could be the mechanism by which UDCA 

protects cells from cytotoxic damage and apoptosis. To test whether the growth arrest 

induced by UDCA is causative in protecting against DCA-induced apoptosis, I utilized 

a number of unrelated compounds that also induce growth arrest. HCTl 16 cells were 
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Figure 4.1. Bile Acid Pre-Treatment Prevents 
DCA Induced Apoptosis 
HCTl 16 cells treated with 0, 100,250, or 500^M ( ) choiic acid, 
(•) hyoDCA, or (A) UDCA for 12 hours. The x-axis represents the 
concentrations of these bile acids. SOOfiM DCA was then added to 
each sample for six hours. The dashed line (—) represents 500^M 
DCA treatment alone. Samples were then harvested and assayed 
for apoptosis. Sample values represent -f^Astandard deviation of at 
least 3 samples. 
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Figure 4.2. Growth Arrest Does Not Inhibit DC A Induced 
Apoptosis 
Al)  The one-dimensional  f low cytometry analysis  of  HCTl 16 cel ls  show 
the normal distribution of cells in each phase of the cell cycle. A2) HCTl 16 
cells treated with 500[iM UDCA for 24 hours show cells arrested in G1 
phase of the cell cycle. A3) 100^g of aphidicolin for 12 hours show cells 
arrest in S phase A4) Cells treated with 2mM thymidine for 12 hours/ no 
treatment 12 hours/ 2mM thymidine for another 12 hours show a Gl/early 
S phase arrest 
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treated for 12 hours with LFDCA, aphidicolin or a double thymidine block to induce 

growth arrest and then were treated with 500|i.M DCA for six hours. Aphidicolin 

inhibits DNA polymerases, thus preventing DNA replication and arresting cells in S 

phase. The high levels of thymidine resulting from double thymidine blocking protocol 

alter the nucleotide pool ratios, interfering with DNA synthesis, leading to a Gl arrest 

(26). Flow cytometry shows that aphidicolin treatment caused S-phase arrest while the 

double thymidine block caused Gl/early S phase arrest (Figures 4.2A3 and 4.2A4). 

While UDCA could reduce apoptosis induced by DCA. aphidicolin and thymidine 

blocked cells could not (Figure 4.2B). 

The data suggest that growth arrest does not protect cells from DCA-induced 

apoptosis. However, even though no protection was observed in aphidicolin and 

double thymidine blocked cells, it is possible that DCA caused cells to die in a 

particular cell cycle phase not present when cells were blocked by these drugs. To 

determine if a particular phase of the cell cycle was more sensitive to DCA-induced 

apoptosis, 1 treated HCTl 16 cells with 500|iM DCA for zero and three hours. Figure 

4.3 summarizes the flow cytometry results showing that DCA treatment causes death 

equally in all phases of the cell cycle. I found that DCA causes about a 37% (+/- 2%) 

reduction of cells in all phases of the cell cycle. These data indicate that DCA has the 

ability to kill cells in any phase of growth. I also found that DCA killed cells equzilly in 

all phases of the cell cycle. This finding indicates growth arrest is not the protective 



Figure 4.2 cont. 
B) HCTl 16 cells were treated with either UDCA, aphidicolin or double 
thymidine blocked for 12 hours alone or then had 500^M DCA added for 
six hours. Cells were then harvested and assayed for apoptosis. Each 
sample value is +/- standard deviation of at least 3 samples. 
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Figure 4.3. DCA Kills Cells In All Phases Of Growth 
Flow cytometry analysis of HCTl 16 cells treated with SOO^M DCA 
for 0 or 3 hours. After DCA treatment, cells were labeled with 
10^M BrdU for 1 hour and then stained with Anti-BrdU FTTC 

antibody. 
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mechanism by which cells avoid DCA-induced apoptosis. In addition, my data show 

that no one phase of the cell cycle was a specific target of DC A induction of apoptosis. 

c. Genetic Analysis of UDCA-Mediated Protection from DCA-induced Apoptosis 

The above data indicate that growth arrest does not protect against DCA-

induced apoptosis. However, while I showed that thymidine blocking and aphidicolin 

could cause growth arrest but could not protect cells from DCA-induced apoptosis. a 

possible explanation is that they block cells in a different phase of the cell cycle than 

that produced by incubation with UDCA. To definitively rule out this possibility. 1 

generated HCTl 16 cells that were resistant to UDCA-induced growth arrest to further 

e.xplore this question. Consequently. I mutagenized HCTl 16 cells with EMS and 

selected clones resistant to UDCA-induced growth arrest. These cells were termed 

HOMUR (HCTl 16 Odd Morphology UDCA Resistant). 

Many of the HOMUR cell lines showed a variety of different morphologies 

including differences in overall cell appearance, membrane structure and a tendency to 

grow as clusters. 1 subsequently tested all the HOMUR cells for susceptibility to DCA 

and hyoDCA-induced apoptosis. All 41 HOMUR cell lines were treated with SOOfiM 

DCA for 24 hours or 500|aM hyoDCA for 48hrs. Under the same conditions 

approximately 62% and 38% of the parental HCT116 cells undergo apoptosis when 
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treated with DCA and hyoDCA respectively. However, HOMUR cells showed a wide 

range of sensitivities to bile acid induced apoptosis and were categorized based on their 

sensitivity to these bile acids. Cell lines were grouped into four categories, as shown in 

Table 4, based on their responses to DCA and hyoDCA relative to parental HCT116 

cells treated with the same bile acid at the same concentration and time: highly resistant 

(less that 5% apoptosis), moderately resistant (5-10% apoptosis). sensitive (10-50% 

apoptosis) and highly sensitive (greater than 50% apoptosis). Table 4 lists the number 

of cell lines in each category. Parental HCTl 16 cells are characterized as DCA highly 

sensitive/ hyoDCA sensitive. Approximately 24% of HOMUR cells show increased 

resistance over parental HCTl 16 cells to DCA and 58% of the cells had increased 

resistance to hyoDCA-induced apoptosis. This result indicates that making HCTl 16 

cells resistant to the effects of one bile acid could alter sensitivity to the effects of other 

bile acids. 

From these preliminary tests, one representative cell line from each DCA highly 

resistant/hyoDCA highly resistant (HOMUR 7), DCA sensitive/ hyoDCA sensitive 

(HOMUR 5) and DCA highly sensitive/ hyoDCA highly sensitive (HOMUR 17) 

groups were chosen for further analysis. When treated with 500|iM DCA for 24 hours 

approximately 70% of HOMUR 17 cells showed apoptosis, whereas, HOMUR 5 

showed 30% and HOMUR 7 only 11% apoptosis (Figure 4.4). Similarly, when treated 

with hyoDCA, HOMUR 17 had over 65% apoptosis and HOMUR 5 had 45% 



% Apoptosis Number of Cell Lines 

DCA hyoDCA 

0-5% (Highly Resistant) 2 14 

5-10% (Moderately Resistant) 8 10 

10-50% (Sensitive) 26 16 

50-100% (Highly Sensitive) 5 1 

TABLE 4. Bile Acid Resistance in HOMUR Cells 
Number of HOMUR cell lines that show particular sensitivity to DCA 
and hyoE)CA induced apoptosis 
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Figure 4.4. HOMUR Cells Show Cross-Resistance 
To Other Bile Acids 
Apoptosis measured in HCTl 16, HOMUR 5, HOMUR 7 and HOMUR 
17 cells after treatment with SOO^M 24 hours or 500^M hyoDCA for 
48 hours. Each value represents +/- the range of at least 2 samples. 
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apoptosis, while HOMUR 7 had less than 3% (Figure 4.4). These data show that by 

selecting for resistance against one bile acid, many cell lines also showed an alteration 

in response to other bile acids. 

To determine if bile acid resistance in these cells was genetically stable, I grew 

several of the HOMUR lines (HOMUR 5, 7 and 17 cells) for seven passages 

(approximately five weeks) without UDCA and then returned to them to media 

containing UDCA. No change in growth was observed in these cells when they were 

returned to UDCA, compared with HOMUR cells continually grown in the presence of 

UDCA. This demonstrated that HOMUR ceils had a genetically stable alteration that 

made them resistant to UDCA. In addition, I showed that while HCTl 16 cells grown in 

the presence of UDCA they were almost completely growth arrested after 12 hours in 

500|aM UDCA. Whereas, HOMUR 5. 7 and 17 continued to proliferate, although more 

slowly in the presence of UDCA (Figure 4.5). 

d. Growth Arrest Resistant Cells are Protected by UDCA 

To determine if cells that were resistant to UDCA-induced growth arrest 

retained UDCA protection from DCA-induced apoptosis, I pretreated HOMUR 5 and 

17 with UDCA for 12 hours and then exposed to 500^M DC A and then quantitated 

apoptosis as described above. My data show that while HOMUR cells were resistant to 

UDCA-induced growth arrest, UDCA pretreatment still offers protection firom DCA 
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Figure 4.5 HOMUR Cells are Resistant to UDCA 
Induced Growth Arrest 
HCTl 16, HOMUR 5, HOMUR 7 or HOMUR 17 cells treated with i 
or with out (^) 500^M UDCA for 0,12,24 or 48 hours. Cell number 
was determined by counting on a hemocytometer and adjusted based 
on % of the 0 hour sample. 0 hour sample was set at 100% cell growth. 
Values represent the mean of the standard deviation of three samples. 
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(Figure 4.6). In addition, pretreatment with hyoDCA is also effective against DCA-

induced apoptosis in these cells (Figure 4.6). This result indicates that although 

HOMUR cells are resistant to the growth arrest properties of UDCA, they are still 

protected by bile acid pretreatment. Hence, the growth arrest and apoptosis pathways 

are separate, and the protection mechanism is still intact in UDCA resistant cells. 

III. Discussion 

UDCA has been shown to protect cells against a variety of cytotoxic agents and 

effectively treats the adverse effects of liver cholestasis (117. 131. 149). Given that bile 

acids are polar derivatives of cholesterol, it has been suggested that they act by 

modifying the structure of cellular membranes. Indeed, UDCA has been shown in vitro 

to prevent alterations in the membranes of purified mitochondria (150). However. 1 

was unable to show that either DCA or UDCA could accumulate in the colon cancer 

cell lines HCT116 or HT29 (133). Hence. I postulated that an alternative mechanism, 

growth arrest by UDCA. might protect cells from DCA-induced apoptosis. 

To test this I e.xposed cells to UDCA and several other agents to induce growth 

arrest and then measured the effect that DCA had on these cells. My data show that 

UDCA and a closely related bile acid hyoDCA were indeed protective against DCA-

induced apoptosis in colon cells, but that other drugs, which could induce growth arrest, 

did not protect from apoptosis. Hence, growth arrest, per se did not afford protection 
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Figure 4.6. HOMUR Cells Retain UDCA Protection 
HCTl 16, HOMUR S, and HOMUR 17 cell lines were treated with either 
SOO^M UDCA or hyoDCA for 12 hours or received no treatment. 
Next, SOO^M DCA was added for six hours to all plates and apoptosis 
was measured. Basal level of apoptosis for HCTl 16 is 1%, HOMUR 5 
cells is 2.5% and HOMUR 17 is about 3 %. Values represent +/- standard 
deviation of 3 samples. 
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against the cytotoxic effects of DC A. Moreover, the finding that HOMUR 5 and 17 

cells, which do not growth arrest in the presence of UDCA, but are protected from 

DCA-induced apoptosis by UDCA pretreatment, strongly supports the notion that 

UDCA-mediated growth arrest does not provide protection from DCA induction of 

apoptosis. 

Since HOMUR cells developed mutations that conferred bile acid resistance 

that was stable over time, this result suggests that bile acid effects on cells is a 

genetically controlled process. In addition, the finding that approximately 30% of 

HOMUR cells, which had been selected to be resistant to UDCA-induced growth arrest 

also showed cross-resistance to DCA and hyoDCA-induced apoptosis leads us to 

speculate that bile acids may share signaling pathways. This notion is further supported 

by our observation that hyoDCA exhibits the biological activities of both DCA and 

UDCA. HyoDCA by itself can cause apoptosis in HCT116 cells after a 24 hour 

incubation. Yet if cells were pretreated with hyoDCA for only 12 hour. HCTl 16 cells 

could be protected from DCA-induced apoptosis. Finding dual activity of hyoDCA 

again supports the idea that bile acids are signaling through a common pathway. From 

these data I speculate that modification to a shared signaling pathway allows UDCA to 

prevent DCA induction of apoptosis and thus, prevent the tumor promoting activities of 

DCA in the colon. However, further studies are needed to determine which genes are 

down-regulation by UDCA and how this contributes to the prevention of DCA induced 

apoptosis and tumorigenesis. 
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CHAPTERS 

SIGNALING PATHWAYS AND BILE ACIDS IN COLON CANCER 

DEVELOPMENT 

I. Introduction 

It is well established that a variety of genes must malftmction simultaneously 

for cancer to occur (38. 54). Generally, mutations or deregulation of genes involved in 

the control of cell growth and death play a strong role in cancer formation (54). 

Specifically, it has been shown that colon cancer occurs through an increase in cell 

proliferation coupled with a resistance to apoptosis (19). Tumor promoters, such as 

TPA and DCA, have the ability to activate particular signaling pathways, which may 

result in increased cell proliferation or selection of abnormal cells (108. 124. 171). To 

understand the role of bile acid signaling of colon cancer, I studied, in depth, the role of 

several well-known signaling molecules in colon cancer cells. These proteins include 

the protein kinase C (PKC) family, the retinoblastoma gene (Rb). GADD153, caveolin 

1, caspase 8. fas R and FADD. By observing the circumstances of activation and by 

using specific inhibitors of these molecules, the role that these molecules play in bile 

acid promotion and chemoprevention of colon cancer can be determined. 
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Cell growth is controlled by a variety of proteins, which form complex networks 

of signaling pathways within a cell. One family of molecules that have been shown to 

play a significant role in the signaling of cell migration, differentiation, cell growth and 

apoptosis are protein kinase Cs (PKCs). PKC is represented by 12 known family 

members. These family members are subdivided into three distinct groups. The 

conventional PKC isoforms are a, pi, pil and y and are regulated by calcium ion. 

phospholipids and diacylglycerol (DAG) (47. 123). The novel class of isoforms 

included 5. ja. E, r|, and 0 and are only sensitive to DAG (47. 123). The final class are 

the atypical isoforms C, k and i, and these do not contain calcium or DAG activation 

domains (47. 123). Unique genes encode zill the isoforms with the exception of (5. The 

P 1 and II isoforms are made by alternative splicing of the same gene (43). Each 

particular isoform may be involved in unique signaling pathways or in particular cell 

types, however, several PKC isoforms are found expressed in most tissues and are 

involved in well-characterized pathways. PKC has been intensely studied as its 

activation has been shown to play a role in the promotion of a variety of cancers (180). 

It is also known that PKC activation plays a roie in bile acid signaling (58). It has been 

shown to be necessary for some bile acids to induce apoptosis (95). However, 

particular isoforms that may be uniquely involved in bile acid signaling have not been 

identified. 
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An alternative mechanism by which cells regulate their growth is by arresting 

division. In the G1 phase of the cell cycle, the Rb protein plays a critical role in 

maintaining normal growth patterns (94). When Rb is in the hypophosphorylated state 

it binds to E2F (94). E2F is a transcription factor that when not bound to Rb, is able to 

cause expression of proteins needed for progression into S phase (24). Thus when Rb 

is in the hypophosphorylated state it keeps the cell blocked in G1 by preventing E2F 

from functioning. Evaluation of Rb phosphorylation status can be used to determine if 

cel ls  are  blocked in  Gl .  

The growth arrest and DNA damage gene 153 (GADD153) is a member of the 

CCAAT/enhancer-binding protein (C/EBP) family of transcription factors and its 

e.xpression is induced in mammalian cells experiencing genotoxic stress (59). This 

transcriptional repressor is also known as CHOP (C/EBP Homologous Protein) and is 

expressed in cells exposed to DNA damaging agents. In cells undergoing apoptosis for 

reasons as varied as nutrient depletion, endoplasmic reticulum stress, and mutagen 

exposure, GADD153 is expressed and so is often used as an indicator of apoptosis. In 

HCTl 16 it was discovered that GADD153 expression was in part, required for DCA 

induction of apoptosis (137). 

In addition to GADD153, other proteins are known to be critical to the signaling 

of apoptosis. Death receptors, such as the fas R, can be activated by a variety of signals 

and can cause a cell to undergo apoptosis. For the fas R to function, it must form a 

complex with FADD and caspase 8. This complex known as the DISC, is needed to 
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activate pathways that signal the cell to die. Blocking the functioning of the DISC 

complex with a dominant negative FADD is one way to determine if a death receptor is 

necessary for DCA induced apoptosis. 

Bile acids have been shown to activate a variety of transmembrane receptors 

without the receptor's endogenous ligand acting as an intermediary (52. 80, 166). The 

mechanism by which bile acids activate these receptors is unknown. A likely 

possibility is that the detergent properties of the bile acids allow them to perturb the 

plasma membrane in such a way that membrane receptors are activated inappropriately. 

To determine if bile acids are indeed activating receptors through alterations to the 

membrane. I studied caveolae. by using the level of caveolin I as an indicator of 

membrane fluidity after cells had been exposed to bile acids. 

II. Results 

a. Bile Acids and PKC E.\pression in Colon Cancer Ceils 

Previous data by the Davidson et al. has shown that many PKC isoforms are 

expressed in normal human colonic epithelia (45). Their data indicate that the PKC 

isoforms a, p. 5. e, and but not n, could be found expressed in this tissue. 

Additionally, they found that 5, 8, and were found at the membrane indicating that 

they were present in the activated form. To determine if an alteration in PKC 
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expression or activation was present in the colon cancer cell line HCTl 16,1 assayed for 

the presence and activation of the PKC isoforms a, p, 5, e, r| and 1 used mouse brain 

as a positive control as all of these isoforms, except r|, are strongly expressed in this 

tissue type. Western blot analysis showed that all the PKC isoforms present in normal 

colonic tissue were also present in HCTl 16 cells (Figure 5.1). In addition. HCTl 16 

cells treated with 500|iM DCA for one hour showed no change in activity status of any 

of the PKC isoforms tested. It is known that bile acids activate PKC. that PKC 

activators increase bile acid induced apoptosis and that deoxycholic acid induction of 

apoptosis is greatly reduced when cells are first treated with a PKC inhibitor (89. 95. 

138). To determine which isoform may be involved in DCA induction of apoptosis, 1 

treated HCTl 16 cells with DCA for one hour and then harvested and fractionated the 

cells for western blot analysis. I found that none of the isoforms tested changed 

activation status after DCA treatment (Figure 5.2). My data could not identify a 

particular isoform uniquely responsible for DCA signaling. It is possible that the 

activation of PKC occurs so rapidly that my assay was unable to detect it. or that no 

particular isoform was directly responsible for DCA signaling. PKC rj is not known to 

be expressed in normal colonic epithelia (45). To determine if expression of this 

isoform could be found in colon cancer cell lines, I tested several colon cancer cell lines 

for expression of PKC r\ (Figure 5.2). PKC rj is not present in mouse brain, so I used 



^ PKC isoform 

Figure 5.1 PKC Isoform Expression in HCTl 16 Cells 
Western blot analysis of mouse brain (complete extract, soluble and 
membrane fractions, and HCTl 16 cells either untreated and 
fractionated or trestted with 500^M DC A for 1 hour and then fractionated. 
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Figure 5.2. PKC ii Expression in Colon Cancer Cell Lines 



116 

the HeLa cell line as a positive control. I found that only one colon cancer cell line, the 

SW480 and not HCTl 16 cells, expressed this PKC isoform. 

b. PKC and GADD153 in DCA Signaling Apoptosis 

While the above data show that DCA could not alter PK.C e.xpression in 

HCTl 16 cells, the activation and subsequent return to an inactive state may occur in 

less than one hour, which would be missed by my assay. To address this issue, 1 down 

regulated PK.C activity with drug treatment. TPA is a known activator of PKC has 

been shown previously to down regulate PKC activity after chronic treatment (181, 

188). Weinstein et al. showed that prolonged treatment with TPA actually causes a 

total loss of PKC a and 5 and a 60% reduction of PKC e (181). To determine if PKC 

activity was necessary for DCA induction of apoptosis, I inhibited PKC by treating 

HCTl 16 cells with 200nM and 400nM TPA for 12 hours and then added 500|iM DCA 

for three hours. The pretreatment of these cells with TPA reduced DCA induced 

apoptosis by 25% (Figure 5.3). These data indicate that PKC was important for DCA 

induction of apoptosis. 

To determine if extended treatments with TPA could affect signaling molecules 

other than PKC, I determined GADD153 expression after TPA chronic treatment. 

Because GADD153 is known to be important in bile acid signaling, the ability of TPA 
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Figure 5.3 TPA Pretreatmeat Prevents DCA Induced 
Apoptosis 
Apoptosis assays of HCTl 16 cells either untreated or treated with 500^M 
DCA for 4 hours, SOO  ̂M UDCA for 12 hours then SOOfiM DCA for 4 hours, 
200nM TPA for 12 hours or 200nM for 12 hours then SOO^M DCA for 4 
hours. 
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to affect GADD153 would help explain why TP A could prevent DC A induced 

apoptosis. To address this question, I treated HCTl 16 cells with 200nM TPA over a 

time course and assayed the cell extracts for GADD153 expression. I found that TPA 

treatment could induce an increased expression of GADD153 after 12 hours and 

maximally at 24 hours (Figure 5.4). This indicated that not only did TPA affect PKC 

signaling, but over long exposures, it could influence other molecules important for 

DCA signaling of apoptosis. 

Previous studies by my laboratory have shown that DCA can induce GADD153 

expression and that this wa.a correlated with DCA-induced apoptosis. To determine if 

expression of GADD153 had been altered in the bile acid resistant cells. I treated 

HOMUR 5, 7 and 17 cells with DCA and UDCA and tested for GADD153 expression. 

When the three HOMUR cell lines were tested for GADD153 expression in response to 

DCA treatment, I saw results similar to parental HCTl 16 cells (Figure 5.5). 

Interestingly, in response to UDCA, GADD153 expression was altered in the HOMUR 

cells. In HOMUR 17 cells, which were highly sensitive to DCA induced apoptosis. 

UDCA caused GADD153 expression earlier than in the parental HCTl 16 cells (Figure 

5.6). Additionally, HOMUR 7 cells show little GADD153 expression after 500^M 

UDCA treatment for 12 hours (Figure 5.6). 
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Figure 5.4 TPA Induction of GADD153 
GADD153 western blot analysis of extracts from HCTl 16 cells treated with 
200nM TPA for 0.6,12,24,36 or 48 hours. 
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0 12 24 Hours 
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Figure 5.5 GADD153 Expression after DCA Treatment 
Western blot analysis for GADD153 using extracts of HCTl 16, HOMUR 5, 
HOMUR 7 and HOMUR 17 cells treated with 500^M DCA for 0,12 
or 24 hours. 
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Figure 5.6 GADD153 is Differentially Expressed In Bile 
Acid Resistant Cells 
Western blot analysis for GADD153 using extracts of HCTl 16, HOMUR 5, 
HOMUR 7 and HOMUR 17 cells treated with SOO^M UDCA for 0,6, 12, 
or 24 hours. a-Tubulin blot used for a loading control. 
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c. Bile Acids and Rb Activity in Colon Cells 

It is has been shown previously that UDCA could inhibit the growth of HCTl 16 

cells without inducing cell death. Flow cytometry analysis of HCTl 16 cells treated 

with 500(xM UDCA for 0, 6, 12, 24 and 48 hours showed a gradual increase in the 

percentage of cells in the Gl phase of the cell cycle (Figure 5.7). Under normal growth 

conditions approximately 67% of the cells were in Gl. however after 24 hours of 

treatment with UDCA more than 80% of the cells were in Gl. These data indicate that 

UDCA had the ability to specifically block cells in the Gl phase of the cell cycle. 

It is well established that the Rb protein piays a significant role in the regulation 

of the G1 checkpoint (94, 97). To determine if UDCA and other bile acids could atTect 

the phosphorylation status of Rb and thus its activity, western blots were performed on 

e.xtracts of HCTl 16 cells treated with UDCA, hyoDCA and DCA over a time course. 

This experiment showed that treatment with UDCA results in the Rb protein to shift 

from the hyper to hypophosphorylated form (Figure 5.8A). UDCA caused 

approximately half of the Rb to be hypophosphorylated at 12 hours and completely 

hypophosphorylated by 24 hours. The moderately hydrophobic bile acid hyoDCA. 

which has also been shown by ^H thymidine incorporation experiments to induce 

growth arrest in HCT116 cells also induced hypophosphorylation in Rb (Figure 5.8B). 
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Figure 5.7 UDCA Induces Gl Arrest in HCTl 16 Cells 
Flow cytometry analysis of HCTl 16 cells treated with SOO^M UDCA 
for A) 0, B) 6, C) 12 or D) 24 hours. 
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Figure 5.8. UDCA Causes Rb Hypophosphorylation, 
DCA Does Not. 

pp- hyperphosphorylated, p- hypophosphorylated 
Western blot analysis for Rb using extracts from: 

A) HCT116 cells treated with 500^M UDCA 
tor 0,6,12, or 24 hours. 

B) HCTl 16 cells treated with SOO^MhyoDCA 
for 0,6,12, or 24 hour 

C) HCTl 16 cells treated with 500 (iM DCA for 
0,1, and 2 hours. 
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The highly hydrophobic bile acid DCA was unable to induce a change in the 

phosphorylation status of Rb (Figure 5.8C). This suggests that bile acid induction of 

Rb hypophosphorylation and ultimately Gl arrest is related to their hydrophobicity. 

To determine if the effects of UDCA were universal to all colon cancer cells or 

if different genetic mutations contributed to UDCA sensitivity. 1 tested a variety of 

colon cancer cell lines for Rb sensitivity to UDCA. I treated the colon cancer cell lines 

CaCo2. CaCo2 clone #60, CaCo2 clone #96 and HT29 cells with UDCA for a time 

course and looked at Rb phosphorylation status through western blot analysis. I found 

that CaCo2 cells take approximately 48 hours to convert half of their Rb to the 

hypophosphorylated form (Figure 5.9). The CaCo2 clone #60 cells, which e.xpress an 

activated ras. also took 48 hours to convert half of their Rb to the hypophosphorylated 

form. The CaCo2 clone #96 cells, which also e.xpress an activated ras. maintain 

approximately a quarter of their Rb in the hypophosphorylated form and this status did 

not dramatically change during UDCA treatment (Figure 5.9). These data indicate that 

ras activity does not dramatically change sensitivity to UDCA. This is an important 

tlnding owing to the fact that half of colon cancer cases have an activated ras and 

UDCA is effectively able to cause growth arrest in a variety of genetic backgrounds. 

HT29, another colon cancer cell line, which have a mutant p53 and activated 

ras, actually have half of their Rb in the hypophosphorylated form in normally growing 

cells, but again UDCA is able to induce a shift to the more hypophosphorylated form 
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Figure 5.9. CaCo2 Clones Respond Differently 
to UDCA 
CaCo2, CaCo2 clone # 60 and # 96 were treated with 500|jM UDCA 
for 0,6,12,24 or 48 hours. Cell extracts were analyzed for Rb. 
pp- byperphosphorylated, p- hypophosphorylated 
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after 24 hours of treattnent (Figure 5.10). This experiment demonstrates that the colon 

cancer cell lines CaCo2 and HT29 are sensitive to UDCA induced growth arrest and 

that the induction of hypophosphorylated Rb and ultimately G1 arrest is a common 

response of colon cancer cell lines to UDCA exposure. 

To determine the role of PFCC activation in bile acid induction of growth arrest, 

I assayed Rb hypophosphorylation after HCT116 cells had been treated with various 

PKC inhibitors and activators in combination with several bile acids. To activate PK.C. 

HCT116 cell were treated with TPA for short periods of time in combination with 

UDCA. Treating cells with 200nM TPA in combination with 500|j.M UDCA for 

various time points did not appear to alter the conversion of Rb from the 

phosphorylated to the hypophosphorylated form (Figure 5.11). However, treating 

HCTl 16 cells with the PKC inhibitor calphostin C for three hours was able to shift Rb 

into the hypophosphorylated state (Figure 5.12). Calphostin C treatment alone did not 

affect Rb phosphorylation status, however, cotreatment with calphostin C and 500fiM 

DCA was able to rapidly shift cellular Rb into the hypophosphorylated form (Figure 

5.10). Combinational treatment with Calphostin C and UDCA did not affect UDCA's 

ability to induce growth arrest. This finding suggests that while inactivating PK.C was 

not important for UDCA's induction of growth arrest, it could allow DCA to induce Rb 

hypophosphorylation. This result suggests that DCA needs an activated PKC to induce 

apoptosis, but inhibition of PKC causes DCA to signal in a manner resembling UDCA. 
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Figure 5.10 HT29 Cells Growth Arrest in the Presence 
ofUDCA 
Western blot analysis for Rb using extracts from HT29 cells treated 
with SOOjiM UDCA for 0,6,12 or 24 hours. 
pp- hyperphosphorylated, p- hypophosphorylated 
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Figure 5.11 TPA and UDCA on Rb Phosphorylation 
Western blot analysis for Rb using extracts from HCTl 16 cells 
treated with 200nM TPA and SOO^M UDCA for 6,12 or 24 hours, 
pp- hyperphosphorylated, p- hypophosphorylated 
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Figure 5.12 Calphostin C and Bile Acids Affect Rb 
Phosphorylation 
Western blot analysis for Rb using extracts from HCTl 16 cells treated with 
400nM Calphostin C (CP-C) for 3 hours or for 30 minutes with the addition 
of SOOuM DCA or UDCA for the indicated times. 
pp- hyperphosphorylated, p- hypophosphorylated 



Previously, I suggested that DCA and UDCA share common signaling pathways, 

finding, however, shows that signaling through PKC is a unique ability of DCA. 
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This 

d. HOMUR Cell Response to UDCA and hyoDCA 

HOMUR cells, which are resistant to UDCA induced growth arrest, were also 

tested for their Rb response to UDCA and hyoDCA. HOMUR 5, 7 and 17 were treated 

with either 500|i.M UDCA or hyoDCA for 0, 24 or 48 hours and then Western analysis 

was performed to determine the Rb status in these cells. Interestingly. HOMUR cells, 

which do not respond to the growth arrest signaling of UDCA. still could be induced to 

shift Rb phosphorylation by UDCA. HOMUR 5 and 17 cells treated with UDCA 

showed Rb hypophosphorylation at six hours and HOMUR 7 cells at 12 hours (Figure 

5.13). A similar effect was seen in HOMUR cells treated with hyoDCA (Figure 5.14). 

This finding suggests that Rb hypophosphorylation. while normally indicative of 

growth arrest, is not correlative with growth arrest in the HOMUR cells. These data 

indicate that the mutation allowing HOMUR cells to resist UDCA induced growth 

arrest is likely downstream of Rb. 
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Figure 5.13 UDCA Causes Rb Hypophosphorylation 
in HOMUR Cells 
Western blot analysis for Rb from extracts from A) HOMUR 5, 
B) HOMUR 7 and C) HOMUR 17 cells treated with SOOjiM 
UDCA for 0,6,12, and 24 hours, pp- hyperphosphorylated, p-
hypophosphorylated 
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Figure 5.14 hyoDCA Causes Rb Hypophosphorylation 
in HOMUR Cells 
Western blot analysis for Rb from extracts from A) HOMUR 5, 
B) HOMUR 7 and C) HOMUR 17 cells treated with 500 |aM hyoDCA 
for 0,6,12, and 24 hours, pp- hyperphosphoryiated, p- hypophosphorylated 
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e. Bile Acids and Death Receptor Signaling 

Many receptors activate signaling cascades by binding to and phosphorylating a 

tyrosine on a neighboring protein. This tyrosine phosphorylation results in that 

protein's activation and ultimately induces activation of a signaling cascade. Blocking 

receptor tyrosine kinase activity can prevent receptor signaling. To determine if DCA 

induction of apoptosis required a receptor tyrosine kinase. I treated cells with the drug 

genistein, an effective inhibitor of receptor tyrosine kinases, and then treated cells with 

DCA. If DCA requires a receptor tyrosine kinase to signal apoptosis. then genistein 

preu*eatment should prevent this induction of apoptosis. To test this hypothesis. I 

treated HCTl 16 cells with varying concentrations of genistein for one hour and then 

treated cells with 500^M DCA for 4 hours (Figure 5.15). Treatment of HCTl 16 with 

this concentration of DCA produces approximately 45% apoptosis. When the cells 

were pretreated with increasing concentrations of genistein. I found a concentration 

dependent decrease in DCA induction of apoptosis. Figure 5.15 shows cells treated 

with 80|aM genistein had greater than a 40% drop in the levels of apoptosis. This result 

indicates that DCA signaling in colon cells may require a receptor tyrosine kinase to 

signal death. 
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Figure 5.15 Genistein Prevents DCA Induced Apoptosis 
Genistein, in the concentrations indicated, was added to HCTl 16 
cells one hour prior to the addition of SOO^M DCA. Apoptosis 
assays were preformed 4 hours after addition of DCA. 80^M 
Genistein on HCTl 16 cells for S hours did not induce apoptosis. 
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To determine if DCA was signaling through a death receptor that formed a 

death initiation signaling complex (DISC complex), I tested first for DCA activation of 

caspase 8. Caspase 8 is known to participate in formation of the DISC and be 

activated by this event. To test for caspase 8 involvement. I treated HCT116 and 

HOMUR cells with 500(4.M DCA and assayed for cleavage of procaspase 8 to the 

activated caspase 8. HCT116 and HOMUR 17 cells treated with DCA show the 

presence of an activated caspase 8 after approximately one hour after bile acid exposure 

(Figure 5.16). HOMUR 5 cells show a slight delay in activation of caspase 8 by DCA. 

suggesting a reason for the inability of DCA to induce equivalent amounts of apoptosis 

in HOMUR 5 versus the parental HCTl 16. Not surprisingly, this induction of caspase 

8 occurs nearly one hour prior to the onset of apoptosis. indicating that activation of a 

death receptor by DCA precedes the onset of apoptosis. 

To determine if UDCA prevents DCA induction of apoptosis by interfering with 

the activity of the DISC complex and thus preventing the activation of caspase 8. I 

tested caspase 8 activation by DCA following pretreatment with UDCA. 1 treated 

HCTl 16 cells with SOOjiM UDCA for 12 hours then exposed the cells to SOOfiM DCA 

for 15. 30 or 60 minutes (Figure 5.17). Cells that were treated only with DCA for this 

time course show activation of caspase 8 by one hour. However. HCTl 16 cells 

pretreatment with UDCA, did not induce activation of caspase 8 by DCA. This finding 
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Figure 5.16 Caspase 8 is Activated by DCA 
in HOMUR Cells 
Western blot analysis of caspase 8 in extracts from HCTl 16, 
HOMUR 5 and HOMUR 17 cells treated with DCA for 0, 1,2 
or 3 hours. 



Active caspase 8 

Figure 5.17 UDCA Prevents DCA Induction of 
Caspase 8 
Caspase 8 western blot analysis of HCTl 16 cells treated with either 
SOO^M DCA for 15 minutes, 30 minutes or 1 hour or were pretreated 
with 500|iM UDCA for 12 hours then treated with either 500^M 
DCA for 15 minutes, 30 minutes or 1 hour. 
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suggests that UDCA prevents DCA induction of apoptosis by interfering with the 

activity of the DISC complex. 

To determine if blocking other members of the DISC complex could prevent 

DCA induced apoptosis, I transfected HCT116 cells with a dominant negative FADD 

(DNFADD) and then assayed for DCA induction of apoptosis. Because I previously 

hypothesized that DISC formation was required for DCA signaling, blocking activation 

of this complex with the DNFADD should prevent DCA induction of apoptosis. I 

transiently transfected HCT116 with either a green fluorescent protein (OFF) plasmid 

or a DNFADD (linked to GFP) plasmid. The DNFADD is able to form a complex with 

an activated death receptor but is unable to activate caspase 8. Without activation of 

the caspase 8. an activated death receptor will be unable to induce apoptosis. 1 found 

that cells transfected with the control GFP plasmid had 80% apoptosis after 6 hours of 

treatment with 500|iM DCA (Figure 5.18). However, cells expressing the DNFADD 

had apoptosis levels less than 10% with this same treatment. These data show that 

disruption of DISC signaling will prevent DCA induction of apoptosis. indicating that 

DCA signals through a death receptor. 

Currently, only five receptors are known to form the DISC with FADD. these 

include fas, TRAIL Rl and R2, TNF alpha and TWEAK (14, 159). Previous works by 

others have shown that bile acids signal apoptosis through the fas receptor in 

hepatocytes (52). To determine if colon cells also use fas to signal apoptosis, I first 
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Figure 5.18 DNFADD Prevents DCA Induced Apoptosis 
HCTl 16 cells transfected with either GFP or DNFADD(GFP) and then 
treated with 500|iM DCA for 3 hours. Cells were then counterstained with 
propidium iodide and analyzed by flow cytomety. Only cells expressing 
GFP were assayed. Cells stained with both GFP and propidium iodide 
were designated as apoptotic. 
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determined if the fas R was expressed in HCT116 cells. Western analysis of cell 

lysates show that these cells express the fas receptor (Figure 5.19), unfortunately I was 

unable to detect fas expression in the membranes of these cells. Due to this result I was 

unable to determine if the fas R was involved in DC A induction of apoptosis, however, 

knowing that very little fas R is needed to signal apoptosis, my results do not rule out 

the possibility that DCA signals through the fas R. 

Bile acids have been shown previously to activate signaling pathways through 

direct activation of membrane receptors, however, it is unknown how the bile acids 

physically activate the receptors. My previous work showed that bile acid biological 

activity was related to hydrophobicity and it is known that changes in a molecule's 

hydrophobicity could cause it to perturb the membrane. To determine if bile acids were 

activating membrane receptors and thus, causing membrane changes. I studied the 

expression of caveolin 1. a protein important for maintaining particular membrane 

microdomains called caveolae. I treated HCTl 16 cells with either DCA or UDCA or 

used the drug cyclodextrin. which removes cholesterol from the membrane and causes 

caveolae disruption. Figure 5.20 shows that cells treated with cyclodextrin compensate 

for the disruption of their caveolae by increasing the expression of caveolin I. Cells 

treated with UDCA actually had a slight reduction in caveolin expression. To further 

determine if cholesterol content, and ultimately membrane fluidity, could alter DCA 

induction of apoptosis, I pretreated cells with cyclodextrin and then added DCA. I 
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Figure 5.19 Fas R Expression in HCTl 16 Cells After 
Bile Acid Treatment 
Western blot analysis of fas receptor expression in HCTl 16 cells treated 
with either SOO^M DCA for 1 hour, SOOjiM DCA for 2 hours, SOOjxM 
UDCA for 12 hours, or 500|iM UDCA for 12 hours then SOO^M DCA 
for 1 or 2 hours. 
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untreated DCA UDCA UDCA SOOmMMCD ImM MCD UDCA 

Figure 5.20 Caveolin Expression in Bile Acid Treated 
HCTl 16 Cells 
Western blot analysis for caveolin 1 from extracts of HCTl 16 cells treated 
with 500n M DCA for 3 hours, SOO î M UDCA for 12 hours, 500  ̂M UDCA 
for 12 hours then 500  ̂M DCA for 3 hours, SOO  ̂M methyl P-cyclodextrin 

(MCD) for 3 hours, ImM methyl P-cyclodextrin for 3 hours, or 500  ̂M 
UDCA for 12 hours then 500 ̂  M methyl P-cyclodextrin for 3 hours 

+DCA +MCD 

a-Tubulin 
loading control 
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found that cells pretreated with cyclodextrin could be moderately protected against 

DC A induced apoptosis (Figure 5.21) 



0 
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Figure 5.21 Cyclodextrin Prevents DCA 
Induced Apoptosis 
HCTl 16 cells treated with SOOfiM DCA for 3 hours, 500}iM methyl-
beta-cyclodextrin (MCD) for 3 hours, or cells were pretreated with 
SOOfiM MCD for 3 hours or SOOuM UDCA for 12 hours and then 
SOO^M DCA was added. Cells were then assayed for apoptosis. 
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III. Discussion 

Many signaling molecules are known to play a significant role in the 

development of tumors. Studying how these molecules are activated by bile acids may 

explain the role of bile acids in the development of colon cancer. These data indicate 

that an overall down regulation of PK.C by either treatment with a PKC inhibitor or 

long treatments with a PKC activator, which results in PKC down-regulation, could 

interfere with DCA induction of apoptosis. Unfortunately, studies of individual 

isoforms failed to reveal a specific isoform involved in DCA induction of apoptosis. 

However it is possible that multiple isoforms may simultaneously be involved in DCA 

signaling pathways. Interestingly, 1 discovered that inhibition of PKC did not affect 

UDCA. but that this inhibition could cause DCA to signal in manner similar to UDCA. 

This finding suggests that while UDCA and DCA share one or multiple pathways, the 

induction of PKC is unique to DCA. This induction of PKC by DCA may also explain 

why DCA and not UDCA induced apoptosis. Preliminary data by my laboratory 

showing that cotreatment of cells with the PKC activator TPA and UDCA could induce 

some apoptosis supports this observation. 

My data show that treating HCTl 16 cells with TPA could induce the expression 

of GADD153 and result in protection against DCA induced apoptosis. To further 

determine if GADD153 was involved in bile acid resistance I Ureated the HOMUR cells 
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with UDCA and DC A to determine if GADD153 expression had been altered. I found 

that all of the HOMUR cells tested showed activation of GADD153 after DC A 

treatment in a similar manner to the parental HCT116 cells. However, I found that 

HOMUR 7 cells, which show resistance to all three bile acids tested, show an inability 

to activate expression of GADD153 after UDCA treatment. These findings suggest 

that the bile acids UDCA and DC A activate GADD153 through separate pathways and 

that this activation leads to different cellular outcomes. 

In addition to the role of PKC in bile acid signaling, 1 also investigated if 

UDCA could alter Rb activity. 1 found that not only could UDCA cause Rb to shift 

into the hypophosphorylated state in HCTl 16 cells, but it also had this ability in several 

other colon cancer cell lines. In addition. 1 found that the ability of UDCA to induce 

growth arrest was independent of p53 and ras. With p53 and ras being two of the most 

common mutations in colon cancer, indicated that UDCA prevention of tumor growth 

can occur in a variety of genetic backgrounds. 1 also discovered that another 

moderately hydrophobic bile acid, hyoDCA, had the ability to induce a specific Gl 

growth arrest, indicating that bile acids that induce growth arrest do so in a similar 

manner. Interestingly, I found that HOMUR cells, which do not undergo growth arrest 

in the presence of UDCA, could be induced to shift Rb into the hypophosphorylated 

state upon UDCA treatment. This finding suggests that either HOMUR cells have 

mutations down stream of Rb or that Rb indicates the state of growth in the cell, but is 

not directly responsible for growth arrest. 



148 

My previous data showing that DCA did not enter colon cancer cells suggests 

that it signals death through a death receptor. To investigate this hypothesis, I exposed 

cells to DCA and looked at caspase 8 activation. I found that DCA was able to activate 

caspase 8 one-hour prior to the onset of apoptosis. In addition, I found that UDCA 

could prevent this activation, as could the expression of a DNFADD. These findings 

show that DCA activates a DISC complex, which induces apoptosis. Conversely. 

UDCA can prevent the activation of the DISC complex and thus prevent apoptosis by 

DCA. Unfortunately, I was unable to determine which specific death receptor was 

involved in DCA signaling. 

Finally, to determine if bile acids activated membrane receptors through 

alterations of the plasma membrane. 1 studied the expression patterns of caveolin I and 

altered caveolae structure to study if these changes would effect bile acid signaling. I 

found that pretreatment of cells with UDCA and then exposing them to DCA could 

cause an increase in caveolin I. I observed a similar increase in expression in cells 

pretreated with cyclodextrin. In addition. 1 found that pretreating cells with 

cyclodextrin protected cells firom DCA induced apoptosis. It is knovm that 

cyclodextrin disrupts caveolae structure by removing cholesterol from the membrane. 

My findings suggest the possibility that UDCA is altering the membrane in such a way 

to disrupt and prevent DCA activation of receptors in the caveolae. 
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CHAPTER 6 

CONCLUSIONS 

Colon cancer is the second deadliest cancer in the United States. Currently, 

frequent surveillance of the colon by colonoscopy and surgical removal of polyps and 

tumors are the most effective ways to combat this disease. However, these invasive 

techniques have considerable drawbacks, making finding alterative treatments 

necessary. Two alternative modes of fighting this disease are currently being explored. 

First, understanding the underlying mechanisms that contribute to the development of 

this disease in hopes of finding a method of prevention and secondly, finding non

invasive therapies. Bile acids are strongly implicated in both of these fields of study. 

As a way to better understand and fight this disease, I have focused my research on bile 

acids, as they have been shown to play a role in the development and chemoprevention 

of colon cancer. Early theories about the contribution of bile acids to the development 

of colon cancer have evolved into a clearer understanding of the molecular events that 

bile acids induce and how these events play a role in tumor development. 

The earliest work on bile acids and their role in disease was the observation that 

the hydrophobicity of bile acids correlated with the development of some liver and 

colon diseases. However, very few bile acids were studied to determine if in fact 

hydrophobicity was related to particular biological activities. My first area of study 

was to determine if, among a group of 26 bile acids, particular structural components or 
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hydrophobicity of the molecules correlated with particular biological functions. 1 found 

that while no particular structural modification could predict the activity of a bile acid, 

hydrophobicity strongly correlated with the biological activities I observed. In 

particular. I found that highly hydrophobic bile acids could rapidly induced apoptosis in 

colon cancer cell lines and that moderately hydrophobic bile acids could first induce 

growth arrest and then cause apoptosis in these same cells. Bile acids that were 

hydrophilic in nature showed no biological activity in my studies. Interestingly, I did 

discover that the moderately hydrophobic bile acid UDCA could only induce growth 

arrest and not apoptosis. This result indicated that hydrophobicity, while it predicted 

the biological activity to some degree, did not completely e.xplain the biological 

activities of the bile acids. To further understand bile acid biological activity. I 

e.xplored the molecular signaling pathways activated by bile acids. 

My observation that bile acids did not enter colon cells, suggested that they 

induced biological responses though an external signaling method. I wished to 

determine which signaling molecules were involved and ultimately how they had been 

activated by bile acids. To begin, I treated HCTl 16 cells with various combinations of 

different bile acids at different times to determine if one bile acid could effect the 

biological activity of another. If bile acids with different biological activities were 

signaling through common pathways, then one bile acid should be able to alter the 

signaling of other bile acids. Indeed, I discovered that bile acids, such as UDCA and 

hyoDCA, which normally do not induce apoptosis rapidly, could enhance the killing 
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effect of DCA when the bile acids were added in combination. The altemative 

experiment showed that pretreating cells with UDCA and hyoDCA could actually 

prevent DCA induced apoptosis, suggesting that bile acids can modify a variety of 

signaling pathways that lead to both apoptosis and apoptosis resistance. 

Schlottman et al had suggested that while UDCA could protect liver cells from 

bile acid induced apoptosis, UDCA was ineffective at protecting colon cells (158). 

However, this group only pretreated their colon cells with UDCA for one hour prior to 

adding the apoptosis inducing bile acid. My data show that UDCA was indeed 

protective of colon cells, however, it required 12 hours of pretreatment for this effect to 

occur. This result suggested a possible mechanism by which UDCA was protecting 

colon cells. My previous experiments had shown that UDCA induced Gl growth arrest 

after 12 hours of exposure. Because 12 hours was also the time needed for protection 

to occur. I speculated that UDCA protected colon cells from apoptosis by causing them 

to growth arrest. 

To test this hypothesis, 1 pretreated cells with several other drugs that induced 

growth arrest and then exposed the cells to DCA and measured apoptosis. 1 found that 

DCA was still able to kill these cells and additionally that DCA killed equally in all 

phases of the cell cycle. This result suggested that growth arrest might not actually be 

the protective mechanism. To definitively rule out this possibility. 1 generated HCTl 16 

cells that were resistant to the growth arrest inducing properties of UDCA (HOMUR 

cells). Interestingly, I found that although these HOMUR cells were resistant to UDCA 
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induced growth arrest, pretreatment with UDCA could protect them from DCA induced 

apoptosis. This finding showed that UDCA is protective by a growth arrest 

independent mechanism. 

To further study the molecular events involved in bile acid signaling, 1 used the 

HOMUR cells to determine which mutations contributed to their resistance to particular 

bile acids. I found that while GADD153 could be activated by UDCA and DCA in 

HCT116 cells, the HOMUR 7 cell were unable to activate GADD153 after UDCA 

treatment. This finding showed that the pathways by which bile acids activated 

GADD153 were separate. In addition, while my laboratory- previously showed that 

GADD153 activation was necessary for DCA induction of apoptosis. the activation of 

GADD153 by UDCA does not result in apoptosis (137). This suggests that while both 

of these bile acids activate GADD153, pathways other than GADD153 must be 

responsible for the unique biological outcomes. 

Many signaling molecules have been shown to play a role in cancer. One of 

these molecules is PKC, which is represented by many family members. One or more 

of the members can be involved in a single pathway. To determine if one or many PKC 

isoforms was involved in bile acid signaling, I studied bile acid activation of PKC and 

the requirement of PKC in DCA induction of apoptosis. To study individual isoforms I 

treated cells with DCA and then fractionated the cells into membrane and cytosolic 

portions. It is known that when a PKC isoform becomes activated it translocates to the 

membrane where it binds to a membrane bound complex. Thus, an activated PKC 
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isoform should fractionate with the membrane portion. Western analysis of HCTl 16 

cells showed that PKC isoforms showed an expression and activation pattern similar to 

normal colonic epithelia. In addition, my studies did not find any change in a particular 

isoform's activation upon DCA treatment. However, I was able to show that inhibition 

of PKC, with an isoform non-specific inhibitor, could prevent DCA induction of 

apoptosis. These data show that PKC activation is important event in DCA signaling of 

apoptosis. 

These data show a strong correlation between apoptosis and bile acid activation 

of death receptor signaling complexes. 1 showed that not only does DCA activate 

caspase 8, but also that UDCA can prevent this activation. The ability of UDCA to 

prevent the activation of caspase 8 by DCA suggests that it is acting at the membrane to 

inhibit either DISC formation or activation. In addition, I found that inhibition of the 

death initiation-signaling complex with a DNFADD could prevent DCA from inducing 

apoptosis. These data confirm that bile acids are acting at the membrane to either 

activate or inhibit membrane receptors and their signaling complexes. 

My data show that bile acids can activate a variety of signaling molecules 

within colon cells (Figure 6.1). In addition, my work indicates that DCA could induce 

apoptosis through the activation of the membrane receptor fas. Others and myself have 

shown that DCA can activate a broad range of intracellular molecules and receptors. It 

seems improbable that DCA is acting as a receptor mimetic by specifically activating 

these receptors in a manner similar to the receptors endogenous ligands. A more 
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Figure 6.1 Signaling Pathways Activated by Bile Acids 
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plausible explanation might be that DCA induces more generalized changes in 

membrane structure that causes activation of transmembrane receptors. It is possible 

that highly hydrophobic bile acids disrupt the membrane microenvironment. including 

caveolae, in which many signaling receptors lye (41). That disruption of the 

microenvironments could lead to inappropriate activation of a variety of receptors. 

While it is clear that UDCA activates a variety of intracellular signaling 

molecules, it appears that none of the molecules I studied could explain how UDCA 

prevents DCA induced apoptosis. However, looking at how UDCA may affect a 

membrane microdomain may explain not only the mechanism by which UDCA acts to 

prevent DCA induced apoptosis. but also the mechanism by which DCA causes 

apoptosis. An explanation may lie in two preliminary experiments I preformed 

looking at cell membrane effects. Pretreating cells with the drug methyl b-

cyclodextrin, which is known to remove cholesterol from the membrane and disrupt 

caveolae. could prevent DCA induction of apoptosis to a similar extent as UDCA. In 

addition, cells pretreated with UDCA and then treated with DCA showed an increase in 

caveolin 1 expression. This same result occurs when cells are treated with cyclodextrin 

alone. This increase in caveolin I may allow the cell to maintain membrane stability 

even under adverse conditions, which prevents DCA from perturbing the membrane 

and causing apoptosis. Finally, other laboratories have shown that cholesterol and one 

of its derivatives, cholesterol hemisuccinate, can increase membrane rigidity. Bile 

acids, having a similar structure to cholesterol may alter membranes in a similar 
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manner. In addition, it is known that treating cells with 500p.M cholesterol 

hemisuccinate can induce apoptosis. Again, these data support the notion that bile 

acids are activating signaling cascades by causing membrane perturbations that alters 

the structures of caveolae. 

My data showing DCA signaling through the activation of the fas receptor 

suggests the possibility that other bile acids, including UDCA. could also be signaling 

through membrane receptors. This finding also indicates that further study is 

necessary to determine the exact mechanism by which DCA and other bile acids 

activate membrane receptors. In particular, I think that studying the changes caused by 

bile acids to membrane fluidity and membrane microdomains would ultimately explain 

why these bile acids are activating many intracellular signaling molecules. Knowing 

how bile acids signal will likely produce the most promising ways to prevent DCA 

promotion of colon cancer. UDCA, when taken as a dietary supplement, can be 

converted by the body to the timior promoter DCA, which causes concern about long-

term consequences of taking high levels of UDCA. If the mechanism by which UDCA 

functions to protect cells, other compounds with similar attributes can be found to act as 

chemopreventive agents without the possibility of being converted to a tumor 

promoting compound. 
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APPENDIX A 

PERMISSION TO USE COPYRIGHTED MATERIAL 

Reproduced with permission, from Ashley A. Powell, Janna M. LaRue, A. K. Batta, 

Jesse D. Martinez, 2001, Biochemical Journal, 356,481-486. ©Biochemical Society 
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Against Deoxycholic Acid Induction of Apoptosis Through a Growth Arrest 
Independent Mechanism. Submitted to the International Journal of Cancer, 2002 
(Chapter 4) 

Ashley A. Powell, J. LaRue, A.K. Batta, and J.D. Martinez. Bile Acid Hydrophobicity 
Correlates with Induction of Apoptosis and/or Growth Arrest in HCT116 Cells. 
Biochemical Journal, 2001; 356(pt 2): 481-6 
(Chapter 3) 

J.D. Martinez, E. Stratagouies, J. LaRue, Ashley A. Powell, P. Gause. M. Craven, C. 
Payne. M. Powell, E. Gemer, and D. Earnest. Different Bile Acids E.xhibit Distinct 
Biological Effects: The Tumor Promoter Deoxycholic Acid Induces Apoptosis and the 
Chemopreventive Agent Ursodeoxycholic Acid Inhibits Cell Proliferation. Nutrition 
and Cancer, 1998; 31(2):l 11-118 
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The Role of Death Receptor Signaling in Bile Acid Induction of Apoptosis in 
Colon Cancer Cell Lines 

By Ashley A. Powell and Jesse D. Martinez. Proceedings of the American Association 
for Cancer Research (Abstract #3498) Vol. 43, April 2002. American Association for 
Cancer Research, San Francisco, CA. 

Bile acids have long been known to induce a variety of cellular responses and to 
play a role in several human diseases, including colon cancer. A tumor-promoting bile 
acid, deoxycholic acid (DCA), has been shown to induce apoptosis in a variety of colon 
cells, while the chemopreventive agent ursodeoxycholic acid (UDCA) has been shown 
to induce growth arrest and protect cells from DCA-induced apoptosis. However, the 
mechanism by which these bile acids cause the induction or prevention of apoptosis is 
largely unknown. Research involving cells of the liver have shown that death 
receptors, specifically the Fas receptor, play a crucial role in bile acid signaling of 
apoptosis. To determine if death receptors are important components of apoptosis 
signaling in colon cells, we looked at DCA activation of death receptor pathways, in 
particular, the recruitment and activation of members of the death receptor-induced 
signaling complex (DISC), including caspase 8 and Fas-associated protein with death 
domain (FADD). The treatment of the human colon cancer cell line HCT116 with 
500|iM DCA triggers cleavage of procaspase 8 to its activated form in less than one 
hour. We have previously shown that this concentration of DCA will induce 
approximately 11% of apoptosis within one hour and 40% within two hours. In 
addition to the activation of caspase 8, we find that transfection of HCTl 16 cells with a 
dominant negative form of FADD dramatically reduces the ability of DCA to induce 
apoptosis. Cells exposed to 250^M DCA for 12 hours results in approximately 70% 
apoptosis. However, cells transfected with dominant negative FADD and then treated 
with DCA for the same period yield apoptosis levels of less than 6%. From these data 
we hypothesize that the Fas receptor may be involved in DCA signaling of apoptosis in 
colon cancer cells. We are currently testing the involvement of the Fas receptor in 
DCA induced apoptosis and investigating the down regulation of the Fas death receptor 
pathway by UDCA as a possible mechanism for UDCA prevention of DCA induction 
of apoptosis. 
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A Genetic Analysis of Signaling Pathways Activated by Ursodeoxycholic Acid in 
Colon Cells 

By Ashley A. Powell, Dianhua Qiao Ph.D., Jesse D. Martinez Ph.D. Proceedings of 
the American Association for Cancer Research (Abstract #5031) Vol. 42, March 2001. 
American Association for Cancer Research, New Orleans, LA. 

There is compelling evidence from epidemiological and animal studies that 
some bile acids may influence colon tumorigenesis. Our laboratory has shown that the 
tumor promoting bile acid deoxycholic acid (DCA), can rapidly induce apoptosis, 
whereas, the chemopreventive bile acid, ursodeoxycholic acid (UDCA), can cause 
growth arrest in the colon cancer derived cell line HCTl 16. To elucidate the signal 
transduction pathways that are activated by bile acids, weyhave generated mutant 
HCTl 16 cells that are resistant to UDCA induced growth arrest. HOMUR (HCTI16 
odd morphology UDCA resistant) cells were created by EMS mutagenization of 
HCTl 16 cells and selected for growth in the presence of UDCA. 47 mutants were 
generated and four have been characterized in detail. Previously, we showed that 
UDCA treated cells arrest in the Gl phase of the cell cycle and that the tumor 
suppressor protein retinoblastoma (Rb) is activated during UDCA induced growth 
arrest. Interestingly, several HOMUR cell lines show a lack of Rb activation after 
UDCA treatment. In addition, the growth arrest and DNA damage protein (GADD 
153) is activated in parental HCTl 16 cells after UDCA treatment, but is only activated 
in approximately half of HOMUR cells. We wanted to determine if mutations to the 
UDCA pathway could subsequently influence the activation of the apoptosis pathway 
by DCA. We found that half of the HOMUR cell lines tested showed resistance to 
DCA induced apoptosis. This research indicates that bile acids with different 
biological ftinctions share common signaling pathways. In addition, UDCA may cause 
growth arrest by activating a tumor suppressor gene. Determining which transduction 
pathways are activated by bile acids is important to understanding how bile acids 
function in tumor promotion and chemoprevention of the colon. 
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Apoptosis and Growth Arrest in Colon Cells: Correlation Between 
Hydrophobicity of Bile Acids and Cellular Effects 

By Ashley A. Powell, J. LaRue, G. Salen, A.K. Batta, and J.D. Martinez. 
Distinguished Abstract Plenary Session: Biliary Disorders. Digestive Disease Week, 
American Gastroenterological Association, May 2000, San Diego, CA 

Fecal bile acids have long been associated with colon cancer and the 
hydrophobic bile acids that induce apoptosis in colon cells are also the bile acids 
implicated in tumor promotion. Our laboratory has examined the ability of 18 different 
bile acids to induce apoptosis or change cell growth. Of the bile acids tested, only 
deoxycholic acid (DCA), chenodeoxycholic acid, hyodeoxycholic acid (HDA) and 
homoursodeoxycholic acid (HUDA) caused apoptosis. The rapidity and degree to 
which these bile acids could induce apoptosis correlated with their relative 
hydrophobicities. In addition, several bile acids, including ursodeoxycholic (UDCA) 
acid, HDA and HUDA caused reduction in ^H thymidine uptake by the human colon 
carcinoma cell line HCTl 16, suggesting that these moderately hydrophobic bile acids 
could induce growth arrest. We tested a subset of these bile acids to determine if they 
could translocate across cell membranes. '""C and ^H labeled DCA. UDCA, and 
lagodeoxycholic acid were added to cell cultures. We found that while these bile acids 
were taken up by hepatocytes in a hydrophobic and time dependant manner, the bile 
acids were not taken up by cells of colonic origin, even after 24 hours of treatment. 
These experiments suggest that hydrophobicity is important for bile acid function but 
not for cellular uptake in colonic cells. 
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Apoptosis and Growth Arrest in Colon Cells: Correlation Between 
Hydrophobicity of Bile Acids and Cellular Effects. 

By Ashley A. Powell, J. LaRue, G. Salen, A.K. Batta, and J.D. Martinez. Proceedings 
of the American Association for Cancer Research (Abstract #2178) Vol. 41, April 
2000. American Association for Cancer Research, San Francisco, CA. 

Fecal bile acids have long been associated with colon cancer and the 
hydrophobic bile acids that induce apoptosis in colon cells are also the bile acids 
implicated in tumor promotion. Our laboratory has examined the ability of 18 different 
bile acids to induce apoptosis or change cell growth. Of the bile acids tested, only 
deoxycholic acid (DCA), chenodeoxycholic acid, hyodeoxycholic acid (HDA) and 
homoursodeoxycholic acid (HUDA) caused apoptosis. The rapidity and degree to 
which these bile acids could induce apoptosis correlated with their relative 
hydrophobicities. In addition, several bile acids, including ursodeoxycholic (UDCA) 
acid, HDA and HUDA caused reduction in ^H thymidine uptake by the human colon 
carcinoma cell line HCTl 16, suggesting that these moderately hydrophobic bile acids 
could induce growth arrest. We tested a subset of these bile acids to determine if they 
could uranslocate across cell membranes. '"'C and ^H labeled DCA. UDCA. and 
lagodeoxycholic acid were added to cell cultures. We found that while these bile acids 
were taken up by hepatocytes in a hydrophobic and time dependant manner, the bile 
acids were not taken up by cells of colonic origin, even after 24 hours of treatment. 
These experiments suggest that hydrophobicity is imponant for bile acid function but 
not for cellular uptake in colonic cells. 



163 

REFERENCES 

1. Adjei, A. A. 2001. Blocking oncogenic Ras signaling for cancer therapy. J Natl 
Cancer Inst 93; 1062-74. 

2. Ahlquist, D. A., J. E. Skoletsl^r, K. A. Boynton, J. J. Harrington, D. W. 
Mahoney, W. E. Pierceall, S. N. Thibodeau, and A. P. Shuber. 2000. 
Colorectal cancer screening by detection of altered human DNA in stool: 
feasibility of a multitarget assay panel. Gastroenterology 119:1219-27. 

3. Alberts, D. S., M. E. Martinez, D. J. Roe, J. M. Guillen-Rodriguez, J. R. 
Marshall, J. B. van Leeuwen, M. E. Reid, C. Ritenbaugh, P. A. Vargas, A. 
B. Bhattacharyya, D. L. Earnest, and R. E. Sampliner. 2000. Lack of effect 
of a high-fiber cereal supplement on the recurrence of colorectal adenomas. 
Phoeni.\ Colon Cancer Prevention Physicians' Network. N Engl J Med 
342:1156-62. 

4. Aldini, R., A. Roda, M. Montagnani, and E. Roda. 1995. Bile acid structure 
and intestinal absorption in the animal model. Ital J Gastroenterol 27:141-4. 

5. Altucci, L., and H. Gronemeyer. 2001. Nuclear receptors in cell life and death. 
Trends Endocrinol Metab 12:460-8. 

6. Ames, B. N. 1999. Micronutrient deficiencies. A major cause of DNA damage. 
Ann N Y Acad Sci 889:87-106. 

7. Anderson, R. G. 1998. The caveolae membrane system. Annu Rev Biochem 
67:199-225. 

8. Angulo, P., and K. D. Lindor. 1999. Primary biliary cirrhosis and primary 
sclerosing cholangitis. Clin Liver Dis 3:529-70. 

9. Anwar, S., C. Hall, J. White, M. Deakin, W. Farrell, and J. B. Elder. 2000. 
Hereditary non-polyposis colorectal cancer: an updated review. Eur J Surg 
Oncol 26:635-45. 



164 

10. Appella, E., and Anderson, C.W. 2001. Post-translational modifications and 
activation of p53 by genotoxic stress. Eur. J. Biochem 268:2764-2772. 

11. Archer, M. C., W. R. Bruce, C. C. Chan, D. E. Corpet, A. Medline, L. 
Roncucci, D. Stamp, and X. M. Zhang. 1992. Aberrant crypt foci and 
microadenoma as markers for colon cancer. Environ Health Perspect 98:19S-7. 

12. Aries, V., J. S. Crowther, B. S. Drasar, and M. J. Hill. 1969. Degradation of 
bile salts by human intestinal bacteria. Gut 10:575-6. 

13. Arzimanoglou, II, F. Gilbert, and H. R. Barber. 1998. Microsatellite 
instability in human solid tumors. Cancer 82:1808-20. 

14. Baker, S. J., and E. P. Reddy. 1998. Modulation of life and death by the TNF 
receptor superfamily. Oncogene 17:3261-70. 

15. Balint, E. E., and K. H. Vousden. 2001. Activation and activities of the p53 
tumour suppressor protein. Br J Cancer 85:1813-23. 

16. Baquet, C. R., J. W. Horm, T. Gibbs, and P. Greenwald. 1991. 
Socioeconomic factors and cancer incidence among blacks and whites. J Natl 
Cancer Inst 83:551-7. 

17. Bartek, J., and J. Lukas. 2001. Mammalian Gl- and S-phase checkpoints in 
response to DNA damage. Curr Opin Cell Biol 13:738-47. 

18. Batta, A. K., G. Salen, H. Holubec, T. A. Brasitus, D. Alberts, and D. L. 
Earnest. 1998. Enrichment of the more hydrophilic bile acid ursodeoxycholic 
acid in the fecal water-soluble tiraction after feeding to rats with colon polyps. 
Cancer Res 58:1684-7. 

19. Bedi, A., P. J. Pasricha, A. J. Akhtar, J. P. Barber, G. C. Bedi, F. M. 
Giardiello, B. A. Zehnbauer, S. R. Hamilton, and R. J. Jones. 1995. 
Inhibition of apoptosis during development of colorectal cancer. Cancer Res 
55:1811-6. 

20. Behrens, J. 2000. Control of beta-catenin signaling in tumor development. Ann 
N Y Acad Sci 910:21-33; discussion 33-5. 

21. Bellet, D. 1992. Tumor-susceptibility markers. J Natl Cancer Inst Monogr:l 15-
21. 



165 

22. Benz, C., S. Angermuller, G. Otto, P. Sauer, W. Stremmel, and A. Stiehl. 
2000. Effect of tauroursodeoxycholic acid on bile acid-induced apoptosis in 
primary human hepatocytes. Eur J Clin Invest 30:203-9. 

23. Beuers, U., J. L. Boyer, and G. Paumgartner. 1998. Ursodeoxycholic acid in 
cholestasis; potential mechanisms of action and therapeutic applications. 
Hepatology 28:1449-53. 

24. Black, A. R., and J. Azizkhan-ClifTord. 1999. Regulation of E2F: a family of 
transcription factors involved in proliferation control. Gene 237:281-302. 

25. Bleday, R., and W. D. Wong. 1993. Recent advances in surgery for colon and 
rectal cancer. Curr Probl Cancer 17:1-65. 

26. Bobstock, C. S., Prescott, D.M., and Kirkpatrick, J.B. 1971. Evaluation of 
the Double Thymidine Block. E.\perimental Cell Research 68:163. 

27. Boland, C. R. 1996. Roles of the DNA mismatch repair genes in colorectal 
tumorigenesis. Int J Cancer 69:47-9. 

28. Brasitus, T. A. 1995. Primary chemoprevention strategies for colorectal cancer: 
ursodeoxycholic acid and other agents. Gastroenterology 109:2036-8. 

29. Brattain, M. G., W. D. Fine, F. M. Khaled, J. Thompson, and D. E. 
Brattain. 1981. Heterogeneity of malignant cells from a human colonic 
carcinoma. Cancer Res 41:1751-6. 

30. Breuer, N., and H. Goebeil. 1985. The role of bile acids in colonic 
carcinogenesis. Klin Wochenschr 63:97-105. 

31. Brites, D., C. M. Rodrigues, M. Cardoso, and L. M. Graca. 1998. Unusual 
case of severe cholestasis of pregnancy with early onset, improved by 
ursodeoxycholic acid administration. Eur J Obstet Gvnecol Reprod Biol 76:165-
8. 

32. Brites, D., C. M. Rodrigues, N. Oliveira, M. Cardoso, and L. M. Graca. 
1998. Correction of maternal serum bile acid profile during ursodeoxycholic 
acid therapy in cholestasis of pregnancy. J Hepatol 28:91-8. 



166 

33. Cao, Y., and S. M. Prescott. 2002. Many actions of cyclooxygenase-2 in 
cellular dynamics and in cancer. J Cell Physiol 190:279-86. 

34. Caprilli, R., G. Frieri, G. Marchetti, and S. Giambartolomei. 1995. [Ion 
transport in the colon]. Minerva Gastroenterol Dietol 41:289-301. 

35. Carlomagno, N., M. I. Scarano, S. Gargiulo, M. De Rosa, L. Panariello, P. 
Izzo, and A. Renda. 2001. [Familial colonic polyposis: effect of molecular 
analysis on the diagnostic-therapeutic approach]. Ann Ital Chir 72:207-14. 

36. Chappie, K. S., E. J. Cartwright, G. Hawcroft, A. Tisbury, C. Bonifer, N. 
Scott, A. C. Windsor, P. J. Guillou, A. F. Markham, P. L. Coletta, and M. 
A. Hull. 2000. Localization of cyclooxygenase-2 in human sporadic colorectal 
adenomas. Am J Pathol 156:545-53. 

37. Chiarugi, V., L. Magnelli, M. Cinelli, and G. Basi. 1994. Apoptosis and the 
cell cycle. Cell Mol Biol Res 40:603-12. 

38. Cho, K. R., and B. Vogelstein. 1992. Suppressor gene alterations in the 
colorectal adenoma-carcinoma sequence. J Cell Biochem Suppl 16G:137-4l. 

39. Coleman, R., S. Iqbal, P. P. Godfrey, and D. Billington. 1979. Membranes 
and bile formation. Composition of several mammalian biles and their 
membrane-damaging properties. Biochem J 178:201-8. 

40. Corpet, D. E., Tache, S.,. 2000. Most Effective Colon Cancer Chemotherapy 
Agents in Rats: Review of Aberrant Crypt Foci and Tumor Data. Ranked by 
Potency. American Association of Cancer Research Poster Session. 

41. Couet, J., M. Sargiacomo, and M. P. Lisanti. 1997. Interaction of a receptor 
tyrosine kinase, EGF-R, with caveolins. Caveolin binding negatively regulates 
tyrosine and serine/threonine kinase activities. J Biol Chem 272:30429-38. 

42. Coultas, L., and A. Strasser. 2000. The molecular control of DNA damage-
induced cell death. Apoptosis 5:491-507. 

43. Coussens, L., L. Rhee, P. J. Parker, and A. Ullrich. 1987. Alternative 
splicing increases the diversity of the human protein kinase C family. DNA 
6:389-94. 



167 

44. Craven, P. A., J. Pfanstiel, and F. R. DeRubertis. 1986. Role of reactive 
oxygen in bile salt stimulation of colonic epithelial proliferation. J Clin Invest 
77:850-9. 

45. Davidson, L. A., Y. H. Jiang, J. N. Derr, H. M. Aukema, J. R. Lupton, and 
R. S. Chapkin. 1994. Protein kinase C isoforms in human and rat colonic 
mucosa. Arch Biochem Biophys 312:547-53. 

46. Davidson, L. A., J. R Lupton, Y. H. Jiang, W. C. Chang, H. M. Aukema, 
and R. S. Chapidn. 1995. Dietary fat and fiber alter rat colonic protein kinase 
C isozyme expression. J Nutr 125:49-56. 

47. Dckker, L. V., and P. J. Parker. 1994, Protein kinase C~a question of 
specificity. Trends Biochem Sci 19:73-7. 

48. Dobrowsky, R. T. 2000. Sphingolipid signalling domains floating on rafts or 
buried in caves? Cell Signal 12:81-90. 

49. Earnest, D. L. 1998. Ursodeoxycholic Acid Phase 1 clinical trial. In A. 
Powell (ed.), Tucson. 

50. Earnest, D. L., H. Holubec, R K. Wall, C. S. Jolley, M. Bissonette, A. K.  
Bhattacharyya, H. Roy, S. Khare, and T. A. Brasitus. 1994. 
Chemoprevention of azoxymethane-induced colonic carcinogenesis by 
supplemental dietary ursodeoxycholic acid. Cancer Res 54:5071-4. 

51. Eastwood, G. L. 1983. Colon Structure and Function. Plenum Publishing 
Corporation, New York. 

52. Faubion, W. A., M. E. Guicciardi, H. Miyoshi, S. F. Bronk, P. J. Roberts, P. 
A. Svingen, S. H. Kaufmann, and G. J. Gores. 1999. Toxic bile salts induce 
rodent hepatocyte apoptosis via direct activation of Fas. J Clin Invest 103:137-
45. 

53. Fearnhead, N. S., M. P. Britton, and W. F. Bodmer. 2001. The ABC of APC. 
Hum Mol Genet 10:721-33. 

54. Fearon, E. R, and B. Vogeistein. 1990. A genetic model for colorectal 
tumorigenesis. Cell 61:759-67. 



168 

55. Feinstein, E., A. Kimchi, D. Wallach, M. Boldin, and E. Varfolomeev. 1995. 
The death domain: a module shared by proteins with diverse cellular functions. 
Trends Biochem Sci 20:342-4. 

56. Fenoglio, C. M., R. M. Richart, and G. I. Kaye. 1975. Comparative electron-
microscopic features of normal, hyperplastic, and adenomatous human colonic 
epithelium. II. Variations in surface architecture found by scaiming electron 
microscopy. Gastroenterology 69:100-9. 

57. Fishman, D. D., S. Segal, and E. Livneh. 1998. The role of protein kinase C in 
G1 and G2/M phases of the cell cycle (Review). Int J Oncol 12:181-6. 

58. Fitzer, C. J., C. A. O'Brian, J. G. Guillem, and I. B. Weinstein. 1987. The 
regulation of protein kinase C by chenodeoxycholate, deoxycholate and several 
structurally related bile acids. Carcinogenesis 8:217-20. 

59. Forus, A., V. A. Florenes, G. M. Maelandsmo, O. Fodstad, and O. 
Myldebost. 1994. The protooncogene CHOP/GADD153, involved in growth 
arrest and DNA damage response, is amplified in a subset of human sarcomas. 
Cancer Genet Cytogenet 78:165-71. 

60. Fujimoto, T., H. Kogo, R. Nomura, and T. line. 2000. Isoforms of caveolin-1 
and caveolar structure. J Cell Sci 113 Pt 19:3509-17. 

61. FuruchI, T., and R. G. Anderson. 1998. Cholesterol depletion of caveolae 
causes hyperactivation of extracellular signal-related kinase (ERK). J Biol 
Chem 273:21099-104. 

62. Gaitonde, S. V., J. R. Riley, D. Qiao, and J. D. Martinez. 2000. 
Conformational phenotype of p53 is linked to nuclear translocation. Oncogene 
19:4042-9. 

63. Gartel, A. L., and A. L. Tyner. 1998. The growth-regulatory role of p21 
(WAFl/CIPl). Prog Mol Subcell Biol 20:43-71. 

64. Gibson, G. R., Roberfroid, M. B. 1999. Colonic microbiota. nutrition, and 
health. Kluwer Academic, Boston. 

65. Gibson, T. 1684. The Anatomy of Humane Bodies, 2 ed. Flesher. London. 



169 

66. Goodnight, J. A., H. Mischak, W. Kolch, and J. F. Mushinski. 1995. 
Immunocytochemicai localization of eight protein kinase C isozymes 
overexpressed in NIH 3T3 fibroblasts. Isoform-specific association with 
microfilaments, Golgi, endoplasmic reticulum, and nuclear and cell membranes. 
J Biol Chem 270:9991-10001. 

67. Goodrich, D. W., and W. H. Lee. 1990. The molecular genetics of 
retinoblastoma. Cancer Surv 9:529-54. 

68. Goss, K. H., and J. Groden. 2000. Biology of the adenomatous polyposis coli 
tumor suppressor. J Clin Oncol 18:1967-79. 

69. Greenlee, R. T., T. Murray, S. Bolden, and P. A. Wingo. 2000. Cancer 
statistics, 2000. CA Cancer J Clin 50:7-33. 

70. Gruber, M., and P. Lance. 1998. Colorectal cancer detection and screening. 
Lippincotts Prim Care Pract 2:369-76; quiz 377-8. 

71. Gujuluva, C. N., J. H. Baek, K. H. Shin, H. M. Cherrick, and N. H. Park. 
1994. Effect of UV-irradiation on cell cycle, viability and the e.xpression of p53. 
gaddl53 and gadd45 genes in normal and HPV-immortalized human oral 
keratinocytes. Oncogene 9:1819-27. 

72. Guidenschuh, L, R. Hurlimann, A. Muller, R. Ammann, B. Muiihaupt, Z. 
Dobbie, G. F. Zala, R. Flury, W. Seelentag, J. Roth, C. Meyenberger, M. 
Fried, T. Hoppeler, A. D. Spigelman, and R. J. Scott. 2001. Relationship 
between APC genotype, polyp distribution, and oral sulindac treatment in the 
colon and rectum of patients with familial adenomatous polyposis. Dis Colon 
Rectum 44:1090-7; discussion 1097-9. 

73. Hacker, G. 2000. The morphology of apoptosis. Cell Tissue Res 301:5-17. 

74. Hamada, K., A. Umemoto, A. Kajikawa, M. J. Seraj, and Y. Monden. 1994. 
In vitro formation of DNA adducts with bile acids. Carcinogenesis 15:1911-5. 

75. Harris, P. J., and L. R. Ferguson. 1999. Dietary fibres may protect or enhance 
carcinogenesis. Mutat Res 443:95-110. 

76. Haslewood, G. A. D. 1967. Bile Salts. Methuen and Company LTD, London. 



170 

77. Haslewood, G. A. D. 1978. The Biological Importance of Bile Salts, vol. 47. 
North Holland Publishing Company, Amsterdam. 

78. Heaton, K. W. 1972. Bile Salts in Health and Disease. The Williams and 
Wilkins Company, Baltimore. 

79. Heuman, D. M., W. M. Pandak, P. B. Hylemon, and Z. R. Vlahcevic. 1991. 
Conjugates of ursodeoxycholate protect against cytoto.xicity of more 
hydrophobic bile salts: in vitro studies in rat hepatocytes and human 
erythrocytes. Hepatology 14:920-6. 

80. Higuchi, H., S. F. Bronk, Y. Taidkawa, N. Werneburg, R. Takimoto, W. El-
Deiry, and G. J. Gores. 2001. The bile acid glycochenodeo.xycholate induces 
trail-receptor 2/DR5 e.xpression and apoptosis. J Biol Chem 276:38610-8. 

81. Hill, M. J. 1975. The role of colon anaerobes in the metabolism of bile acids 
and steroids, and its relation to colon cancer. Cancer 36:2387-400. 

82. Hillaire, S., F. Ballet, D. Franco, K. D. Setchell, and R. Poupon. 1995. 
Effects of ursodeoxycholic acid and chenodeoxycholic acid on human 
hepatocytes in primary culture. Hepatology 22:82-7. 

83. Hofmann, A. F. 1968. Functions of bile in the alimentary canal. In Handbook 
of Physiology, Section 6: Alimentary Canal, vol. V; Bile: Digestion;ruminal 
physiology. American Physiological Society, Washington. 

84. Hofmann, A. F. 2001. Ursodeoxycholic Acid for Hepatobiliary Disease. 
Clinical Perspectives in Gastroenterology 4:131-136. 

85. Honda, T., I. Kai, and G. Obi. 1999. Fat and dietary Hber intake and colon 
cancer mortality: a chronological comparison betA\'een Japan and the United 
States. Nutr Cancer 33:95-9. 

86. Hooper, N. M. 1999. Detergent-insoluble glycosphingolipid/cholesterol-rich 
membrane domains, lipid rafts and caveolae (review). Mol Membr Biol 16:145-
56. 

87. Hon, T., K. Matsumoto, Y. Sakaitani, M. Sato, and M. Morotomi. 1998. 
Effect of dietary deoxycholic acid and cholesterol on fecal steroid concentration 
and its impact on the colonic crypt cell proliferation in azoxymethane-treated 
rats. Cancer Lett 124:79-84. 



171 

88. Howe, G. R., E. Benito, R. Castelleto, J. Cornee, J. Esteve, R. P. Gallagher, 
J. M. Iscovich, J. Deng-ao, R. Kaaks, G. A. Kune, and et al. 1992. Dietary 
intake of fiber and decreased risk of cancers of the colon and rectum: evidence 
from the combined ayalysis of 13 case-control studies. J Natl Cancer Inst 
84:1887-96. 

89. Huang, X. P., X. T. Fan, J. F. Desjeux, and M. Castagna. 1992. Bile acids, 
non-phorbol-ester-type tumor promoters, stimulate the phosphorylation of 
protein kinase C substrates in human platelets and colon cell line HT29. Int J 
Cancer 52:444-50. 

90. Hylemon PB, G. T. 1983. Biotransformation of Bile Acids and Cholesterol by 
the Intestinal Microflora. Academic, New York. 

91. Ikegami, T., Y. Matsuzald, J. Shoda, M. Kano, N. Hirabayashi, and N. 
Tanaka. 1998. The chemopreventive role of ursodeoxycholic acid in 
azoxymethane-treated rats: suppressive effects on enhanced group II 
phospholipase A2 expression in colonic tissue. Cancer Lett 134:129-39. 

92. Jagoditsch, M., P. H. Lisborg, G. R. Jatzko, V. Wette, G. Kropfitsch, H. 
Denk, M. Klimpfinger, and H. M. Stettner. 2000. Long-term prognosis for 
colon cancer related to consistent radical surgery: multivariate analysis of 
clinical, surgical, and pathologic variables. World J Surg 24:1264-70. 

93. Jessup, J. M., L. S. McGinnis, G. D. Steele, Jr., H. R. Menck, and D. P. 
Winchester. 1996. The National Cancer Data Base. Report on colon cancer. 
Cancer 78:918-26. 

94. Johnson, D. G., and C. L. Walker. 1999. Cyclins and cell cycle checkpoints. 
Annu Rev Pharmacol Toxicol 39:295-312. 

95. Jones, B. A., Y. P. Rao, R. T. Stravitz, and G. J. Gores. 1997. Bile salt-
induced apoptosis of hepatocytes involves activation of protein kinase C. Am J 
Physiol 272:01109-15. 

96. Kim, Y. N., G. J. Wiepz, A. G. Guadarrama, and P. J. Bertics. 2000. 
Epidermal growth factor-stimulated tyrosine phosphorylation of caveolin-l. 
Enhanced caveolin-l tyrosine phosphorylation following aberrant epidermal 
growth factor receptor status. J Biol Chem 275:7481-91. 



172 

97. King, K. L., and J. A. Cidlowski. 1998. Cell cycle regulation and apoptosis. 
Annu Rev Physiol 60:601-17. 

98. Kuwano, K., and N. Hara. 2000. Signal transduction pathways of apoptosis 
and inflammation induced by the tumor necrosis factor receptor family. Am J 
Respir Cell Mol Biol 22:147-9. 

99. Le Marchand, L., L. R. Wilkens, J. H. Hankin, L. N. Kolonel, and L. C. 
Lyu. 1997. A case-control study of diet and colorectal cancer in a multiethnic 
population in Hawaii (United States): lipids and foods of animal origin. Cancer 
Causes Control 8:637^8. 

100. Lepri, L., D. Heimler, and P. G. Desideri. 1984. Reversed-phase high-
performance thin-layer chromatography of free and conjugated bile acids. J 
Chromatogr 288:461-8. 

101. Lesuffleur, T., A. Barbat, E. Dussaulx, and A. Zweibaum. 1990. Growth 
adaptation to methotrexate of HT-29 human colon carcinoma cells is associated 
with their ability to differentiate into columnar absorptive and mucus-secreting 
cells. Cancer Res 50:6334-43. 

102. Leuschner, U. 1994. Ursodeoxycholic acid therapy in primary biliary cirrhosis. 
Scand J Gastroenterol Suppl 204:40-6. 

103. Livneh, E., and D. D. Fishman. 1997. Linking protein kinase C to cell-cycle 
control. Eur J Biochem 248:1-9. 

104. Losi, L., L. Roncucci, C. di Gregorio, M. P. de Leon, and J. Benhattar. 
1996. K.-ras and p53 mutations in human colorectal aberrant crypt foci. J Pathol 
178:259-63. 

105. Lucas, M., and V. Sanchez-Margalet. 1995. Protein kinase C involvement in 
apoptosis. Gen Pharmacol 26:881-7. 

106. Magnuson, B. A., N. Shirtliff, and R. P. Bird. 1994. Resistance of aberrant 
crypt foci to apoptosis induced by azoxymethane in rats chronically fed cholic 
acid. Carcinogenesis 15:1459-62. 

107. Maidshima, M., A. Y. Okamoto, J. J. Repa, H. Tu, R. M. Learned, A. Luk, 
M. V. Hull, K. D. Lustig, D. J. Mangelsdorf, and B. Shan. 1999. 



173 

Identification of a nuclear receptor for bile acids [see comments]. Science 
284:1362-5. 

108. Marks, F., and G. Furstenberger. 1983. Multistage tumor promotion in skin. 
Princess Takamatsu Symp 14:273-87. 

109. Martelli, A. M., R. Bareggi, R. Bortul, V. Grill, P. Narducci, and M. 
Zweyer. 1997. The nuclear matrix and apoptosis. Histochem Cell Biol 108:1-
10. 

110. Martelli, A. M., R. Bortul, R. Bareggi, V. Grill, P. Narducci, and M. 
Zweyer. 1999. Biochemical and morphological changes in the nuclear matrix 
prepared from apoptotic HL-60 cells: effect of different stabilizing procedures. J 
Cell Biochem 74:99-110. 

111. Martelli, A. M., M. Zweyer, R. L. Oehs, P. L. Tazzari, G. Tabellini, P. 
Narducci, and R. Bortul. 2001. Nuclear apoptotic changes; an overview. J Cell 
Biochem 82:634-46. 

112. Martinez, J. D., E. D. Stratagoules, J. M. LaRue, A. A. Powell, P. R. Gause, 
M. T. Craven, C. M. Payne, M. B. Powell, E. W. Gerner, and D. L. Earnest. 
1998. Different bile acids exhibit distinct biological effects; the tumor promoter 
deoxycholic acid induces apoptosis and the chemopreventive agent 
ursodeoxycholic acid inhibits cell proliferation. Nutr Cancer 31:111-8. 

113. McBain, J. W., Merrill, R.C., Vinograd, J.R. 1941. The solubilisation of 
water-insoluble dye in dilute solutions of aqeous detergents. Journal of the 
American Chemical Society 63:670-676. 

114. McCashland, T. M., R. Brand, E. Lyden, and P. de Garmo. 2001. Gender 
differences in colorectal polyps and tumors. Am J Gastroenterol 96:882-6. 

115. Miller, A. B., G. R. Howe, M. Jain, K. J. Craib, and L. Harrison. 1983. 
Food items and food groups as risk factors in a case-control study of diet and 
colo-rectal cancer. Int J Cancer 32:155-61. 

116. Mineo, C., G. N. Gill, and R. G. Anderson. 1999. Regulated migration of 
epidermal growth factor receptor from caveolae. J Biol Chem 274:30636-43. 

117. Mitsuyoshi, H., T. Nakashima, Y. Sumida, T. Yoh, Y. Nakajima, H. 
Ishikawa, K. Inaba, Y. Sakamoto, T. Okanoue, and K. Kashima. 1999. 



174 

Ursodeoxycholic acid protects hepatocytes against oxidative injury via 
induction of antioxidants. Biochem Biophys Res Commun 263:537-42. 

118. Moriwaki, S., and K. H. Kraemer. 2001. Xeroderma pigmentosum—bridging 
a gap between clinic and laboratory. Photodermatol Photoimmunol Photomed 
17:47-54. 

119. Moses, R. E. 2001. DNA damage processing defects and disease. Annu Rev 
Genomics Hum Genet 2:41-68. 

120. Moyad, M. A. 2001. An introduction to aspirin, NSAids, and COX-2 inhibitors 
for the primary prevention of cardiovascular events and cancer and their 
potential preventive role in bladder carcinogenesis: part 11. Semin Urol Oncol 
19:306-16. 

121. Nagane, M., H. J. Huang, and W. K. Cavenee. 2001. The potential of TRAIL 
for cancer chemotherapy. Apoptosis 6:191 -7. 

122. Nelson, R. L., V. Persky, and M. Turyk. 1999. Carcinoma in situ of the 
colorectum: SEER trends by race, gender, and total colorectal cancer. J Surg 
Oncol 71:123-9. 

123. Nishizuka, Y. 1992. Intracellular signaling by hydrolysis of phospholipids and 
activation of protein tcinase C. Science 258:607-14. 

124. Ohtaki, Y., T. Hida, K. Hiramatsu, M. Kanitani, T. Ohshima, M. Nomura, 
H. Wakita, M. Aburada, and K. I. Miyamoto. 1996. Deoxycholic acid as an 
endogenous risk factor for hepatocarcinogenesis and effects of gomisin A. a 
lignan component of Schizandra fruits. Anticancer Res 16:751-5. 

125. Okamoto, T., A. Schlegel, P. E. Scherer, and M. P. Lisanti. 1998. Caveolins, 
a family of scaffolding proteins for organizing "preassembled signaling 
complexes" at the plasma membrane. J Biol Chem 273:5419-22. 

126. Osorio, A., M. De La Hoya, R. Rodriguez-Lopez, A. Martinez-Ramirez, A. 
Cazoria, J. J. Granizo, M. Esteller, C. Rivas, T. Caldes, and J. Benitez. 
2002. Loss of heterozygosity analysis at the BRCA loci in tumor samples from 
patients with familial breast cancer. Int J Cancer 99:305-309. 

127. Parks, D. J., S. G. Blanchard, R. K. Bledsoe, G. Chandra, T. G. Consler, S. 
A. Kliewer, J. B. Stimmel, T. M. Willson, A. M. Zavacki, D. D. Moore, and 



175 

J. M. Lehmann. 1999. Bile acids: natural ligands for an orphan nuclear 
receptor. Science 284:1365-8. 

128. Parpal, S., M. Karlsson, H. Thorn, and P. Stralfors. 2001. Cholesterol 
depletion disrupts caveolae and insulin receptor signaling for metabolic control 
via insulin receptor substrate-1, but not for mitogen-activated protein kinase 
control. J Biol Chem 276:9670-8. 

129. Peltomaki, P. 2001. Deficient DNA mismatch repair: a conmion etiologic 
factor for colon cancer. Hum Mol Genet 10:735-40. 

130. Pisani, P., D. M. Parkin, and J. Ferlay. 1993. Estimates of the worldwide 
mortality from eighteen major cancers in 1985. Implications for prevention and 
projections of future burden. Int J Cancer 55:891-903. 

131. Podda, M., C. Ghezzi, P. M. Battezzati, E. Bertolini, A. Crosignani, M. L. 
Petroni, and M. Zuin. 1988. Ursodeoxycholic acid for chronic liver diseases. J 
Clin Gastroenterol 10 Suppl 2:S25-31. 

132. Poupon R, P. R., Calmus Y, Chretien Y, Ballet F, Darnis F. 1989. Is 
Ursodeoxycholic acid an effective treatment for primary biliary cirrhosis? 
Lancet 1:834-836. 

133. Powell, A. A., J. M. LaRue, A. K. Batta, and J. D. Martinez. 2001. Bile acid 
hydrophobicity is correlated with induction of apoptosis and/or growth arrest in 
HCTl 16 cells. Biochem J 356:481-6. 

134. Powolny, A., J. Xu, and G. Loo. 2001. Deoxycholate induces DNA damage 
and apoptosis in human colon epithelial cells expressing either mutant or wild-
type p53. Int J Biochem Cell Biol 33:193-203. 

135. Pralle, A., P. Keller, E. L. Florin, K. Simons, and J. K. Horber. 2000. 
Sphingolipid-cholesterol rafts diffuse as small entities in the plasma membrane 
of mammalian cells. J Cell Biol 148:997-1008. 

136. Prinz-Langenohl, R., I. Fohr, and K. Pietrzik. 2001. Beneficial role for folate 
in the prevention of colorectal and breast cancer. Eur J Nutr 40:98-105. 

137. Qiao, D., W. Chen, E. D. Stratagoules, and J. D. Martinez. 2000. Bile acid-
induced activation of activator protein-1 requires both extracellular signal-
regulated kinase and protein kinase C signaling. J Biol Chem 275:15090-8. 



176 

138. Qiao, D., S. V. Gaitonde, W. Qi, and J. D. Martinez. 2001. DeoxychoUc acid 
suppresses p53 by stimulating proteasome-mediated p53 protein degradation. 
Carcinogenesis 22:957-64. 

139. Rao, Y. P., R. T. Stravitz, Z. R. Vlahcevic, E. C. Gurley, J. J. Sando, and P. 
B. Hylemon. 1997. Activation of protein kinase C alpha and delta by bile acids: 
correlation with bile acid structure and diacylglycerol formation. J Lipid Res 
38:2446-54. 

140. Reddy, B. 1975. Role of bile metabolites in colon carcinogenesis. Animal 
models. Cancer 36:2401 -6. 

141. Reddy, B. S. 1992. Dietary fat and colon cancer: animal model studies. Lipids 
27:807-13. 

142. Reddy, B. S. 1990. Effect of types of dietary fiber on fecal mutagens and 
bacterial enzymes in relation to colon cancer. Adv E.\p Med Biol 270:159-67. 

143. Reddy, B. S. 1998. Prevention of colon cancer by pre- and probiotics: evidence 
from laboratory studies. Br J Nutr 80:8219-23. 

144. Reddy, B. S., A. Mastromarino, and E. Wynder. 1977. Diet and metabolism: 
large-bowel cancer. Cancer 39:1815-9. 

145. Reddy, B. S., T. Narasawa, J. H. Weisburger, and E. L. Wynder. 1976. 
Promoting effect of sodium deoxycholate on colon adenocarcinomas in 
germfree rats. J Natl Cancer Inst 56:441-2. 

146. Reddy, B. S., J. H. Weisburger, and E. L. Wynder. 1975. Effects of high risk 
and low risk diets for colon carcinogenesis on fecal microflora and steroids in 
man. J Nutr 105:878-84. 

147. Reddy, B. S., and E. L. Wynder. 1973. Large-bowel carcinogenesis: fecal 
constituents of populations with diverse incidence rates of colon cancer. J Natl 
Cancer Inst 50:1437-42. 

148. Ries, L. G., E. S. Pollack, and J. L. Young, Jr. 1983. Cancer patient survival: 
Surveillance, Epidemiology, and End Results Program, 1973-79. J Natl Cancer 
Inst 70:693-707. 



177 

149. Rodrigues, C. M., G.  Fan, X. Ma, B. T. Kren, and C. J. Steer. 1998. A novel 
role for ursodeoxycholic acid in inhibiting apoptosis by modulating 
mitochondrial membrane perturbation. J Clin Invest 101:2790-9. 

150. Rodrigues, C. M., G. Fan, P. Y. Wong, B. T. Kren, and C. J. Steer. 1998. 
Ursodeoxycholic acid may inhibit deoxycholic acid-induced apoptosis by 
modulating mitochondrial transmembrane potential and reactive oxygen species 
production. Mol Med 4:165-78. 

151. Roepke, R. R., and Mason, H.L. 1940. Micelle formation in aqueous solutions 
of bile salts. Journal of biological chemistry 133:103-108. 

152. Rohan, T. E., G. R. Howe, C. M. Friedenreich, M. Jain, and A. B. Miller. 
1993. Dietary fiber, vitamins A, C, and E, and risk of breast cancer: a cohort 
study. Cancer Causes Control 4:29-37. 

153. Roncucci, L., S. Modica, M. Pedroni, M. G. Tamassia, M. Ghidoni, L. Losi, 
R. Fante, C. Di Gregorio, A. Manenti, L. Gafa, and M. Ponz de Leon. 1998. 
Aberrant crypt foci in patients with colorectal cancer. Br J Cancer 77:2343-8. 

154. Roncucci, L., M. Pedroni, F. Vaccina, P. Benatti, L. Marzona, and A. De 
Pol. 2000. Aberrant crypt foci in colorectal carcinogenesis. Cell and crypt 
dynamics. Cell Prolif 33:1-18. 

155. Rowinsky, E. K., J. J. Windle, and D. D. Von HofT. 1999. Ras protein 
famesyltransferase: A strategic target for anticancer therapeutic development. J 
Clin Oncol 17:3631-52. 

156. Sagawa, H., S. Tazuma, and G. Kajiyama. 1993. Protection against 
hydrophobic bile salt-induced cell membrane damage by liposomes and 
hydrophilic bile salts. Am J Physiol 264:G835-9. 

157. Schlegel, A., and M. P. Lisanti. 2001. The caveolin triad: caveolae biogenesis, 
cholesterol trafficking, and signal transduction. Cytokine Growth Factor Rev 
12:41-51. 

158. Schlottman, K., F. P. Wachs, R. C. Krieg, F. Kullmann, J. Scholmerich, 
and G. Rogler. 2000. Characterization of bile salt-induced apoptosis in colon 
cancer cell lines. Cancer Res 60:4270-6. 



178 

159. Schneider, P., and J. Tschopp. 2000. Apoptosis induced by death receptors. 
Pharm Acta Helv 74:281-6. 

160. Serfaty, L., Loria, A., Chazoui leres, O., Chretien, Y., Poupon, R.E., and 
Poupont, R. 1998. Prevalence and characteristics of colorectal adenomas in 
patients treated with Ursodeoxycholic acid for primary biliary cirrhosis: a case-
control study. Hepatology 28:544A. 

161. Servomaa, K., A. Kiuru, V. M. Kosma, P. Hirviicoski, and T. Rytomaa. 
2000. p53 and K-ras gene mutations in carcinoma of the rectum among Finnish 
women. Mol Pathol 53:24-30. 

162. Shaulian, E., and M. Karin. 2001. AP-1 in cell proliferation and survival. 
Oncogene 20:2390-400. 

163. Shike, M., S. J. Winawer, P. H. Greenwald, A. Bloch, M. J. Hill, and S. V. 
Swaroop. 1990. Primary prevention of colorectal cancer. The WHO 
Collaborating Centre for the Prevention of Colorectal Cancer. Bull World 
Health Organ 68:377-85. 

164. Sionov, R. V., and Y. Haupt. 1999. The cellular response to p53: the decision 
between life and death. Oncogene 18:6145-57. 

165. Smith, M. L., G. Hawcroft, and M. A. Hull. 2000. The effect of non-steroidal 
anti-inflammatory drugs on human colorectal cancer cells; evidence of different 
mechanisms of action. Eur J Cancer 36:664-74. 

166. Sodeman, T., S. F. Bronk, P. J. Roberts, H. Miyoshi, and G. J. Gores. 2000. 
Bile salts mediate hepatocyte apoptosis by increasing cell surface trafficking of 
Fas. Am J Physiol Gastrointest Liver Physiol 278:G992-9. 

167. Spangler, R. S. 1996. Cyclooxygenase 1 and 2 in rheumatic disease: 
implications for nonsteroidal anti-inflanunatory drug therapy. Semin Arthritis 
Rheum 26:435-46. 

168. Srivastava, S., M. Verma, and D. E. Henson. 2001. Biomarkers for early 
detection of colon cancer. Clin Cancer Res 7:1118-26. 

169. Stiehl, A. 1977. Disturbances of bile acid metabolism in cholestasis. Clin 
Gastroenterol 6:45-67. 



179 

170. Sub, O., C. Mettlin, and N. J. Petrelli. 1993. Aspirin use, cancer, and polyps 
of the large bowel. Cancer 72:1171-7. 

171. Summerton, J., N. Goeting, G. A. Trotter, and I. Taylor. 1985. Effect of 
deoxycholic acid on the tumour incidence, distribution, and receptor status of 
colorectal cancer in the rat model. Digestion 31:77-81. 

172. Tari, A. M., and G. Lopez-Berestein. 2001. GRB2: a pivotal protein in signal 
transduction. Semin Oncol 28:142-7. 

173. Taylor, W. R., and G. R. Stark. 2001. Regulation of the G2/M transition by 
p53. Oncogene 20:1803-15. 

174. Thun, M. J. 1997. Aspirin and gastrointestinal cancer. Adv Exp Med Biol 
400A:395-402. 

175. Thun, M. J., S. J. Henley, and C. Patrono. 2002. Nonsteroidal anti
inflammatory drugs as anticancer agents: mechanistic, pharmacologic, and 
clinical issues. J Natl Cancer Inst 94:252-66. 

176. Troppmair, J., J. T. Bruder, H. App, H. Cai, L. Liptak, J. Szeberenyi, G. 
M. Cooper, and U. R. Rapp. 1992. Ras controls coupling of growth factor 
receptors and protein kinase C in the membrane to Raf-1 and B-Raf protein 
serine kinases in the cytosol. Oncogene 7:1867-73. 

177. van Es, J. H., R. H. Giles, and H. C. Clevers. 2001. The many faces of the 
tumor suppressor gene APC. Exp Cell Res 264:126-34. 

178. van Noort, M., J. Meeldijk, R. van Der Zee, O. Destree, and H. Clevers. 
2002. Wnt signaling controls the phosphorylation status of b-catenin. J Biol 
Chem. 

179. Wachtershauser, A., and J. Stein. 2000. Rationale for the luminal provision of 
butyrate in intestinal diseases. Eur J Nutr 39:164-71. 

180. Weinstein, I. B. 1991. Nonmutagenic mechanisms in carcinogenesis: role of 
protein kinase C in signal transduction and growth control. Environ Health 
Perspect 93:175-9. 

181. Weinstein, I. B. 1991. The roles of specific isoforms of protein kinase C in 
growth control and human colon cancer. Princess Takamatsu Symp 22:277-83. 



180 

182. Wells, A. 1999. EGF receptor. Int J Biochem Cell Biol 31:637-43. 

183. Wells, A. 1989. The epidermal growth factor receptor and its ligands. Cancer 
Treat Res 47:143-68. 

184. Whitehead, R. H., H. H. Zhang, and I. P. Hayward. 1992. Retention of 
tissue-specific phenotype in a panel of colon carcinoma cell lines: relationship 
to clinical correlates. Immunol Cell Biol 70 ( Pt 4):227-36. 

185. Winawer, S. J., D. J. St John, J. H. Bond, P. Rozen, R. W. Burt, J. D. Waye, 
O. Kronborg, M. J. O'Brien, D. T. Bishop, R. C. Kurtz, and et al. 1995. 
Prevention of colorectal cancer: guidelines based on new data. WHO 
Collaborating Center for the Prevention of Colorectal Cancer. Bull World 
Health Organ 73:7-10. 

186. Yamanaka M, O. M., Obata H, Shimizu M, Sugata F, Hatta Y, Dohi Y et 
al. 1976. The examination of the therapeutic efficacy of ursodeoxycholic acid 
on chronic hepatitis. A double blind study. Shindan to Chiryo 64:2150-2157. 

187. Yang, K., S. A. Lamprecht, Y. Liu, H. Shinozaki, K. Fan, D. Leung, H. 
Newmark, V. E. Steele, G. J. KellofT, and M. Lipkin. 2000. Chemoprevention 
studies of the flavonoids quercetin and rutin in normal and azoxymethane-
treated mouse colon. Carcinogenesis 21:1655-60. 

188. Zawalich, W. S., M. Bonnet-Eymard, K. C. Zawalich, and G. C. Yaney. 
1998. Chronic exposure to TPA depletes PKC alpha and augments Ca-
dependent insulin secretion from cultured rat islets. Am J Physiol 274:C1388-
96. 

189. Zein, C. O., and K. D. Lindor. 2001. Primary sclerosing cholangitis. Semin 
Gastrointest Dis 12:103-12. 

190. Zhang, F., K. Subbaramaiah, N. Altorki, and A. J. Dannenberg. 1998. 
Dihydroxy bile acids activate the transcription of cyclooxygenase-2. J Biol 
Chem 273:2424-8. 

191. Zuccato, E., M. Venturi, G. Di Leo, L. Colombo, C. Bertolo, S. B. Doldi, 
and E. Mussini. 1993. Role of bile acids and metabolic activity of colonic 
bacteria in increased risk of colon cancer after cholecystectomy. Dig Dis Sci 
38:514-9. 


