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ABSTRACT 
 

 Secondary bile acids have long been postulated to be tumor promoters in the 

colon but their mechanism of action are yet to be delineated.  Though most bile acids are 

chemically similar, they have been found to exert contrasting signaling effects in the 

colonic epithelium.  Particularly, hydrophobic bile acids such as deoxycholic acid (DCA) 

are found to be tumor promoters while their hydrophilic counterparts such as 

ursodeoxycholic acid (UDCA) are chemopreventive.  Given the fact that colon cells do 

not possess bile acid transporters, the question that arises is how do bile acids activate 

intracellular signaling?  In our studies, we examined the actions of bile acids at the cell 

membrane and found that hydrophobic bile acids can perturb membrane structure.  This 

membrane perturbation was found to be characterized by a change in membrane fluidity 

and by cholesterol aggregation.  Additionally, several membrane associated proteins were 

found to be deregulated in response to DCA further supporting the above conclusion 

regarding membrane perturbation.  Moreover, caveolin, a negative regulator of 

membrane microdomains was seen to be dephosphorylated and disassociated from the 

membrane microdomains, implicating membrane microdomains as a possible target of 

the effects of DCA on the membrane.  Consistent with this, we found that DCA was able 

to cause rapid and sustained activation of the receptor tyrosine kinase, EGFR and that this 

activation was ligand-independent.  Using fluorescent-tagged bile acids we showed 

increased aggregation and clustering in the membranes treated with FITC-DCA in a 

manner that was reminiscent of receptor activation in immune cells.  Collectively, these 
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data suggest that bile-acid induced signaling is likely to be initiated through alterations of 

the plasma membrane structure in colon cancer cells.   
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CHAPTER 1-INTRODUCTION 

I. Epidemiology of Colon Cancer 

 Colon cancer is one of the most frequent malignancies in Western Countries.  

Because 1 in 20 persons will develop colon cancer, this disease is an important public 

health issue.  To date, a variety of environmental and genetic factors have been 

implicated in the initiation and progression of the disease.  However, it is uncertain to 

what extent these two factors interact.  Discerning the mechanism by which these factors 

function in causing colon cancer would enable prevention of the disease or development 

of improved therapeutic options.   

 

a.      Colon Cancer Incidence 
 
 Colon cancer is the second leading cause of cancer deaths in the United States and 

the Western world.  It is estimated that 150,000 new cases will be diagnosed in 2005 and 

of that 56,000 cases will result in deaths [1].  Although this disease may strike all 

individuals, the chances of developing colorectal cancer increase markedly after age 50.  

However, improved screening techniques and earlier detection have lead to a noticeable 

drop in colon cancer death rates for the past 15 years [1].  Among racial and ethnic 

groups, colon cancer incidence and death rates vary considerably.  For all cancer sites 

combined including colon cancer, African Americans have been found to have an overall 

higher incidence and death rate than any other ethnic group.  Though alarming, several 

preventable factors have been attributed to these mortality differences among which are 
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differences in exposure, access to regular screening and lack of timely, high quality 

treatments [2].  Importantly, colon cancer is also one of the most curable forms of cancer. 

When detected early, more than 90 percent of patients can be cured [3].   

 Colon cancer begins slowly with the development of dysplastic polyps in the 

glandular epithelium.  Polyps are well known precursor lesions and benign tumors which 

may grow bigger as time passes.  Ultimately, malignant cells may arise from these polyps 

and escape from the primary tumor and metastasize to distant organs.  Observational 

studies suggest that the adenoma to carcinoma sequence may take approximately 10 

years.  Once colon cancer is diagnosed, long-term survival is typically correlated with 

stage of the disease [4]. 

 

b. Inherited and non-inherited Diseases leading to Colon Cancer 

 Normally, colon cancer is observed in one of three specific patterns: sporadic, 

inherited or familial.  Sporadic colon cancer, with no familial or inherited predisposition, 

accounts for approximately 80-85% of colorectal cancer in the population [5, 6].  

Sporadic colon cancer has been found to be most common in individuals older than 50 

years of age, most likely due to aging, dietary and environmental factors.  In addition, it 

has been speculated that sporadic colon cancers may also entail additional pathways that 

involve chromosomal instability which may lead to aneuploidy or abnormal segregation 

of chromosomes.  Consequently, loss of heterozygosity can accompany this chromosomal 
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aberration and contribute to the loss of function of key tumor suppressor genes such as 

APC or p53 both essential in preventing the occurrence of colon cancer. 

 About 10% of colon cancers are described as hereditary and are directly caused 

by specific inherited genetic abnormalities.  While sporadic colon cancers tend to have a 

late-onset, hereditary colon cancers often occur in younger individuals.  The inherited 

syndromes include mostly Hereditary Non Polyposis Colorectal Cancer (HNPCC) and 

Familial Adenomatous Polyposis (FAP).  In HNPCC (also known as Lynch syndrome), 

inactivation of DNA mismatch repair genes is usually observed resulting in an inability 

of cells to repair their DNA [7].  In the FAP subtypes which include FAP patients and 

those affected by the variant forms (i.e. Gardner’s syndrome), the Adenomatosis 

Polyposis Coli (APC) gene located on the long arm of chromosome 5 is often mutated 

which results in hundreds of gastrointestinal polyps which may become cancerous [8].   

 The third and least understood pattern of colon cancer development is known as 

familial colon cancer.  In affected families, colon cancer develops too frequently to be 

considered sporadic but not in a pattern consistent with an inherited syndrome.  Up to 

25% of all cases of colon cancer may fall into this category [5].   

 

II.     Environmental factors in Colon Cancer 

 Since the majority of colon cancer cases are considered sporadic cancers with no 

known genetic predisposition, it has been suggested that environmental and biologic 

factors may play a crucial role in the etiology of the disease.   Moreover, epidemiologic 
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studies have implicated a number of environmental factors in the development of colon 

cancer.  These factors include dietary habits, induction of secondary bile acids and 

changes in the intestinal bacterial microflora.  In fact, experimental studies in animals and 

humans have shown that dietary factors can influence all stages of carcinogenesis, 

including cell proliferation, adenoma formation and transformation to cancer [9].  

Therefore, delineating the mechanism by which the genetic-environmental factors 

interact will help in drafting important chemopreventive measures.   

 

a. Diet 

 Evidence suggests that the main environmental factor is diet.  Other 

environmental exposures such as smoking, alcohol and low physical activity are also 

likely to be involved in causing colon cancer but are not as well documented.  

Specifically, diets high in fat, high in red meat and low in fiber intake are thought to 

increase the risk [10].  Supporting evidence comes from animal studies where wild type 

mice develop whole colon crypt hyperplasia when fed a Western style diet for a short 

period of time without a carcinogen administration [11].  Thus, in geographic areas such 

as Africa and Asia where dietary customs place an emphasis on low fat, high fiber foods, 

people have lower incidences of colon cancer than in the United States and Europe.  In 

fact, retrospective analyses have revealed that populations consuming diets high in fiber 

and low in fat displayed a lower incidence of colon cancer than populations consuming a 

low fiber, high fat diets [3].  Importantly, one of the earliest illustrations of the link 
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between diet and colon cancer appeared in a landmark report by Doll et al which 

suggested that dietary factors could influence and cause an effect on many types of 

cancers [12].  More recently, it has been postulated that dietary factors may influence 

critical molecular, cellular, or tissue-level events in colon cancer formation well before 

polyps are formed.   

 In further support of the connection of diet to colon cancer are a number of 

epidemiological studies that have examined the incidence of the disease in ethnic groups 

who have emigrated to other countries which have a contrasting rate of colon cancer 

occurrence.  For example, studies of Japanese immigrants to the United States showed 

that the mortality rate of colon cancer among males rose to the prevailing rate or higher 

than their Caucasian counterparts [13].  Similar studies that support the role of diet in the 

development of colon cancer come from the Australian Polyp Prevention Project, a 

randomized study in which a low-fat diet supplemented with wheat bran was found to be 

associated with a significant reduction in the recurrence of large adenomas [14].  

 Additionally, high total caloric intake due to fat content has also been implicated 

as a risk factor for colon cancer.  Specifically, animals on calorie restricted diets showed 

a reduction in the rate of various tumors including those induced chemically [15].  In 

humans, a case control study revealed that subjects with colon cancer had a higher caloric 

and fat intake than the controls preceding the diagnosis of cancer [16].  Overall, the 

above data suggest that diet plays a critical role in the etiology of the disease.  To date, 

dietary fiber has been found to be the most protective factor in preventing or reducing the 

risk of colon cancer.  The exact reason for the protective effect of fiber is not known; 
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however, among the most credible theories may be the dilutional effect that fiber bulk has 

on fecal ingredients, carcinogens and bile acids and the faster passage of stool through 

the bowel, thereby reducing contact time and cell damage [3].  Importantly, large-dose of 

fiber is now known to reduce fecal bile acid concentration and excretion. Collectively 

these findings suggest that both the type of diets and rates at which we consume those 

diets are all important in the etiology of this disease.   

 

b. Bile Acids 

 Currently, it is well established that increased consumption of dietary fat causes 

increased production of cytotoxic secondary bile acids, and related compounds. The 

increased bacterial breakdown of primary bile acids into these secondary bile acids are 

now said to contribute to carcinogenesis by increasing apoptosis and subsequently cell 

proliferation [17].  Though these amphipathic molecules can be toxic, they possess 

detergent like properties that are critical for the emulsification of fats and essential to 

digestion.  Consequently, absorption of fat soluble vitamins and nutrients occur as a 

result of the interaction of bile acids with the digestive system.   

 

1. The Digestive System and Bile Acids 

 The digestive system is uniquely constructed to perform its specialized function 

of converting food into an energy source and packaging the residue for waste disposal.  It 

consists of several parts which work together to make up this complex system:  the 
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mouth, the esophagus, the stomach, the small intestine, the pancreas, the liver, the 

gallbladder, the large intestine (the colon), the rectum and the anus.  Food digestion 

begins in the mouth where it is chewed into smaller pieces.  With the help of the salivary 

glands, juices are released to help turn the food particles into smaller pieces that will fit 

into the esophagus.  From the esophagus, food particles are pushed through by peristaltic 

movement to the stomach below.  In the stomach, gastric juices with the aid of enzymes 

further breakdown the bolus now termed chyme into even smaller pieces.  The chyme 

then moves to the small intestine, a 22 foot long tube, where most vitamins and nutrients 

are taken up through blood vessels lining this tube.   Finally, undigested chyme is 

transferred to the colon.  In the colon, bacterial modifications convert primary bile acids 

into secondary bile acids and these secondary bile acids further break down fats.  

Ultimately, most bile acids are reabsorbed through enterohepatic circulation; however a 

small amount of bile acids along with undigested particles are known to escape through 

the rectum.   In the vast majority of cases, the colon is the site upon which environmental 

factors can act to initiate colon cancer. 

 The colon is a 5-6 foot long muscular tube and specialized organ that stores and 

processes waste [18].  It is made up of the cecum, the ascending (right) colon, the 

transverse (across) colon, the descending (left) colon and the sigmoid colon which 

connects to the rectum (Figure 1.1). The colon’s primary function is to absorb and to 

transport water and electrolytes. When the stool enters the right side of the colon at the 

junction of the small intestine, the contents are quite liquid. As this material passes 

through the colon, most of the water is absorbed until it reaches the end of the left side 
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where the stool becomes solid.  Additionally, the colon has also been found to have a 

secretory role where colonic cells secrete electrolytes, bicarbonate and/or mucus which is 

counter-balanced by the process of absorption [19].  Moreover, the colon may also 

facilitate transport of mucus out of colonic cells all the while maintaining its hydration.  

To date, very little nutritional absorption is known to take place within the colon; 

however bile acids that escape absorption can enter and cause injury to the colon which 

may lead to carcinogenesis.  In fact, a body of evidence supports that notion and has 

demonstrated that the levels of harmful luminal contents such as bile acids are raised in 

fecal water after high fat consumption and  this consequently can mediate adverse colonic 

cell proliferation [20, 21].   

Thus, in view of the fact that luminal contents (i.e. bile acids, fatty acids) can contribute 

to the etiology of the disease, it is important that proper functioning of the colon takes 

place in order to reduce the level of toxic luminal bile acids and thereby reduce the 

occurrence of colon cancer development.   
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Figure 1.1 Structure of a Normal Colon 
Structure of a human colon depicting the different sections of the colon:  the ascending 
colon (left), the transverse colon (across), the descending colon (right) and the sigmoid 
colon (bottom).  Image was adapted from Adam Anatomy Medical Illustration.   
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2. Bile Acids Synthesis and Chemistry 

 Bile acids are natural amphipathic derivatives of cholesterol that are synthesized 

in the liver and stored in the gallbladder as glycine and taurine conjugates (figure 1.2) 

[22].  In the adult human liver, the primary bile acids cholic acid (CA) and 

chenodeoxycholic acid (CDCA) are synthesized from cholesterol while the secondary 

bile acids deoxycholic acid (DCA) and lithocholic acid (LCA) are the products of 

bacterial bio-transforming reactions in the colon.  Subsequent to their synthesis, all bile 

acids are conjugated in order to increase their hydrophilic properties and to reduce their 

cytotoxic nature.  Additionally, the conjugation of bile acids has also been found to 

result in increased cholesterol solubility and excretion, to inhibit intestinal bile acid 

resorption and to promote lipid degradation [23].  The major metabolic pathway for 

elimination of cholesterol is via conversion to bile acids.  Each day approximately 500 

mg of cholesterol is converted into bile acids in the adult human liver.  In addition to this 

metabolic function, bile acids in the liver can also act as signaling molecules that 

negatively regulate their own biosynthesis.  Once synthesized, new bile acids are then 

secreted into the bile and delivered to the lumen of the small intestine where they act as 

emulsifiers of dietary lipids, cholesterol, and fat-soluble vitamins [24].  Although 90% of 

bile acids are taken back up through enterohepatic circulation after digestion, a 

considerable amount (≈ 4%) is known to escape to the colon.    
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Figure 1.2.  Bile Acid Synthesis.  Simplified scheme showing the sequence 
reactions in the formation of bile acids from cholesterol.  Bile acids are synthesized from 
cholesterol (I) and then converted to 7α-hydroxycholesterol.  This compound is then 
transformed to an intermediate, 7α-hydroxy-4-cholesten-3-one and follows two distinct 
pathways leading to the synthesis of primary bile acids.  In pathway I, 7α-hydroxy-4-
cholesten-3-one is converted to 5β-cholestane-3α,7α-diol and then to DHCA(V) and 
finally to Chenodeoxycholic Acid (VI).  In Pathway II, 7α-hydroxy-4-cholesten-3-one is 
also reduced to yield 5β-cholestane-3α,7α, 12α-diol (VII).  The latter compound is then 
oxidized and converted to THCA (VIII) and then to the other primary bile acid, Cholic 
Acid [25].   Once in colon, intestinal bacteria convert these primary bile acids to 
secondary bile acids, Lithocholic acid, Deoxycholic acid and to a minor extent  
Ursodeoxycholic acid. Figure adapted from Björkhem, 1985.   
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 In the colon, the primary bile acids are partly deconjugated and 7α- 

dehydroxylated by microbial enzymes to the secondary bile acids DCA, LCA and to a 

smaller extent UDCA.  The hydrophobic bile acids DCA and LCA have now been found 

to interact with the colonic epithelium and implicated as tumor promoters.  In fact, recent 

studies have demonstrated that the hydrophobic nature of certain bile acids are indeed 

capable of inducing cell damage [26].  Hence, understanding the molecular mechanism 

by which these bile acids exert their tumor promoting effects will be crucial in targeting 

important molecules involved in aberrant signaling.  

3. Colonic Microflora 

 Since secondary bile acids are the product of bacterial enzymatic actions, 

identifying the extent of biodiversity that exist in the intestinal microflora will be 

important in determining their role in gastrointestinal diseases including colon cancer.   It 

is estimated that more than 400 different types of bacteria live in our digestive system.  

Though bacteria are commonly illness-causing microbes, they serve important functions 

in our gut.  The intestines in particular, are host to various strains of beneficial bacteria 

which help us absorb food and minerals.  In addition, they ferment carbohydrates and 

manufacture vitamins and amino acids essential for colon maintenance.  Beneficial 

bacteria include species of E.coli, Pseudomonas, Bacteroides, Eubacteria, Bacillus, 

Clostridia, Acidophilus, Bifidobacterium, Streptococcus and Staphylococcus that help 

control the growth of damaging bacteria and maintain the normal flora of the colon.  

Moreover, good gut bacteria produce short chain fatty acids thereby rendering the colon 

more acidic, an environment that kills or weakens harmful bacteria.  These short chain 
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fatty acids also help to keep the colon healthy by increasing absorption of calcium and 

magnesium, by preventing colitis (inflammation) and preventing colon cancer.  Recently, 

studies have shown that changes in diet may lead to market changes in the colonic flora 

[27].  This change in turn can lead to induction of chronic inflammation and subsequently 

cell proliferation and the production of carcinogenic bacterial metabolites, such as 

secondary bile acids [28].  Secondary bile acids are tumor promoters that are made in the 

colon by removal of the hydroxy group at the C-7 site by bacteria. Therefore, 

identification of bacterial causes of malignancy could have important implications for 

colon cancer prevention.   

 Interestingly, a number of comparative studies have determined basic differences 

in the colonic bacteria of individuals on different types of diets.  Studies by Finegold et al 

demonstrated that non-vegetarians and those on a typical western style diet had a higher 

number of Clostridium bacteria while their vegetarian counterparts had a higher number 

of Peptostreptococci [29].  Additionally, patients with polyps were found to have a much 

lower numbers of Lactobacilli and minimally detectable L. plantarum, both beneficial 

bacteria for colon maintenance [30].  Overall, these results illustrate the importance of the 

microflora to the gut and their role as both cancer-causing and chemopreventive factors 

in colon cancer.   



 27

c. Chemoprevention of Colon Cancer 
  
 Colon cancer claims close to 50,000 lives each year.  Currently, a body of 

evidence indicate that dietary factors are key modulators in the process of carcinogenesis 

and will be essential in retarding, blocking or reversing this disease [31].  Specifically, 

diets low in fat, high in fiber and enriched in vitamins, minerals and phytochemicals have 

demonstrated their potential in reducing the risk of colon cancer.  Additionally, recent 

epidemiological, clinical and laboratory investigations have demonstrated that both 

pharmacological agents such as non-steroidal anti-inflammatory drugs and secondary bile 

acid, UDCA have the potential chemopreventive properties against colon carcinogenesis 

(figure 1.3) [32].  Given that chemoprevention has the potential to be a major component 

of colon cancer control, incorporating strategies through nutritional modifications and 

chemopreventive agents or in combination will be important in preventing or controlling 

the disease.   

1. Bile acids and their Chemopreventive Effects 

 Distinct biological effects have been attributed to different bile acids based on 

their hydrophobicity.  Specifically, our laboratory found that incubating colon cancer 

cells with the hydrophobic bile acids CDCA or DCA caused apoptosis and morphological 

changes, whereas incubating cells with UDCA inhibited cell proliferation but did not 

induce apoptosis [33]. Cholic acid, a biologically inert bile acid displayed no discernible 

effect on these cells.  Moreover, many studies have indicated that the intraluminal 

bacteria, food intake along with bile may play an important role in initiating and 

mediating intestinal inflammation [34].  Specifically, it is postulated that a decrease in 
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bile secretion and an alteration in bile acid composition may be responsible for the 

observed intestinal inflammation.  Therefore uncovering agents that may counteract the 

effects of cytotoxic and hydrophobic bile acids will be beneficial in combating colon 

cancer.   

      Ursodeoxycholic acid (UDCA) is a hydrophilic bile acid and drug known for 

its cytoprotective effects in cholestatic diseases [35].   UDCA is a naturally occurring bile 

acid, but unlike many other bile acids in the body it is not toxic to the liver. It is found in 

humans in small quantities, but known to exist in large quantities in bears.  Although 

initially used to dissolve gallstones, UDCA was eventually approved under the name 

brand URSO by the FDA for the treatment of Primary Billiary Cirrhosis.  Furthermore, it 

has been established that increasing the amount of UDCA in the body will generally 

decrease the amount of liver-toxic bile acids in the body [36].  Recently, studies have 

shown that UDCA can antagonize DCA-induced apoptosis in colon cancer cells 

suggesting that it may have a role in counteracting DCA-induced colon tumorigenesis 

[37].  Animal studies using AOM treated rats, showed that UDCA suppressed COX-2 

induction, the development of tumors with oncogenic Ras mutations and blocked the 

activation of wild type Ras [38].  Significantly, human clinical trials of UDCA have 

shown a statistically significant reduction in the recurrence of adenomas with high grade 

dysplasia [39].  Overall, UDCA with its low toxicity effects and high suppressive and 

cytoprotective properties appears to be a promising chemopreventive agent in colon 

cancer. 
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2. Dietary Protective Agents 

 Strong evidence from epidemiologic data suggests that high intake of fruits, 

vegetables and whole grains are associated with reduced cancer risk.  This reduced cancer 

link has been found to be primarily associated with the consumption of raw vegetables 

and fresh fruits [40].  Though the exact beneficial effects of fruits and vegetables are not 

known, foods high in antioxidants such as vitamin C, vitamin E, beta-carotene, and 

selenium as well as the micronutrients vitamin A, calcium and folate have all 

demonstrated some cancer-protective effects [41-43].    Increased dietary calcium has 

been found to be linked to a decrease risk in colon cancer.  In addition, cohort studies and 

case control studies have shown a consistent correlation of foods high in beta-carotene 

and reduced risk of cancer.  Several mechanisms, including conversion of vitamin A and 

antioxidant activity, support the possibility of beta-carotene as protective against certain 

cancers.   

 Phytochemicals are another type of micronutrients found in fruits and vegetables 

to contain strong antioxidant activity.  A wide variety of phytochemicals including 

terpenes, organosulfides, flavones and tannins have all been found to be modulators in 

tumor development.   Though their specific mechanism of action is unknown, some have 

been found to block carcinogen activation by inducing phase II enzymes in the 

detoxification pathways [44].   
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Figure 1.3  Examples of Current Chemopreventive Agents.  
Chemopreventive agents are comprised of two mains groups: dietary and 
pharmacological agents.  Dietary agents are derived mainly from fruits and vegetables 
and tend to be less robust in their chemopreventive effects.  Pharmacological agents on 
the other hand tend to be more specific in their site of action but are found to be highly 
toxic.   
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 Curcumin, a component of tumeric, has also been found to inhibit colon cancer by 

modulating the metabolism of arachidonic acid [45].  Specifically, the antioxidant actions 

of curcumin enable it to protect the cells of the colon from free radicals that can damage 

cellular DNA.  In fact, studies done on aberrant crypt foci (ACF) in rats have 

demonstrated that curcumin was able to reduce about 60% of ACF in the colon of both 

young and old rats suggesting a significant role in the efficacy of chemoprevention of 

colon cancer [46]. 

 Recently, findings have indicated that dietary calcium, vitamin D and folate can 

modulate and inhibit carcinogenesis.  Of interest for chemoprevention was the 

observation that addition of dietary calcium and vitamin D significantly suppress the 

western style diet induced-changes in normal and APC mutant mice [11].  It is stipulated 

that calcium exert its chemopreventive action through activation of a calcium-sensing 

receptor [47].  This results in increased levels of intracellular calcium, inducing a wide 

range of biological effects, some of which restrain the growth and promote the 

differentiation of transformed cells.  In addition, the antiproliferative action of calcium on 

intestinal cells also results from its ability to bind fatty acids and bile acids [48].  The 

pleitropic effects of vitamin D are mediated through its binding to nuclear receptors.  

These activated receptors then lead to altered gene expression which can result in 

inhibition of the cell cycle or stimulation of apoptosis.  Furthermore, studies by 

Makishima have shown that lithocholic acid (LCA), a potent tumor promoter and 

secondary bile acid can promote its own degradation by using the vitamin D receptor 

further supporting a protective role for vitamin D in colon carcinogenesis [49].    
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 Folate, a water soluble vitamin of the B family, cannot be synthesized by humans 

and must therefore come from a diet rich in citrus fruits, dark green vegetables and dried 

beans.   Importantly, it has been found to be involved in metabolic pathways that are 

involved in DNA methylation and biosynthesis.  Evidence from the protective effect of 

dietary folate comes from preclinical animal models that showed that folate 

supplementation could interfere with the development of polyps and aberrant colon-crypt 

foci [50].  Though substantial evidence exist for a role of dietary agents in 

chemoprevention of colon cancer, it is unlikely that single agents will be effective in their 

antitumor effect, instead a combination of agents will be necessary to effectively inhibit 

carcinogenesis and enhance anticancer activity.   

 
3. Pharmacological Agents 
 

 Recently, major developments in the treatment of colon cancer have emerged.  

These developments include improvements in surgical technique and staging and most 

importantly the introduction of new pharmacologic agents that target specific molecules.  

Agents such as aspirin, celecoxib and α-Difluoromethylornithine (DFMO) have been 

particularly effective in their ability to inhibit inflammation, aberrant cell cycle 

progression and induce regulated apoptosis or cell death, thereby decreasing the risk of 

tumor development.  To date, the observation that non-steroidal anti-inflammatory drugs 

(NSAID) reduce by about half both the incidence and mortality from colon cancer, 

represents a quantum advance in the field of colon cancer chemoprevention [51].  

Additionally, bile acids such as UDCA have recently been found to inhibit the effects of 
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cytotoxic DCA, therefore agents that oppose the action of cytotoxic bile acids could 

prove to be effective chemopreventive agents.   

 Non-steroidal anti-inflammatory drugs (NSAIDs), particularly aspirin, have a 

long and distinguished history in cardiovascular medicine.  Strikingly consistent recent 

findings regarding aspirin and other NSAIDs now suggest a new role for these 

compounds in the chemoprevention of cancer.  Studies of these classes of drugs which 

include ibuprofen, sulindac, meloxicam and Cox inhibitors drugs such as celecoxib have 

all indicated that their usage can lead to the prevention and regression of established 

neoplasia [52-54].  Typically, these drugs work by inhibiting the enzymes 

cyclooxygenases 1 and 2 and thereby preventing the formation of inflammatory end 

products including bile acids, all of which are damaging to the colon (Figure 1.4).  The 

COX-1 enzyme is now known to be present in most tissues as a housekeeper enzymes 

involved in critical physiological functions such as maintaining normal gastric mucosa, 

promoting normal clotting and influencing kidney function.  COX-2, in contrast, is an 

inducible enzyme that is absent at baseline but whose levels increase in response to 

inflammation.  While both have the same ability to convert arachidonic acid to 

prostaglandins, COX-1 levels remain relatively stable in most cells.  COX-2 levels, 

however, are dramatically upregulated in inflamed tissues due to increased production of 

prostaglandins. Importantly, prostaglandins have been found to be associated with a 

decrease in apoptosis and an increase in cell growth in colon cancer cells suggesting a 

role in enhanced tumorigenicity of intestinal cells [55].   Indeed, studies have 

demonstrated that repression of prostaglandins by NSAIDs can prevent and repress the 
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occurrence of colon adenomas [6].  Moreover, in vitro investigations have found that 

NSAIDs can inhibit cell growth through reduction of cyclin dependent kinases and 

through shifting of the cell cycle away from the S-phase and G2/M phase and toward the 

G0/G1 [56].  In rat bowels, findings have reported that NSAIDs can cause both a decrease 

in mucosal proliferation as well as a decrease in the proliferative response to bile acids 

[57].  Collectively, the above findings suggest that NSAIDs could be important 

chemopreventive agents in colon cancer due to their anticarcinogenic effects involving 

regulation of aberrant apoptosis and angiogenesis both of which surrogate endpoints of 

bile acids' effects on the colonic epithelium.  

 Despite the fact that NSAIDs have been found to reduce colon neoplasia by half, 

serious adverse effects, such as renal insufficiency, gastrointestinal bleeding and 

hemorrhagic stroke, can occasionally occur with these medications.  Consequently, these 

toxicities have been found to be associated with the inhibition of COX-1, an enzyme that 

is ubiquitously expressed in many tissues.  Thus the use of selective NSAIDs such as 

celecoxib which only inhibit COX-2 is more desirable since inflamed tissues could be 

targeted without disturbing the homeostatic functions of prostaglandins in non-inflamed 

organs.   
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Figure 1.4 Conversion of Arachidonic Acid by Cycclooxygenase 
Enzymes.  Picture is depicting the conversion of arachidonic acid by Cox enzymes 
(COX-1 and COX-2) into inflammatory products such as prostaglandins and 
leukotrienes.  These proinflammotry by-products can then transduce signaling which 
leads to colon cancer.  Adapted from Merckle Drug Development Technology.   
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III. Molecular Basis for Colon Cancer 
 
 
 Colon cancer is thought to arise through well-defined, sequential multistep 

carcinogenesis during which multiple genetic alterations occur.  In fact, comprehensive 

studies of this disease have helped in providing an excellent model for understanding the 

molecular basis of carcinogenesis [58].  Although several pathways have been linked to 

the induction of colon cancer, aberration in tumor suppressor genes and oncogenes that 

regulate cell proliferation and cell death are usually implicated in the process.  

Additionally, colon cancer is also said to arise from a series of histopathologic and 

molecular changes caused by complex interactions between genetic susceptibility and 

environmental factors, therefore understanding of pathways and mechanisms that are 

directly involved in colon cancer will be beneficial in eradicating this disease.  

 

a. Cell Biology of the Colon 

 Morphological studies of the colonic epithelium have identified three different 

cell types: columnar, mucous (goblet), and enterochromaffin cells [59].  It is estimated 

that 95% of the colon is populated by columnar and goblet cells while the remaining 5% 

contain enterochromaffin cells.  Additionally, columnar epithelial cells are further 

subdivided according to their degree of differentiation, which is based on their 

proliferative activity, expression of differentiation markers, and functional properties 

[60]. Thus base crypt epithelial cells show the highest proliferative activity and 

demonstrate limited expression of differentiation markers.  In contrast, surface epithelial 
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cells have a lower tendency to proliferate, show expression of differentiation markers and 

have primarily absorptive function.  Normally, the cells become increasingly 

differentiated the further they are located away from the crypt base and the closer they are 

to the surface. Thus highly proliferative and fairly undifferentiated epithelial cells in the 

crypt base form a constant source for replacement of the surface cells. These replacing 

cells then differentiate while traveling along the crypts toward the surface.  Together, 

these cell types make up the tissue layers, which cover the wall the colon.  The wall of 

the colon is comprised of four tissue layers or coats:  the serosa, the muscularis 

externa/propria, the submucosa and the mucosa (figure 1.5) [61].  The outermost layer, 

the serosa, consists of connective tissues and simple squamous epithelium.  The 

muscularis externa consists of smooth muscle fibers arranged into two distinct layers: a 

layer of circular muscle fibers and a layer of longitudinal muscle fibers.   The next 

innermost layer is the submucosa, a connective tissue layer deep to and supporting the 

mucosa.  It is extensively innervated and contains a vascular plexus which gives rise to 

the capillary bed of the mucosa.  In addition, it allows the mucosa to move flexibly 

during peristalsis.  The mucosa of the colon is the layer that is characterized by straight 

crypts with no villi.   Its inner layer consists of the epithelium itself, a supportive loose 

connective tissue called the lamina propria which lies directly beneath the epithelium, 

and a thin layer of smooth muscle termed the muscularis mucosa which is found at the 

periphery between the mucosa and submucosa.  The mucosa has many functions:  a 

barrier function, a secretory function and an absorptive function.  Recently, animal 

studies have shown that dietary lipids may cause inflammation of the mucosal layer 
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which may lead to colon cancer [62].  Particularly, cytotoxic bile acids such as 

deoxycholic acid and chenodeoxycholic acid have been found to increase mucosal 

permeability and produce mucosal damage [63].  Additionally, it is estimated that most 

colon cancer cases originate from the glandular epithelium of the mucosa. Generally, 

colon cancer grows from the innermost lining (i.e. mucosa) and spreads through the 

layers of the colon wall and subsequently to lymph nodes and other organs. 
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Figure 1.5 Tissue layers of a Normal Colon 
The schematic diagram above illustrates the 4 major layers of the colon: the outermost 
layer is the serosa.  The intermediate layer, the muscularis externa/propria is made up of 
longitudinal and circular muscle layers.  The submucosa which supports the mucosa and 
the innermost layer, the mucosa is made up of crypts and lined by the epithelium.  Image 
was adapted from Adam Anatomy Medical Illustration.   
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b. Vogelstein model of Colon Cancer 
 

 Colon cancer is now known to arise from clonal expansion of a single progenitor. 

Attempts to understand the molecular basis of this clonal expansion have revealed 

that somatic alterations in colon cancer cells are able to confer a growth advantage 

involving both the activation of dominant oncogenes and the inactivation of tumor 

suppressor genes.  During tumorigenesis, the normal colonic epithelium is often 

converted to a hyperproliferative state by mutation in the APC gene.  Following this 

initiating event, tumorigenesis proceeds to the promotion step through a series of 

alterations involving  the activation of the ras oncogene which subsequently leads to 

expansion and development of early adenomatous polyps [64].  In fact, 50% of colon 

cancer carcinomas and adenomas greater than 1 cm have been found to possess ras 

gene mutations implicating this event as a crucial step in colon tumorigenesis [65].  

Tumorigenesis is then thought to progress with subsequent genetic alterations 

involving the loss of function of key tumor suppressor genes DCC and p53 which 

further drives the adenoma to carcinoma sequence and inexcapably tumor invasion 

(Figure 1.6).  Importantly, it is now widely established that total accumulation of 

these changes and alterations in additional genes may likely contribute to this 

progression and may be responsible for specific tumor features.  Recently, it has been 

determined that the p53 gene is mutated 70% of the time in patients with colon 

cancer. When the p53 gene is mutated and ineffective, cells with damaged DNA 

escape repair or destruction. This allows for the damaged cells to perpetuate 

themselves, and continued replication of the damaged DNA consequently may lead to 
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tumor development. Although the above syndromes possess a very high incidence of 

colon cancer, family history without the syndrome tends to also be a substantial risk 

factor.  In sum, the Vogelstein multistep process of colon cancer demonstrated that 

distinct and multiple alterations are necessary in order for colon tumorigenesis to 

occur. 

 

c.   Development of Colon Cancer 
 
  Colon cancer is characterized by the development of malignant cells and 

consequently polyps in the lining or epithelium of the colon.  Polyps and colon cancer 

customarily develop when there are mutations or errors in the genetic code that 

controls the growth and repair of the cells lining the large intestine. It is an 

accumulation of serial genetic changes in the tissue lining, which allows normal 

tissue to become a polyp, progress to a precancerous dysplastic polyp, and finally a 

cancer.  Once these malignant cells have lost normal control mechanisms, they may 

then invade local tissues or they may spread throughout the body and invade other 

organs.  As the malignant cells metastasize to other parts of the body, they again 

become locally invasive in the new area and start the process anew.    
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Figure 1.6.   Molecular Alterations in Colon Cancer Development. 
Mutations in APC, RAS and p53 are common mutations found to contribute to the 
adenoma to carcinoma sequence.  Figure adapted from Fearon and Vogelstein, Cell  
1990; 61:759-767.  
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IV. Role of Bile Acids in Colon Cancer 

 Bile acids have long been associated with an increased risk of colon cancer.  

Animal studies done on rats demonstrated that diets supplemented with bile acids lead to 

increased tumor incidence in the colon as compared to those treated with azoxymethane 

alone [66].  Additionally, animal models have also revealed that treatment with bile acids 

colorectally lead to acute cell death followed by a rapid hyperproliferative state that 

occurred within 12-24 hours following treatment suggesting a role for bile acids in 

tumorigenicty [67].  Studies in our laboratory on colon cancer cells revealed that bile 

acids behave differently [68].  Hydrophobic bile acids were found to be cytotoxic and 

caused marked apoptosis while hydrophilic bile acids were cytoprotective.  Thus 

determining the signaling mechanism by which bile acids exert their effects will be 

critical in understanding the role of bile acids in colon cancer.   

 

a.    Bile acids and molecules in Colon Cancer 

 Hydrophobic bile acids, principally DCA, have been implicated in the promotion 

of colon tumorigenesis in both animals and humans.  Increasing evidence suggests that 

these bile acids may exert their tumor promoting activity by modulating intracellular 

signaling and altering gene expression.  In recent times, our laboratory has shown that 

treatment of colon cancer cells with DCA suppressed p53 protein level as well as its 

transactivation in response to DNA damaging agents [69].  Indeed, this suppression of 

p53 was found to occur by degradation through the proteosamal pathway.  Moreover, bile 

acids have been found to modulate activity of membrane associated proteins.  In fact, 
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studies in hepatocytes have demonstrated that bile acids cause activation of PKC and 

trimerization of the FAS receptor at the membrane [70, 71].  Additionally, work by Gores 

has shown that bile acids are able to modulate activity of ERK, a membrane protein in the 

MAPK signaling pathway.  More importantly, MAPK activity was found to be preceded 

by EGFR phosphorylation.   

 EGFR is a receptor tyrosine kinase known to be widely overexpressed in over 

50% of epithelial malignancies such as colon cancer [72]. Upon activation, EGFR is 

known to activate downstream signaling pathways resulting in cell proliferation and cell 

survival.  In fact, deregulated signaling can lead to aberration in the activities and cellular 

localization of key components of various signaling pathways leading to tumorigenesis 

[73].   

 

b.    The Plasma Membrane and Signaling 

 The plasma membrane is a dynamic, fluid structure that is composed of lipids, 

proteins and carbohydrates.  This phospholipid bilayer acts as a protective barrier that 

regulates transport in and out of cell or subcellular domain.  In addition, it allows 

selective receptivity and signal transduction by providing transmembrane receptors that 

bind signaling molecules.  Moreover, disruption of membrane has been shown to affect 

intracellular signaling of several receptors, including that of EGFR [74].  

Given the fact that secondary bile acids are involved in tumorigenesis and no known 

transporters exist in the colon, the premise is that these cytotoxic cholesterol-derivatives 
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are acting extracellularly, particularly at the membrane and possibly through 

microdomains localized at the plasma membrane. 

Lipid rafts and caveolae are specialized membrane microdomains that exist as a result of 

selective affinities between certain lipids and membrane proteins (Figure 1.7).  In 

particular, lipid rafts are small domains enriched in glycosphingolipids and cholesterol 

that act to compartmentalize membrane proteins [75].  Caveolae, a subset of lipid rafts, 

are invaginations of the plasma membrane characterized by the presence of the protein 

caveolin [76].  These dynamic assemblies due to their lipid content and cholesterol are 

able to float within the liquid disordered bilayer and cluster to form larger, ordered 

platforms.   

 Cholesterol on the other hand is thought to serve as a spacer between the 

hydrocarbon chains of the sphingolipids and to function as dynamic glue that keeps the 

raft assembly together [77].  Since many signaling proteins (i.e. EGFR, IGF1R, Src, Ras) 

have been found localized to lipid rafts and caveolae, it has been postulated that they play 

a significant role in signal transduction.  However lipid rafts may also play a role in many 

cellular processes, including membrane and sorting trafficking and cell polarization [78].  

Moreover, disruption of caveolae due to cholesterol depletion or perturbation of 

membrane components may lead to disregulated signaling and enhanced tumorigenesis.  

Since bile acids are able to modulate membrane associated proteins and lipid rafts are 

involved in signal transduction, then it is likely that the signaling effects generated by 

bile acids may explain their involvement in causing colon cancer.   
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Figure 1.7 Schematic Diagrams of Lipid Rafts and Caveolae.  A) Electron 
micrograph of an endothelial cell showing caveolae, 50-100 nm structures that are either 
direct invaginations or in close proximity to the plasma membrane (adapted from Lisanti 
et al. 2002)  B) Diagram comparing the biochemical composition of lipid rafts and 
caveolae (adapted from (Galbiati et al., 2001)). Lipid rafts form via a coalescence of 
cholesterol and sphingolipids; as a result, these microdomains have vastly different 
biochemical properties than the bulk phospholipids bilayer. Caveolae are generally 
considered to be “invaginated” lipid rafts primarily due to enrichment in a family or 
proteins known as the caveolins. Here, the caveolin oligomer is depicted as a dimer for 
simplicity. 
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V. Statement of the Problem 
 

 Colon cancer is considered to be the second leading cause of cancer deaths in the 

United States; therefore defining its causation will be essential in preventing and curing 

of the disease.  Bile acids are hydrophobic molecules that have been implicated in the 

etiology of the disease.  Specifically, diets high in fat and low in fiber have been shown 

to lead to elevated secondary bile acids that have been found to be tumor promoters.  

Because secondary bile acids such as DCA can alter intracellular signaling and gene 

expression and enhance cell proliferation within the colonic epithelium, delineating its 

mechanism of action will provide insight into how it functions as a tumor promoter.   

 It is well established that bile acids are capable of activating various signaling 

pathways.  DCA has been shown to cause apoptosis and subsequent cell proliferation of 

remaining cells in hepatic and colon epithelia through the extrinsic pathway involving 

oligomerization of the Fas receptor on the cell membrane.  Additionally, DCA has been 

found to increase PKC expression, a membrane-associated protein and to increase DNA 

binding of the transcription factor AP-1 [79].  Because these pathways are known to be 

associated with colon tumorigenesis, it is essential to know how their activation by bile 

acids effects cell growth.  Hence, a key question is how do bile acids initiate cell 

signaling?  Due to the fact that bile acids are cholesterol derivatives, our hypothesis is 

that they cause membrane perturbation by modulating cholesterol levels and 

consequently affecting membrane microdomains which results in signal 

transduction. 



 48

 To delineate the molecular mechanism by which DCA induces cell signaling in 

colon cancer, the colon cancer cell line HCT116 was selected.  This adenocarcinoma cell 

line is derived from a male patient diagnosed with non polyposis colon cancer and found 

to contain a defect in the DNA mismatch repair genes, a constitutively active ras 

mutation, and a mutant β-catenin while maintaining a wild-type phenotype in the APC, 

p53 and p21 genes.  Moreover, the sensitivity of these cells to toxic bile acids renders 

them suitable for determining the mechanism of action of bile acids on cell signaling.   

 DCA is known to constitute the major fractions of bile salts in the colon.  Because 

of its hydrophobicity, the majority was found in the feces but considerable amount (up to 

700 μM) was measured in fecal water.  In theory, this portion can interact with the 

colonic epithelium and induce its cell signaling effect.  Hence, a 500 μM concentration of 

DCA was chosen for these studies in order to observe a rapid effect and due to its 

physiological relevance.  To address the hypothesis noted above using primarily DCA, 

we asked several key questions: 

• Do bile acids interact with the plasma membrane? 

• What are the effects of bile acids on membrane components? 

• How do bile acids activate signaling in colon cancer cells? 

To adequately answer these questions, we measured changes in the membrane using gas 

chromatography, thin layer chromatography, density sucrose gradient and confocal 

microscopy.  Additionally, fluorescent conjugated bile acids were used in order to 

establish the interaction of bile acids with the membrane.  Finally to determine the effects 
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of bile acids on signaling in the colon, we utilized biochemical assays to detect EGFR 

and ERK activation both previously found to be involved in bile acid-induced signaling.   
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CHAPTER 2-DEOXYCHOLIC ACID CAUSES MEMBRANE 

PERTURBATIONS IN HCT116 CELLS 

I.     Introduction 
 

     Bile acids are hydrophobic derivatives of cholesterol that play an important role in 

digestion and absorption of fats.  They are synthesized in the liver, stored in the 

gallbladder, and excreted into the intestine as conjugated bile acids covalently linked to 

glycine and taurine.  Bile acids serve many important physiological functions, including 

cholesterol homeostasis, lipid absorption, and generation of bile flow, that help in the 

excretion and recirculation of drugs, vitamins, and endogenous and exogenous toxins 

[80].  Typically after secretion into the intestines, bile acids are efficiently reabsorbed 

through enterohepatic circulation although a small percentage (~4%) is known to escape 

into the colon [81, 82].   There, the primary bile acids, cholic acid (CA) and 

chenodeoxycholic acid (CDCA), may be deconjugated and dehydroxylated by intestinal 

bacteria to form secondary bile acids, such as deoxycholic acid (DCA), lithocholic acid 

(LCA), and ursodeoxycholic acid (UDCA).  Importantly, secondary bile acids such as 

DCA have been postulated to be tumor promoters in the colon [66].  In fact, in vitro 

studies have revealed the cytotoxic effects of secondary bile acids on the colon further 

implicating them in tumorigenicity [83].  Animal studies have shown that DCA can 

induce loss of colonic epithelium and a subsequent proliferative response [84].  Several 

studies have shown a dose dependent effect of bile acids and the incidence of tumors, all 

of which support a causal link of bile acids to cancer occurrence [85, 86]. Furthermore, 
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epidemiological studies have confirmed that consumption of a high fat/low fiber diet 

leads to elevated fecal concentrations of secondary bile acids, and is associated with an 

increased incidence of colorectal cancer [12, 87].  Finally, clinical studies have 

demonstrated that patients with colorectal cancer have higher levels of bile acids in the 

colonic lumen further supporting a role for bile acids as tumor promoting agents [88-90].   

In the liver, numerous studies have revealed that bile acids are signaling 

molecules that activate nuclear receptors and regulate many physiological pathways and 

processes to maintain bile acid and cholesterol homeostasis.  Analyses of orphan 

receptors expression patterns in enterohepatic tissues have identified bile acids as ligands 

for the farnesoid X receptor (FXR) [91].  Particularly, the primary bile acids CDCA and 

to a lesser extent secondary bile acids LCA and DCA have all been shown to be potent 

activators of FXR [92, 93].  Additionally, studies by Stratvitz et al. have shown that bile 

acids can transactivate PKC in hepatocytes and repress the cholesterol 7α-hydroxylase 

enzyme, CYP7A1 [94].  In addition, animal studies have also demonstrated a role for bile 

acids in the activation of inflammatory cytokines and the MAPK signaling pathways 

involving nuclear receptors such as HNF-4 [95].  More recently, we have shown that 

hydrophobic bile acids such as DCA are able to activate signaling cascades in colon 

cancer cells [96].  We showed that bile acids can stimulate intracellular signaling 

cascades including those mediated by protein kinase C (PKC) and mitogen-activated 

protein kinases (MAPK), two important signal transducers that activate intracellular 

signals that control cell growth and are involved in tumorigenesis [96, 97].  Moreover, 
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DCA appears to suppress the mitogenic activation of the p53 tumor suppressor [69].  

Hence, DCA can activate mitogenic signaling and inhibit tumor suppressor activity.   

Studies done in our laboratory have shown a differential effect of bile acids based 

on their hydrophobicity.  Highly hydrophobic bile acids such as DCA and CDCA are able 

to induce apoptosis rapidly, whereas, UDCA, a less hydrophobic bile acid, is not 

cytotoxic and is able to inhibit proliferation in colon cancer cell lines [33, 98].  In fact, 

UDCA due to its hydrophilic nature has been found to inhibit DCA-induced apoptosis in 

rat hepatocytes through modulation of the mitochondrial transmembrane potential and 

through production of reactive oxygen species [99].  The above findings not only 

strengthen a role for bile acids in signaling but also reveal a distinct mechanism of action 

of bile acids based on their physicochemical properties.   

 An essential constituent of plasma membranes is cholesterol, which rigidifies the 

membrane and is an important structural component of membrane microdomains [100].  

Due to the fact that bile acids are cholesterol derivatives with detergent properties, it has 

been speculated that bile acids may alter the stability of the membrane lipid bilayer [101].  

In fact, it is hypothesized that bile acids with increased hydrophobicity have a greater 

capacity to perturb the structure of, or partly digest, cell membranes [102-104].  

Moreover, cholesterol has been shown to play an important role in the functioning of 

receptor-mediated signaling [105] and cholesterol has also been shown to play a critical 

role in organizing membrane microdomains, such as rafts and caveolae through binding 

of caveolin proteins [75].  Since bile acids are cholesterol derivatives and cholesterol is 

enriched in microdomains and able to modulate receptor activity in rafts and caveolae, we 
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decided to investigate the effects of bile acids on the membrane.  We found that 

hydrophobic bile acids have a marked effect on membrane structure and activation of 

intracellular signaling.  The role that these activities may have in bile acid mediated 

tumorigenesis is discussed.  

II.      Results 
 

Bile acids cause capping and formation of large aggregates at the plasma 

membrane of HCT116 cells 

 Although numerous studies have shown that bile acids can activate signaling 

molecules at the membrane, the mechanism by which this occurs remains elusive.  To 

determine the nature of the interaction of bile acids with the plasma membrane, 

fluorescent-tagged bile acids were generated.  FITC-bile acids were tested for signal 

activation by examining ERK phosphorylation and we found that FITC-DCA was able to 

activate ERK as do the parental bile acids (Fig. 2.1).  Next, we added FITC- bile acids to 

HCT116 live cells for various times and membrane localization was visualized through 

confocal microscopy.  As seen in figure 2.2, FITC-DCA did not distribute uniformly in 

the membrane but instead accumulated in a punctated pattern in the membrane.  In 

addition, the size of the patches was seen to increase with time.  This was quantitated by 

analysis of the aggregates using Image J software.  This revealed a time dependent 

increase in the size of the aggregates suggesting a transition of microaggregates (20-50 

pixels) into macroaggregates (>150 pixels).  These large aggregates are reminiscent of 

the “capping” that is seen when the T-cell receptor becomes activated in response to 

encountering an antigen [106].   
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Subsequently, we sought to determine the effects that cholesterol may have in DCA’s 

interaction with the membrane.  Since bile acids are cholesterol derivatives, we 

postulated that their effects might be dependent on cholesterol, an essential component of 

plasma membrane and microdomains.  To determine the role of cholesterol in bile acid-

membrane interaction, Methyl-β-Cyclodextrin (MβCD) was used to deplete the 

membrane of cholesterol.  MβCD is a water-soluble cyclic heptasaccharide that has been 

found to bind cholesterol with high specificity [107].  HCT116 cells pre-treated with 

MβCD for 12h and then with FITC-DCA showed diffused and decreased capping as 

compared to non- MβCD treated cells (Fig. 2.3).  Moreover, analysis of the size of the 

aggregates revealed that microaggregates outnumbered macroaggregates suggesting that 

depleting the membrane of cholesterol suppressed DCA-induced aggregation.   

UDCA, a chemopreventive bile acid, is known to inactivate specific signaling 

pathways induced by DCA [37].  Consequently, we sought to examine the interaction of 

this bile acid with the membrane.  Surprisingly, UDCA exhibited little capping at the 

membrane but rather was endocytosed, a pattern different from that observed at the 

membrane by DCA (Fig. 2.4).  Additionally, analysis of the size of the aggregates 

revealed that UDCA was found primarily in microaggregates and the cells did not show 

the transition pattern toward macroaggregates as was previously observed in FITC-DCA 

treated cells.  In a parallel experiment, we treated HCT116 cells with MβCD for 12h as 

described above and treated the cells with FITC-UDCA, and again noticed that 

microaggregates overwhelmingly outnumbered  

 



 55

 

 
- +       +      +        +

0      15     30     60     120
DCA

Time (min)

p-ERK44 kDa
42 kDa

- +       +      +        +
0      15     30     60     120

FITC-DCA

Time (min)

p-ERK
44 kDa
42 kDa

- +       +      +        +

0      15     30     60     120
UDCA
Time (min)

p-ERK
44 kDa
42 kDa

- +      +     +      +
0      15     30     60     120

FITC-UDCA

Time (min)

p-ERK44 kDa
42 kDa

ß-actin

ß-actin

ß-actin

ß-actin

- +       +      +        +

0      15     30     60     120
DCA

Time (min)

p-ERK44 kDa
42 kDa

- +       +      +        +
0      15     30     60     120

FITC-DCA

Time (min)

p-ERK
44 kDa
42 kDa

- +       +      +        +

0      15     30     60     120
UDCA
Time (min)

p-ERK
44 kDa
42 kDa

- +      +     +      +
0      15     30     60     120

FITC-UDCA

Time (min)

p-ERK44 kDa
42 kDa

ß-actin

ß-actin

ß-actin

ß-actin

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
 
Figure 2.1.  FITC-bile acids cause activation of Extracellular Signal-related kinase 
(ERK).  HCT116 cells were incubated with 500 μM DCA, Fitc-DCA, UDCA and Fitc-
UDCA for the indicated times.  The cell lysates were subjected to western blotting with 
anti-ERK and the dually phosphorylated form (ERK 1, ERK 2) was visualized using a 
fluorescent secondary antibody on an Odyssey Infrared Imaging System (Lycor).   
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Figure 2.2.  Membrane capping and aggregate formation in response to F-DCA. .  
HCT116 cells were treated with Fitc-DCA or Fitc-UDCA as described under 
“Materials and Methods”.  Cells were fixed with 4% paraformaldehyde, washed with 
PBS and confocal images were then captured in order to visualize the plasma 
membrane (Panel A) (top).  HCT116 cells were treated with 500 μM Fitc-DCA at the 
indicated times.  (bottom) Bar graph depicting the percentage of aggregate formation 
that was calculated using Image J Software.  The arrows depict regions where patches 
were observed.  Micrographs are representative of 3 separate experiments. 
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igure 2.3.  Membrane capping and aggregate formation in response to F-DCA 

the 

r the 

were observed.  Micrographs are representative of 3 separate experiments.   

F
and MβCD.  HCT116 cells were treated with Fitc-DCA or Fitc-UDCA as described 
under “Materials and Methods”.  Cells were fixed with 4% paraformaldehyde, 
washed with PBS and confocal images were then captured in order to visualize 
plasma membrane (Panel B).  HCT116 cells treated for 12 hours with 500 μM 
MβCD, washed in serum-free media and then treated with 500 μM Fitc-DCA fo
same timepoints as described in panel A.  The arrows depict regions where patches 
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Figure 2.4.  Decreased Membrane capping and Aggregate Formation in response 
to F-UDCA.  HCT116 cells were treated with Fitc-DCA or Fitc-UDCA as described 
under “Materials and Methods”.  Cells were fixed with 4% paraformaldehyde, 
washed with PBS and confocal images were then captured in order to visualize the 
plasma membrane (Panel D).  HCT116 cells treated with 500 μM Fitc-UDCA for 5 
min, 15min, 30 min, 1h, 2h, 4h and percentage of aggregate formation was 
quantitated as described in panel A.  The arrows depict regions where patches were 
observed.  Micrographs are representative of 3 separate experiments.   
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macroaggregates (F  of 

ical 
structure.   
 

ig. 2.5).  Overall, these data suggest that bile acids’ mechanism
action could be through clustering of membrane components, which could lead to 
specific activation of signaling pathways.  This may be dependent on their chem
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Figure 2.5.  Decreased membrane capping and aggregate formation in response to 
F-UDCA. .  HCT116 cells were treated with Fitc-DCA or Fitc-UDCA as described under 
“Materials and Methods”.  Cells were fixed with 4% paraformaldehyde, washed with 
PBS and confocal images were then captured in order to visualize the plasma membrane.  
(Panel D).  HCT116 cells treated for 12 hours with 500 μM MβCD, washed in serum-free 
media and then treated with 500 μM FITC-UDCA for the same timepoints as described 
above.  The arrows depict regions where patches were observed.  Micrographs are 
representative of 3 separate experiments.   
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Bile Acids induce cholesterol clustering in HCT116 cells 

Because bile acids are cholesterol-derivatives, they may have the ability to

rcalate into the lipid bilayer of the membranes and compete with, mimic or displace 

a membrane [108].  To ensure that the effects we observed using 

FITC-labeled bile acids on cholesterol and the membrane reflected the behavior of these 

ponents when treated with unmodified bile acids, we stained with filipin, which binds 

finity and which fluoresces (at 340-380 nm) allowing us to 

mbrane cholesterol in bile acid-treated cells [109].  HCT116 cells were 

n and then observed over time (Fig. 2.6a).  DCA causes 

acroscopic domains that first appear after 1-hour treatm

ottled pattern of cholesterol aggregates persisted and became

tment with DCA.   

ine if the cholesterol aggregation was bile acid specific, we repe

ents with Ursodeoxycholic Acid (UDCA) (Fig. 2.6c) and Cholic Acid 

ells.  With UDCA no cholesterol aggregates were detected in the 

ranes.  Likewise, CA, which appears to be biologically inert, did not affect 

embrane. Because UDCA is hydrophilic and DCA is relatively 

 
 

inte

cholesterol at the plasm

com

cholesterol with high af

visualize me

initially stained with filipi

cholesterol to aggregate into m ent 

(Fig. 2.6b).   The m  highly 

evident after 4 hours trea

To determ ated the 

same set of experim

(Fig. 2.6d) in HCT116 c

cell memb

cholesterol in the m

hydrophobic, we conclude that bile acids may have different effects at the plasma 

membrane that is dependent on their bio-physicochemical properties consistent with our 

previously published results [110].   Specifically, DCA may cause redistribution of 

cholesterol at the plasma membrane while UDCA maintains the normal distribution 

pattern of cholesterol at the membrane.     
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were grown on coverslips, serum-starved overnight and then incubated with the 
 

treated with 0.05mg/ml filipin for 30 min. to visualize the localization of cholesterol  (A) 

fluorescence microscopy using a 40x objective of a Nikon Eclipse E800 microscope at 
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Figure 2.6 DCA causes aggregation of cholesterol at the membrane.  HCT116 cell

corresponding bile acids (DCA, UDCA, CA) for specific times as indicated and then

Ctrl, (B) DCA, (C) UDCA, (D) CA.  Cholesterol aggregation was detected by 

340-380 nm. Arrows indicate regions of cholesterol aggregation.   
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Cholesterol redistribution at the membrane is specifically induced by DCA 

ter 

membrane and the cholesterol aggregation observed is a bile acid effect.    

We postulate that DCA causes its cytotoxic effects by disrupting membrane structure.  

However, it is conceivable that the changes in membrane cholesterol distribution that 

occurs when cells are incubated with DCA could be due to the apoptotic process and not 

to the bile acid.  To test this possibility, we induced apoptosis using menadione (a 

synthetic form of vitamin K) that is known to cause apoptosis through oxidative 

processes [111].  HCT116 cells were treated with 60 μM of menadione and apoptosis was 

quantified as described previously (Fig. 2.7).  In a parallel experiment, menadione-treated 

HCT116 cells were also labeled with filipin in order to examine the cholesterol status in 

the cells.  Interestingly, filipin staining revealed that the membrane was intact even af

4 hours of menadione treatment when the quantity of apoptotic cells had reached 40% 

(Fig.2.7, see inset). Hence, no apparent cholesterol rearrangement took place in cells 

induced to undergo apoptosis with menadione.  This suggested that DCA is acting at the 
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Figure 2.7 Characterization of the effects of DCA at the membrane.  HCT116 cells 
were serum-starved for 12h and then treated with 60 μM of Menadione for various times 
as indicated. Apoptosis was then determined using Ethidium bromide and Acridine 
Orange in a morphological assay as described in Materials and Methods.  Inset is a 
picture that depicts HCT116 cells treated with Menadione for 4h then stained with filipin 
at .05mg/ml.  Arrows indicate regions of filipin staining with no detection of cholesterol 
aggregation.  The results are shown as the mean ± S.D. from three independent 
experiments. *Significantly different (p < 0.01) as compared to the corresponding values 
obtained for control cells.  
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DCA-induced apoptosis is a function of cholesterol content at the plasma membrane 

 lly in colon 

echanism 

ay 

nts such as 

mbrane, we 

CD was efficiently 

moving cholesterol from the plasma membrane, we first measured and analyzed the 

tal amount of depletion caused by 500 µM of MβCD for 12 hours and found that 

βCD caused a 40% reduction in plasma membrane cholesterol content (data not 

retreated HCT116 cells for 12 hours with MβCD, washed the cells twice with serum-

ee media and then treated the cells with DCA.  As predicted, pre-washing with serum 

ee media did have a significant effect on the amount of apoptosis and only a 15% 

Previously, our laboratory showed that DCA accumulates minima

cancer cells as compared to HepG2 liver tumor derived cells.  Since HepG2 cells are 

known to express a bile acid transporter and colon cancer cells do not, we proposed that 

bile acid mediated-signaling might be initiated externally.  Consequently, the m

of action of bile acids may be due to their inherent biochemical properties that m

regulate their interaction with the membrane or other membrane compone

cholesterol.  To determine the biological effect of bile acids on the me

depleted the cells of membrane cholesterol using MβCD.  DCA is a cholesterol derivative 

that may be acting at the membrane so this prompted us to investigate the biological 

effect of MβCD on bile acid-treated HCT116 cells.  To ensure that Mβ

re

to

M

shown).  Next, we determined the effects of bile acids on HCT116 cells and found that 

cholesterol depletion followed by DCA treatment caused a 40% decrease in apoptosis 

(Fig .2.8a).  Since bile acids are cholesterol derivatives, we presumed that MβCD could 

also be sequestering DCA and negating its effect.  To address this issue, we again 

p

fr

fr
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reduction could now be observed (Fig. 2.8b).  Nevertheless, cells treated with 500 μM 

d 

MβCD for 12 hours and then DCA were found to have a statistically significant reduction 

in DCA-induced apoptosis.  We assessed the viability of MβCD-treated cells and foun

that over 90% of the cells were viable and metabolically active as compared to the non-

treated cells (Fig. 2.8 c).   Hence, the observed decrease in apoptosis confirms our FITC 

bile acid confocal microscopy data and suggests that cholesterol may be important in 

mediating DCA’s biological effects.  
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Figure 2.8 Cholesterol depletion suppresses DCA-induced Apoptosis.  (A). HCT116 
cells were serum-starved and treated with increasing concentration of Methyl-β-
Cyclodextrin (MβCD) for 12 h then treated with 500 μM DCA for 4h  Apoptosis was 
then determined using Ethidium bromide and Acridine Orange in a morphological assay.  
(B).  HCT116 cells were treated as described above but washed twice in serum-free 
media and then treated with 500 μM DCA for 4h and apoptosis was quantified using the 
method described above.  (C). Cell viability assay showing percentage of viable HCT116 
cells in cells treated with MβCD for 12h and untreated cells.    The results are shown as 
the mean ± S.D. obtained from three independent experiments. *Significantly different (p 
< 0.01) as compared to the corresponding values obtained for control cells. 
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DCA induces changes in the membrane fluidity of HCT116 cells 

  

 

CA as opposed to UDCA and CA, which do not alter the membrane composition.  

 
 Cholesterol with its polyhydrocarbon ring structure plays a distinct role in 

modulating membrane fluidity.  It is an important component of plasma membrane and 

changes in plasma membrane cholesterol content can alter the physical state of the 

plasma membrane [112].  In addition, the interaction of cholesterol with other membrane 

constituents has been shown to affect both membrane stability and rigidity [113].  

Because we have shown that DCA causes a redistribution of cholesterol at the plasma 

membrane, we decided to investigate the effects of bile acids on the fluidity of the 

membranes in HCT116 cells.   Fluorescence polarization is known to be one of the most 

sensitive, reproducible and convenient means of probing the fluidity and organization of 

membranes and therefore was used to analyze the effects of bile acids on membrane 

fluidity [114].  1.6-Diphenyl Hexatriene (DPH) is a hydrophobic probe known to 

incorporate inside the hydrophobic core of all membrane bilayers.  Its cationic derivative, 

Trimethylamonium-diphenyl hexatriene (TMA-DPH) only inserts into the outer leaflet of 

the plasma membrane [115]. Table 1 summarizes the results of the calculated anisotropy.

Fluorescence anisotropy was used as a measure of membrane fluidity and is defined as

the reciprocal of the membrane fluidity.  DCA, which causes cholesterol to aggregate, 

resulted in a decrease in membrane fluidity.  UDCA and CA both of which showed little 

or no cytotoxicity nor cholesterol aggregation had no effect on membrane fluidity.  This 

sult is consistent with our previous data showing a distinct effect on cholesterol by re

D
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Table 1.  Bile Acids affect membrane fluidity of HCT116 cells differently.  HCT116 

UDCA and CA) for 1h. DPH and TMA-DPH were both used at 1μM/ml to probe the 

Perkin Elmer spectrofluorometer.   
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cells were serum-starved for 12 hours and then treated with various bile acids (CA, 

membranes of the cells and fluorescent anisotropy values were obtained with an 8600 

The results are shown as the mean ± S.D. obtained from three independent experiments.  

 

 

DCA                             0.228 ±± 0.092*               *               0.322 0.092 0.322 ±± 0.062**0.062

UDCA                          UDCA                          0.114 0.114 ±± 0.009           0.297 0.009           0.297 ±±

CA                                CA                                0.131 0.131 ±± 0.017           0.298 0.017           0.298 ±± 0.0160.016

0.0150.015

Control                        Control                        0.144 0.144 ±± 0.027           0.286 0.027           0.286 ±± 0.1810.181

TMATMA--DPHDPHDPHDPH

DCA                             0.228 

TreatmentsTreatments

DCA                             0.228 ±± 0.092*               *               0.322 0.092 0.322 ±± 0.062**0.062

UDCA                          UDCA                          0.114 0.114 ±± 0.009           0.297 0.009           0.297 ±±

CA                                CA                                0.131 0.131 ±± 0.017           0.298 0.017           0.298 ±± 0.0160.016

0.0150.015

Control                        Control                        0.144 0.144 ±± 0.027           0.286 0.027           0.286 ±± 0.1810.181

TMATMA--DPHDPHDPHDPHTreatmentsTreatments

Values represent means± standard deviations from 3 independent experiments
*Statistically significant (p<0.01)
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DCA causes an increase of cholesterol content in the plasma membrane 
 

Our filipin results prompted us to further analyze the changes that were occurring 

t the membrane. Since membrane cholesterol is redistributed with filipin treatment and 

embranes of bile acid treated HCT116 cells using an enzymatic and colorimetric assay 

at utilizes cholesterol oxidase [116, 117].  HCT116 cells were treated with DCA for 4 

ours or UDCA for 16 hours and a purified caveolin-enriched membrane was obtained. 

ollowing fractionation, cholesterol analysis revealed that an increase in cholesterol 

ostly occurred in those fractions where caveolin-1 was also detected (sucrose density 

action #4-6) (Fig. 2.9a). The DCA treated cell gradients showed a 2.0 fold increase in 

holesterol in the light fractions (fraction 4-6) as compared to the untreated or those 

eated with UDCA. These results not only support our filipin studies but also 

o alter the state of cholesterol at the plasma membrane and 

onsequently may affect membrane associated-proteins. 

ased on our above findings, we hypothesized that DCA might be acting at the plasma 

nd 

own to play a role in the activation or inactivation of these proteins, to influence 

embrane protein interactions, and to affect the function of some transmembrane 

ceptors [105].   To determine if the cholesterol redistribution due to DCA affected 

 

a

MβCD causes a decrease in apoptosis, we decided to quantify the cholesterol in the 

m

th

h

F

m

fr

c

tr

demonstrate that DCA is able t

c

 

B

membrane, particularly through specific microdomains named caveolae.  Caveolae a

rafts are membrane microdomains that are principally enriched in cholesterol and contain 

a wide variety of signaling molecules [118].  In addition, membrane cholesterol has been 

sh

m

re



 71

caveoli lin-1 

-

n-1 localization, we used sucrose gradients to assess the localization of caveo

in bile acid treated cells [119].  Analyses by Western blotting revealed that caveolin-1 co-

occurred with the cholesterol peak (Fig. 2.9b).  Cells treated with DCA had a 

considerable decrease in the caveolin protein but an increase in cholesterol that was 

associated with the light fractions.  In contrast, UDCA-treated cells remained at normal 

levels as opposed to what was seen in the DCA treated cells.  Overall these results 

suggest that the effects of bile acids lead to cholesterol redistribution and lost of caveolin

1; two events that occur as a result of the interaction of bile acids within the plasma 

membrane.   
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Figure 2.9 DCA causes an increase in the amount of cholesterol at the membrane. 
(Panel A). HCT116 cells were serum-starved overnight and treated with 500 μM DCA 
for 4h and 500 μM UDCA for 12h respectively. The membrane was isolated using a non-
detergent method by density gradient centrifugation as detailed in the Material and 
Methods section.  Gradients were then fractionated into 12 1-ml fractions and 200 μl of 
lysate was subsequently used to perform cholesterol analysis (Panel B). Fifty μl of lysate 
from each fraction of above gradients were separated by SDS-PAGE and a western blot 
analysis was performed to detect caveolin-1.   
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DCA causes internalization of caveolin-1 
 
 Since DCA causes rearrangement of cholesterol and caveolin is known to bind 

cholesterol, we reasoned that redistribution of caveolin-1 might also be induced.  To test 

whether membrane cholesterol redistribution by DCA has a significant effect on 

microdomains, we examined the localization of caveolin-1, a caveolae marker, in 

response to bile acids’ treatment using confocal microscopy.   HCT116 cells were treated 

with DCA for 1 hour and localization of caveolin-1 was assessed using 

immunofluorescence.  As shown in Figure 2.10, treatment with different bile acids 

caused a change in localization of caveolin-1.  Treatment with DCA for 1 hour (Fig. 2.10-

panel 3) caused internalization of the protein while Ctrl and UDCA treatment (Fig. 2.10-

panels 2,4) showed no internalization but rather an increase in the quantity of caveolin-1 

at the membrane. In addition, western blot analysis of whole cell extracts revealed that 

the total amount of caveolin-1 protein remained the same after DCA treatment (data not 

shown). Taken together, these results suggest that bile acids can indeed perturb the 

membrane, specifically microdomains, which may explain why bile acids are able to 

activate intracellular signaling.   
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rved 

for 12 hours and then treated with 500 μM DCA for 1h.  Cells were fixed with 4% 

Images were then captured using confocal microscopy.  Panel 1. Untreated HCT116 cells 
els 2,3,4 are untreated HCT116 cells or treated with 

DCA, UDCA respectively for 1h and stained for caveolin-1. Note the presence of red 
punctated dots within the cytoplasm in the DCA treated cells as indicated by the arrows 
and their absence in the UDCA treated cells. 

Figure 2.10 Internalization of caveolin-1 by DCA.   HCT116 cells were serum-sta

paraformaldehyde, stained with caveolin-1 followed by Alexa-Fluor 594 antibody. 

displaying autofluorescence. Pan

1 2

3 4

1 2

3 4
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Bile acids interact with microdomains differently 

 ological effects [120], we 

postulated that these dif nt membrane 

com crodomains, 

embrane 

(right panel) ted in the same 

eolae domain.  

interaction with 

caveolae do  interact 

ical 

structure and is likely to be important for activation of intracellular signaling.   

Since different bile acids exert distinctly different bi

ferences might be due to interaction with differe

ponents. To examine the interaction of bile acids with membrane mi

HCT116 cells were treated with 3H-DCA and 3H-UDCA respectively and m

localization was assessed using density sucrose gradient centrifugation.    Figure 2.11 

 showed that UDCA, a less hydrophobic bile acid is distribu

gradient fractions as caveolin-1 suggesting that it can interact with the cav

DCA on the other hand (Fig. 2.11b. left panel), showed minimal 

main.  Overall, these results illustrate that different bile acids

differently with the plasma membrane.  This may be dependent on their chem
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Figure 2.11 Distribution of Radiolabeled bile acids in HCT116 cell membranes.  
HCT116 cells were serum starved for 12 h and then treated at 4 °C with 24 μM and 32 
μM of 3H-DCA and 3H-UDCA respectively.  Cells were then washed with PBS and then 
subjected to a non-detergent density sucrose gradient centrifugation as described in 
“Materials and Methods”.  Following fractionation, 500 μl of gradient samples were 
added to 25 mls of scintillation fluid and the amount of radioactivity in the fractions 
detected using a Beckman LS 5000 TD scintillation counter.  The panels are 
representative of a typical experiment.   
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DCA activates Receptor Tyrosine kinases in a ligand independent manner 

Previously, we published that DCA is able to activate receptor tyrosine kinases 

ch as the Epidermal Growth Factor Receptor (EGFR) [37].  The two plausible 

displayed normal level of EGFR, which co-

actionates in the same region as caveolin-1.  On the other hand, cells treated with DCA 

owed a decrease in the amount of EGFR as compared to the controls.  This is similar to 

n of 

 antibody 

brogated the phosphorylation of EGFR induced by its natural ligand, EGF.  In contrast, 

e neutralizing antibody (Fig. 2.13-bottom) was unable to abrogate phosphorylation of 

GFR in cells treated with DCA supporting the idea that DCA-induced signaling is 

gand independent.   

 

su

mechanisms by which this can occur is either through specific interaction of ligands with 

EGFR or through membrane perturbation that could eventually cause receptors to 

autophosphorylate.  Initially, we sought to determine the localization of EGFR in 

HCT116 cells however, due to the low abundance of proteins in this cell line we opted to 

use A431 cells, an epidermoid carcinoma cell line which overexpresses EGFR.  A431 

cells were treated with DCA or UDCA and a density sucrose gradient was performed to 

assess the localization of EGFR in response to bile acids.  Figure 2.12 shows that 

untreated cells or cells treated with UDCA 

fr

sh

what we observed with caveolin.   

We next examined the mechanism by which DCA causes EGFR activation, we 

treated HCT116 cells with an EGF neutralizing antibody and then examined activatio

EGFR after exposure to DCA.   Figure 2.13 (top) showed that the neutralizing

a

th

E

li
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ation in A431 cells.  A431 cells were left 
CA and UDCA for 4h and 12h respectively.  Cells 

were then w
blot ana . 

Ctrl

 

 

 

 
 
 
 
 
 
 
 
  
Figure 2.12  EGFR Membrane localiz
untreated or treated with 500 μM D

ashed and a non-detergent sucrose density gradient was performed.  Western 
lysis was carried out and the level of EGFR detected in the various fractions.   A

Untreated A431 cells.  (B).   A431 cells treated with 500 μM DCA for 4hours.  (C). A431 
cells treated with 500 μM UDCA for 12 hours.   
 
 
 
 
 
 
 
 

201

120

EGFR 

EGFR

DCA

UDCA

1  2   3  4 5   6    7     8    9  10   11  12  13

201

120
201

120

EGFRCtrl
201

120

EGFR 

EGFR

DCA

UDCA

1  2   3  4 5   6    7     8    9  10   11  12  13

201

120
201

120

EGFR



 79

 

Neutralizing Ab 
EGF - +      +      +       +     +        +      +        +   +     +

- - - - - - +        +        +       +       +

C   5’  15’  30’  1h  2h   5’   15’  30’ 1h  2hTime

 
 
Figure 2.13 The Effects of DCA on EGFR tyrosine phosphorylation.  HCT116 cells 
were serum-starved for 12h and treated with neutralizing antibody against EGF 
(10ng/ml).  Twelve hours later, cells were either treated with 25 ng EGF (Panel A) or 500
μM DCA (Panel B) for various times.  EGFR activation on tyrosine 1068 was then 
detected by immunoblot analysis using 100 μg of protein.   
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III.     Discussion 

Although many studies have implicated bile acids as activators of signal 

e 

een 

ith FITC-DCA and in the cholesterol of cells treated with DCA suggesting that bile 

 

s involving cytoskeleton 

organization [122].  Additionally, the observed microdomain interaction of radiolabeled 

ile acids suggests that depending on their physical property, bile acids are able to affect 

embrane activity differently.  Interestingly, the membrane changes we observed in 

DCA treated cells were not observed neither when cells were treated with either CA or 

UDCA nor when cells were treated with menadione, another apoptosis inducing agent.  

embrane structure or composition that we observed were specific 

 

transduction pathways, their mechanism of action remains enigmatic.  We present 

evidences suggesting that hydrophobic bile acids can have profound effects on the cell 

membrane and that this may lead to initiation of signaling induced by this bile acid.  

Examination of membrane fractions from DCA-treated cells revealed an increase in th

quantity of cholesterol in the plasma membrane, which was accompanied by an overall 

decrease in membrane fluidity.  The membrane cholesterol in DCA-treated cells was s

to aggregate into large patches suggesting that DCA caused rearrangement and perhaps 

solubilization of membrane cholesterol. This is consistent with the suggestion that the 

hydrophobic nature of bile acids enables them to solubilize the cell membrane and act as 

detergents [102-104, 121]. Additionally, membrane capping was observed in cells treated 

w

acids mediated receptor activation could occur as a result of bile acid interaction with the

membrane.   This stands in agreement with the notion that patches of aggregated 

receptors can migrate and coalesce to form a cap in a proces

re

b

m

Hence, the changes in m
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to DCA and appeared to be caused by DCA and are not a consequence of the apoptotic 

process ifferent 

ids in 

 

F 

 

   It 

.  This could explain the differences in biological activities observed for d

bile acids [33].  Previous studies from our laboratory testing the activities of bile ac

vitro and in animal studies where bile acids were tested for tumor promoting activity 

showed that bile acids can exhibit opposing biological activities [33, 66], [123].  

Collectively, these observations suggest that bile acid interaction with the plasma 

membrane and with cholesterol may be an important step in the manifestation of the 

biological effects of these compounds.  Consistent with this we found that depletion of 

membrane cholesterol using Methyl-β-Cyclodextrin led to reduced DCA-induced 

apoptosis.  Hence, changing the composition of the plasma membrane can influence the

ultimate biological outcome resulting from exposure to DCA. 

 Numerous studies have shown that bile acids activate intracellular signaling and 

that activation of these pathways is a key step in the induction of apoptosis and/or 

mitogenesis [124-126].  Detailed analysis of activation of one of these, the MAPK 

pathway, shows that signaling is stimulated by DCA through activation of the EG

receptor [70].  Since bile acids bear little resemblance to the receptor’s natural ligand,

epidermal growth factor, the question that arises is how can DCA activate receptors to 

induce intracellular signaling? One possibility is that the alterations in membrane 

structure caused by DCA may lead to stimulation of transmembrane receptor activity.

is well established that some transmembrane receptors are anchored in specialized lipid 

microdomains in the plasma membrane known as caveolae or lipid rafts [127].   These 

lipid microdomains are enriched in receptors and cholesterol and represent platforms for 
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conducting cellular functions such as vesicular trafficking and signal transduction [77].  

Additionally, studies have found the EGF receptor to be localized to the caveolae/rafts 

domains; consequently, this receptor could be activated by DCA’s effects on the cell 

membrane [128].  We find that DCA causes an exit of caveolin, the major protein 

component of caveolae microdomains, from the plasma membrane and localizatio

cytoplasm confirming that DCA does affect the quantity and positioning of caveola

the membrane.  Furthermore, fractionation of membranes from DCA-treated cells on 

sucrose gradients showed that there was a marked increase in the quantity of cholesterol

in caveolin-containing fractions suggesting that not only does DCA change the 

membrane distribution of microdomains but also appears to alter their composition.  

 Previously, we showed that DCA could activate the M

n to the 

e in 

 

APK pathway; therefore 

not 

his 

d is 

le 

we decided to analyze activation of EGFR on the tyrosine residue involved in MAPK 

signaling [69].   Significantly, phosphorylation on tyrosine 1068 of the EGFR was 

suppressed by an EGF-inactivating antibody in cells that were treated with DCA.  T

indicates that activation of EGFR by DCA occurs in an EGF-independent manner an

in agreement with previous work by Qiao et al. that demonstrated that bile acids are ab

to activate the JNK pathway in a ligand independent manner in hepatocytes [71].  

Collectively, our results strongly suggest that the EGFR may be activated as a 

consequence of the changes in membrane composition and structure that are brought 

about by DCA.  There is precedence for this type of mechanism in the observation that 

cholesterol depletion with Methyl-β-Cyclodextrin can lead to EGFR dimerization, an 

indication of receptor activation [101].  Additionally, based on our FITC bile acids data, 
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which shows that DCA causes membrane capping, it is conceivable that DCA-induced 

signaling occurs through membrane patching involving receptors localized in caveolae 

microdomains.   It has been suggested that membrane components such as ceramides 

re-organize into lipid patches capable of fusing into larger platforms [129].   Hence

propose that the signaling activities induced by DCA, and perhaps other bile acids, 

originate from the biochemical interaction between DCA and the lipids of the plasma 

membrane and cholesterol. 

 Although we chose EGFR as a specific example receptor based on our previous 

studies, it seems unlikely that the activities exhibited by DCA are due to stimula

this receptor alone.  Indeed it is unlikely that the activity of any single receptor will li

can 

, we 

tion of 

kely 

explain

ng that 

30].  

o 

 bile acid activity.  This is suggested by the experiments that examine tyrosine 

phosphorylation which show that DCA has a pleiotropic effect with regard to receptor 

activation.  We found that several membrane proteins are affected and could become 

activated in response to DCA and are in the process of investigating the pathways 

affected by these transmembrane proteins.  Since transmembrane receptors (i.e. EGFR, 

IGFR1) are localized to microdomains, we conclude that multiple signaling receptors 

could be activated by DCA.  Consistent with this are reports in the literature showi

DCA can activate EGFR [70], death receptors [71], as well as PKC [124, 125, 1

Hence, it seems likely that the ultimate biological effect that bile acids exhibit is due t

receptors activated as a consequence of perturbations in membrane structure and 

biophysical properties.     
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CHAPTER 3-DATA SUPPORTING HYPOTHESIS THAT THE 

PLASMA MEMBRANE IS THE TARGET FOR DCA 

 

Resistance to Ursodeoxycholic Acid-induced growth arrest can also result in 

resistance to deoxycholic acid-induced apoptosis and increased tumorigenicity 

 

I.  Introduction 

  

 A large body of evidence suggests that bile acids act as tumor promoters and are 

important factors in the etiology of colon cancer.  Moreover, recent studies have shown 

that bile acids can elicit distinct biological effects depending on their chemical structure 

and hydrophobicity [33].  DCA, a hydrophobic bile acid was found to be a tumorigenic 

bile acid while UDCA, a less hydrophobic bile acid was found to be chemopreventive.  

Additionally, DCA was found to activate a number of proliferative and apoptotic 

signaling pathways including the epidermal growth factor receptor and raf/mek/erk 

pathway, protein kinase C, the AP-1 transcription factor, all of which are known to be 

involved in colon tumorigenesis [70, 96, 124, 126].  In contrast, UDCA has been found to 

lead to signaling activities that stand in opposition to those exhibited by DCA.  For 

example, UDCA is now known to suppress the ras oncogene and the transcription factor 

AP-1, both of which are known to be modulated by DCA treatment [37].  Importantly, 

DCA is cytotoxic while UDCA dilutes and inhibits the production of toxic bile acids 

thereby preventing further destruction by these cytotoxic agents.  Additionally, DCA was 
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foun ot 

[69].  Rece A 

al mucosa of patients [131].   However, frequent resistance 

to bile acid-induced apoptosis has been commonly detected in the mucosa of colon 

cancer patients and consequently this decreased ability to undergo apoptosis is thought to 

be a major risk factor in colon cancer [132].  Since resistance to apoptosis creates a 

permissive environment for increasing genomic instability, it was postulated that 

excessive, frequent exposure of an individual's colonic epithelial cells to cytotoxic bile 

acids could lead to the selection of an apoptosis resistant population of cells, thus 

increasing the risk for developing colon cancer [131].  Conversely, UDCA inhibits the 

apoptotic effects of DCA.  Collectively, these observations indicate that these bile acids 

are able to act on the same signaling pathways but may have distinct biological effects on 

them.  Thus to gain insight into how UDCA acts at the cellular level, we employed a 

genetic approach to select cells resistant to the growth effects of UDCA.  Analyses 

revealed that these UDCA- resistant cells showed cross-resistance to DCA supporting the 

notion that DCA and UDCA signaling activities may indeed overlap.  Importantly, we 

found that resistance to DCA-activated signaling lead to a more neoplastic phenotype.   

 

II. Results 

a.     Isolation and characterization of cells resistant to UDCA-induced growth arrest 

 Previous studies in our laboratory showed that different bile acids display distinct 

biological activities on HCT116 cells in vitro with the most pronounced differences 

d to cause increased degradation of the tumor suppressor p53 while UDCA does n

ntly, in vitro studies demonstrated that cytotoxic bile acids such as DC

caused apoptosis in the norm
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detected between DCA, which is cytotoxic and is a tumor promoter, and UDCA, which 

induces growth arrest and is a putative chemopreventive agent [96].  Despite these 

differences there is evidence suggesting that these two bile acids may influence activities

of the same signaling pathways [37].   

 To determine if DCA and UDCA have overlapping signaling and to determine the 

nature of these signaling activities, we applied a genetic approach by selecting cell li

that were resistant to UDCA-induced growth arrest.  HCT116 cells were mutageni

with ethyl methyl sulfonate and then cultured in 500 μM UDCA, a concentration known

to suppress the growth of HCT116 cells.  Following this procedure, 41 stable cell l

were acquired and determined to be resistant to the growth inhibitory effects of UDCA.

These cell lines were continuously maintained in 500 μM UDCA and then designated as 

 

nes 

zed 

 

ines 

  

HCT116 Odd Morphology UDCA Resistance.  After expansion each individual HOMUR 

cell line was tested for resistance to apoptosis induced by DCA (Figure 3.1).  All the 

HOMUR cell lines were segregated into three categories based on the degree of thei

resistance to DCA-induced apoptosis. Highly resistant lines were defined as those that 

exhibited 25% or less apoptosis than parental HCT116 cells when treated with 500 μM 

DCA for 24 hours.  Nineteen out 41 (46%) HOMUR lines exhibited a  highly resistant 

r 

henotype.  Among the highly resistant cell lines, HOMUR 7 displayed the least amount 

 after incubation in 500 μM DCA for 24 hours.  Resistant lines were 

ental 

p

of apoptosis

designated as those that exhibited 25%-60% apoptosis.  Of those, HOMUR 11 was 

chosen as representative line of the cell lines in this category.  Interestingly, a small 

fraction (5 out of 41 or 12%) of HOMUR lines exhibited more apoptosis than the par
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cell line HCT116 (>60%) such as HOMUR 17 and were designated as “highly sensitive”

Overall, we found that the majority of UDCA-resistant lines (36 out of 41 or 88%) a

showed varying degrees of resistance to DCA-induced apoptosis.  This indicated that 

resistance to UDCA frequently also con

.  

lso 

ferred at least some resistance to DCA.  

 

Moreover, the large fraction of HOMUR lines that were cross resistant to both DCA and 

UDCA suggests that there is considerable overlap in the molecular signaling activities of

these bile acids.   
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Figure 3.1 HOMUR cell lines show resistance to DCA-induced apoptosis.  HOMUR 
cell lines were incubated with 500 μM DCA for 24 hours and the fraction of apoptotic 
cells determined.  The apoptotic value for each of the 41 HOMUR lines is depicted as a 
dot along a scale extending from 0 to 60% apoptosis.  The extent of apoptosis obtained 
for parental HCT1116 is indicated with an arrow at the right.  Depicted on the right are 
dots representing individual HOMUR cell lines with apoptotic values greater than 60%.   
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b.     Resistance to bile acids also confers a capacity for anchorage independent 

rowth 

Work by Garewal et al. has previously hypothesized that resistance to DCA-

duced apoptosis may be important in neoplastic transformation that leads to colon 

morigenesis [132].  Since HOMUR cells exhibit resistance to bile acid-induced 

rowth properties using anchorage independent growth as a surrogate measure of their 

morigenic capabilities.  Consequently, HCT116 cells, HOMUR 7, HOMUR 11 and 

OMUR 17 were characterized for growth in soft agar (Figure 3.2).  We determined that 

OMUR 7, the highly resistant cell line was markedly more capable of growing in soft 

gar than the other HOMUR lines or the parental HCT116 cells (See inset of actual 

olonies growth).  Interestingly, HOMUR 11, which falls in the mildly resistant category, 

ad a better ability to grow in soft agar than the parental line. Because anchorage 

 

 

 
 
 
 
 
 
 
 

g

in

tu

apoptosis, we concluded that they could be used to test this hypothesis by examining their 

g

tu

H

H

a

c

h

independent growth was exhibited by the DCA-resistant lines and not by the sensitive 

line, we suggest that resistance to DCA-induced apoptosis correlated with anchorage 

independent growth.   
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Figure 3.2.  HOMUR cells that are resistant to DCA-induced Apoptosis exhibit 
nchorage Independent Growth.   

CT116, HOMUR 7, HOMUR 11 and HOMUR 17 cells were plated and colonies were 
llowed to form.  Clones were then stained after 2.5 weeks and quantitated as described 
 Materials and Methods.  Bars represent the average of triplicate results.  Error bar 
present standard deviation.  Bottom.  Pictures of stained colonies of HOMUR 7, 
OMUR 11 and HOMUR 17 taken at day 17.   
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III. Discussion 
 

 In these experiments, we utilized a genetic approach to gain insight into how bile 

cids with  signaling 

athways.  By testing DCA-resistance on cells that were originally selected for UDCA-

sistance, we established that there is indeed an overlap in the signaling mechanisms 

ctivated by UDCA which causes growth arrest and those stimulated by DCA which 

roduces apoptosis.  Analyses revealed that most of the HOMUR cell lines exhibited 

me degree of resistance to DCA-induced apoptosis, a finding consistent with the notion 

at these two bile acids possess overlapping signaling.  Moreover, our observation that 

nly the most profoundly DCA resistant HOMUR 7 line is also the most tumorigenic is 

onsistent with the concept that resistance to DCA-induced apoptosis supports a more 

morigenic phenotype.  Given the fact that the other UDCA-resistant cell lines did not 

veal such a strong tumorigenic phenotype, we conclude that specific mutations in 

OMUR 7 responsible for the insensitivity to DCA-induced apoptosis must also be 

sponsible for the anchorage independent growth phenotype.  Moreover, preliminary 

 

 

 

a distinct biological endpoints could be activating some of the same

p

re

a

p

so

th

o

c

tu

re

H

re

results suggest that association of membrane proteins, such as caveolin-1 may also be

disrupted in these cell lines further supporting our hypothesis that the effects of bile acids

may indeed be on the membrane.      
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Effects of Bile Acids on Membrane Associated Proteins 

 Introduction 

 The plasma membrane is a dynamic structure that contains an elaborate array of 

proteins that are involved in structural maintenance, cell-cell contact and cell signaling.  

In epithelial cells, cadherin-based cell-cell contact is a specialized region of the plasma 

membrane, where cadherin molecules of adjacent cells interact in a calcium-dependent 

manner. Tyrosine phosphorylation is a central event in the regulation of a variety of 

biological processes such as cell proliferation, migration, differentiation and survival. 

Several families of receptor and non-receptor tyrosine kinases control these events.  

Though poorly understood, src is a protein tyrosine kinase that is known to regulate cell 

adhesion.  Since we hypothesized that bile acids are perturbing the membrane, therefore 

we postulate that this perturbation may disrupt the interaction between membrane-

associated proteins and the plasma membrane.  Consistent with this are reports in the 

literature that bile acids, specifically DCA can activate PKC, a membrane associated 

protein [124].  Work by Loranger et al has shown that bile acids can also affect actin by 

slowing its rate of polymerization [133].  Moreover, studies done on bile acid signaling 

have shown that bile acids are able to disrupt E-cadherin binding to β-catenin [134].  

induced signaling which may result in aberrant growth and adhesion.  Since bile acids 

ere found to associate with the membrane differentially and found to modulate the raft-

ssociated protein caveolin, we tested various membrane associated-proteins such as E-

I.
 

Collectively, these reports indicate a potential role for the plasma membrane in bile acid-

w

a
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cadherin, caveolin, and src to support our hypothesis that DCA is able to perturb the 

ling.   

 

d 

 

r 

s by 

 Src is a non-receptor tyrosine kinase that is associated in epithelial cells with 

adherens junction and focal contacts thus suggesting a role in adhesion [135].  

Additionally, src has been found to be associated with the inner leaflet of the plasma 

membrane and to partition into lipid rafts and caveolae [77].  Studies done on caveolin, 

membrane marker for caveolae, have shown that caveolin is a substrate for Src.  

Moreover, caveolin is known to be phosphorylated on tyrosine 14 by c-src and lipid 

modifications of c-src are required for this phosphorylation event to occur in vivo.  Thus 

the fact that bile acids caused the exit of caveolin from the plasma membrane suggest that 

similarly bile acids may also affect src and lead to modifications of its activities and 

consequently may explain bile acids tumor promoting effects.   

membrane and induce signa

 It is well established that loss of adhesion between cells and the extracellular 

matrix is a prerequisite for the detachment and migration of tumors cells.  E-cadherin is a

key regulator of adhesion whose loss is associated with tumor progression, metastasis an

cell proliferation.  Additionally, E-cadherin has also been shown to play a crucial role in

the maintenance of tissue architecture. Consequently, perturbation in the expression o

function of E-cadherin can result in loss of intercellular adhesion, with possible 

consequent cell transformation and tumor progression. Consistent with this are studie

Tran et al which clearly demonstrated that bile acids can lead to downregulation of E-

cadherin in colon cells [134].   Since hydrophobic bile acids perturb the membrane, we 

might expect that the association of membrane E-cadherin to also be affected.   
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Caveolin is a membrane associated protein known to be highly enriched in lipid rafts.

Moreover, cholesterol-enriched lip

  

id raft microdomains are known to serve as critical 

ompar  ly, 

a. Bile Acids Cause Deregulation of Membrane Associated Proteins 

aggregation of membrane components.  Consequently, this perturbation may also lead to 

abnormal signaling if critical membrane components are disturbed.  To test the effects of 

DCA on membrane-associated proteins such as E-cadherin, src, and caveolin , we treated 

HCT116 cells with 500 μM DCA and isolated their membranes.  Western blot analysis of 

gradient fractions revealed that the E-cadherin in cells treated with DCA was associated 

in denser membrane (Figure 3.3).  This suggests that bile acids are likely affecting the 

membrane as displayed by the decrease in E-cadherin in caveolae domains.  Interestingly, 

src association with the plasma membrane was also decreased and was completely 

abrogated 1 hour after treatment with DCA (Figure 3.4).   

 

c tmentalized membrane regions that generate specific signals [136].  Collective

these reports indicate that modifications of membrane-associated proteins could occur as 

a result of bile acid induced-membrane perturbation.  Thus to establish whether bile acids 

had an effect on membrane associated proteins, HCT116 cells were treated with DCA 

and various membrane proteins were analyzed.  The relevance of these findings to bile 

acid-induced signaling is discussed.   

II.   Results 

 Previously, we showed that DCA caused membrane perturbation through 
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were serum starved for 12 h and then treated with 500 μM of DCA for 4h and ran on a 

blot analysis. Treatment of HCT116 cells with DCA caused a reduction of E-cadherin in 

Gradient Fractions

 
 

 

 
 
 

Figure 3.3 DCA Causes Redistribution of Membrane E-Cadherin.  HCT116 cells 

sucrose gradient.  Fifty microliters of proteins was used to detect E-cadherin by western 

the sucrose gradient as compared to control.   
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Figure 3.4. DCA Treatment Leads to Src Membrane Disassociation.  HCT116 cells 
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were serum starved for 12 h and then treated with 500 μM of DCA for 4h and a crude 
membrane preparation made.  Fifty microliters of proteins was used and Src detected by
immunoblot analysis.   
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Caveolin, the marker protein for caveolae was found to be constitutively phosphorylated 

ven in the untreated cells possibly due to a constitutively active ras in HCT116 cells 

igure 3.5).  However, treatments with DCA lead to its dephosphorylation while the 

tal cellular caveolin protein level remained stable.  This is consistent with the idea that 

ave

uttled internally. 

e

(F

to

c olin was no longer interacting with ras at the membrane but rather was being 

sh
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Figure 3.5.  DCA causes Dephosphorylation of Caveolin.  HCT116 cells were serum-
arved for 12 hours and then treated with 500 µM DCA for various times.  Total cell 

ples were detected by immunoblot analysis.  
Treatment of HCT116 cells with DCA caused loss of phosphorylation of caveolin 

vertime while the level of total caveolin remained the same.   
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III.  Discussion 
 

 Bile acids have been found to activate numerous signaling pathways, therefore 

etermining the various aberrant signaling molecules activated in response to bile acid 

eat

arrangement and downregulation of E-cadherin are hallmarks of invasive cancers and 

both caveolin and E-cadherin are membrane associated proteins that would be affected by 

bile acid-membrane perturbation, we examined whether DCA affected membrane-

ssociated proteins.  Treatments of HCT116 cells with DCA showed extensive loss of E-

adherin from the membrane as compared to untreated cells.  These results not only agree 

ith our initial hypothesis but also indicate that the loss of E-cadherin and src from the 

embrane due to DCA could be responsible for the deregulated signaling observed in our 

colon cancer cells.  Interestingly, the notion of membrane perturbation by bile acids was 

further substantiated by the src and caveolin studies that clearly showed that treatments 

s 

ely 

f activated caveolin which 

was confirmed by our studies that showed a time-dependent dephosphorylation of 

caveolin in response to bile acids. In sum, our studies on the effects of bile acids on 

embrane associated proteins further support our theory that the initial site of action of 

ile acids is at the plasma membrane as observed by the disassociation of the various 

embrane proteins tested.     

 

 

d

tr ment will be essential in delineating their mechanism of action.  Because cytoskeletal 

re

a

c

w

m

with bile acids led to the disassociation of these proteins from the membrane.  Src and ra

are known to interact with caveolin and therefore disassociation of src and constitutiv

ctive ras from caveolae would likely lead to downregulation oa

m

b

m
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Effec  of Genisteints  on Apoptosis and Tyrosine Phosphorylation 

I. Introduction 

 Since we postulated that DCA is acting at the membrane and causing membrane 

perturbation and since tyrosine phosphorylated transmembrane receptors make up the 

majority of these proteins, we concluded that these proteins must be affected as well.  

Indeed our results in chapter 2 demonstrated that DCA caused a change in the activation 

of , a tyrosine phosphorylated transmembrane receptor.  Thus to verify our 

previous results, we employed Genistein, a broad range inhibitor of tyrosine kinases, to 

determine whether receptor tyrosine kinases played a role in the effects of bile acids on 

HCT116 cells.  We found that treatment with Genistein significantly reduced DCA-

induced apoptosis and attenuated activation of tyrosine phosphorylated proteins.  

 

II. Results 

e 

sine 

es [137].  Particularly, genistein was found to inhibit the 

rosine kinase activity of EGFR and EGF-stimulated serine and threonine 

 

EGFR

a.        Genistein Pretreatment Attenuates DCA-induced Apoptosis and Receptor 

Tyrosine Kinase Activation 

Our previous results support the view that receptor tyrosine kinases might b

involved in DCA-induced apoptosis.  To probe into the involvement of receptor tyro

kinases in bile acid-induced signaling, we used the receptor tyrosine kinase inhibitor 

genistein.  Genistein, an isoflavone isolated from the soy family, has been found to 

inhibit receptor tyrosine kinas

ty
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phosphorylation of EGFR [137].  Thus we employed genistein in order to examine the 

ffect of tyrosine kinase inhibition on the biological activities of bile acids.  HCT116 

arying concentrations of genistein for one hour and then 

 

0 

 a 

 

  

 

 

 

 

 

 

e

cells were pretreated with v

treated with DCA for four hours and apoptosis determined.  Treatment of cells with DCA

caused close to 90% apoptosis.  However, cells treated with genistein and then with 50

μM DCA displayed a dose dependent decrease in apoptosis (Figure 3.6).  This suggests

role for receptor tyrosine kinases in bile acid-induced apoptosis. Moreover, at 100 μM 

genistein pre-treatment the generalized inhibition of receptor tyrosine kinases by 

genistein resulted in a 50% decrease in DCA-induced apoptosis and this further suggest 

that bile acids have a pleitropic effect on signaling and that the activity of different type 

of receptors is affected.   
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Figure 3.6. Genistein Pre-treatment Significantly Reduces DCA-induced Apoptosis.  
CT116 cells were serum-starved for 12 h, treated with various doses of Genistein for 1h 

and 500 μM DCA for 1h and then apoptosis was determined.  The results are shown as 
e mean ± S.D. from three independent experiments.  
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III. Discussion 
 

a 

embrane. Because our previous results revealed that several key membrane-related 

roteins are affected by bile acids, we proposed that transmembrane tyrosine kinase 

ceptors must be involved in bile-acid induced signaling.  To probe into the role of 

rosine kinase in bile acid-induced signaling, we pretreated with HCT116 cells with the 

eneral tyrosine kinase inhibitor genistein.  Pretreatment with genistein followed by DCA 

eatment attenuated DCA-induced apoptosis and caused a 50% decrease in bile acid 

duced apoptosis suggesting a role for tyrosine kinase in bile acid-induced signaling.  To 

erify this biochemically, we again pretreated HCT116 cells with varying concentrations 

f genistein for 1h and then with 500 μM DCA and analyzed general tyrosine 

hosphorylation (data not shown).  Though tyrosine phosphorylation was not completely 

gnaling and accordingly DCA must have a pleitropic effect at the membrane.  Thus, we 

had a profound effect on DCA-induced signaling further 

plicating the plasma membrane as a possible target of DCA-induced apoptosis.   

 We postulated that bile acids are acting at the membrane and affecting the plasm

m

p

re

ty

g

tr

in

v

o

p

abrogated, pretreatment with 100 μM genistein prior to DCA treatment did appear to 

decrease tyrosine phosphorylation.  The weak suppression by genistein implies that both 

rosine and non-tyrosine phosphorylated proteins are involved in bile acid-induced ty

si

concluded that genistein 

im

 

 

  

 



 104

Role of Secondary Messenger lipids in bile acid induced signaling 

 

 

 

  

 

ide generation in response to various agonists and stress signals [146].  

such as DCA cause massive apoptosis and 

ceramide is known to be an apoptotic inducer localized to the membrane, we proposed 

at DCA-induced apoptosis may involve ceramide.  We found that DCA and ceramide 

 

I. Introduction 

 Lipids are now known to play an essential role in signaling by organizing raft 

microdomains.  Particularly, membrane sphingolipids such as sphyngomyelin, 

gangliosides and ceramides have recently been shown to modulate epithelial cell 

proliferation, adhesion, migration, differentiation, and survival [138, 139].  In fact, work 

by Paller et al. demonstrated a regulatory role for lipids  such as gangliosides in ligand-

independent, matrix-dependent inhibition of EGFR and MAPK phosphorylation leading 

to modulation of epithelial cell proliferation [140, 141].  Significantly, studies with bile 

salts have demonstrated that bile acids can cause hydrolysis of gangliosides through 

increased activation of ganglioside converting 

enzymes [142].  Additionally, current studies in the literature suggest that Acid 

Sphingomyelinase-mediated (ASM) ceramide generation is critically involved in receptor 

signaling by promoting receptor clustering in ceramide-enriched membrane rafts [143, 

144].  Specifically, the Epidermal Growth Factor, Insulin and FAS receptors are all 

known to cluster in distinct cholesterol and sphingolipid-rich domains of the cell 

membrane [145].  Furthermore, evidence suggests that membrane rafts are the specific 

sites for ceram

Given the fact that hydrophobic bile acids 

th
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acted synergistically in a time-dependent manner.  Consistent with the literature we 

ypothesized that ceramide may play a regulatory role in bile acid induced apoptosis.   

a.        The role of Ceramide in DCA-induced apoptosis in HCT116 cells 

 Ceramide is a sphingosine-based lipid-signaling molecule involved in the 

regulation of cellular differentiation, proliferation, and apoptosis [147].  This lipid second 

messenger is the breakdown product of sphingomyelin (SPM) generated by the activation 

of a neutral and/or an acidic sphingomyelinase.  Agonists of the SPM-ceramide pathway 

include cytokines or growth factors such as tumor necrosis factor (TNF-α) as well as 

stress-inducing agents.  The observation that cell-permeant ceramides or natural ceramide 

(generated by treating cells with bacterial sphingomyelinase) could mimic the biological 

effects of most SPM-ceramide cycle agonists has provided significant weight as to the 

role of ceramide in signal transduction.  Furthermore, the multiplicity of biological 

activities of ceramide suggests that it possesses several downstream targets, which, in 

turn, mediate distinct signaling pathways. Considering that bile acids cause lipid 

modifications [110], we proposed that ceramide may also be involved in bile acid-

induced apoptosis.  To test this hypothesis, we examined the ability of ceramide to induce 

apoptosis in HCT116 cells.  Cells were treated with varying concentrations of ceramide 

and apoptosis was determined as described in Materials and Methods.  Cells treated with 

ceramide showed a dose dependent apoptotic effect where the maximum apoptosis 

reached 40% (Figure 3.7). 

h

 

II. Results 
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 Next, the ability of both bile acid and ceramide to induce apoptosis was tested

Because prior observations suggested that ceramide, a known apoptotic inducer, induces

.  

 

poptosis in  

ossible that this secondary messenger may be involved in bile acid 

induced apoptosis.  To analyze the simultaneous effects of DCA and ceramide, cells were 

treated with 100 μM ceramide and 500 μM DCA for 4 hours and apoptosis was 

determined.  When cells were treated with both DCA and ceramide for 2 hours, a 100% 

maximum apoptosis was observed as opposed to the 80% of apoptosis detected when 

cells were treated with DCA alone (Figure 3.8).  These results indicate that ceramide can 

act synergistically with bile acids to induce apoptosis.   
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igure 3.7 The Effects of Ceramide on HCT116 Cells.  HCT116 cells were serum-
oncentrations of ceramide for 4 hours and 

poptosis was determined as stated previously.  Cells treated with ceramide showed a 
ose dependent apoptosis after 4 hours.     
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Figure 3.8. The Synergistic Effects of Ceramide and DCA on HCT116 cells.  
HCT116 cells were serum-starved for12h and then treated concurrently with 100 μM
ceramide and 500 μM DCA for 4 hours and apoptosis was determined as stated 
previously. Concurrent treatment showed a
tr

 

 

 

 

 

 



 109

III. Discussion 
 

 The present studies were designed in order to identify the role of lipids in bile 

acid-induced signaling.  Given the fact that bile acids are derivatives of cholesterol, we 

laime mbrane structure.  Our 

sults demonstrated that treatments with ceramide caused a dose-dependent increase in 

poptosis suggestive that bile acid signaling may involve the secondary messenger 

eramide, a well-known apoptotic inducer.  Additionally, concurrent treatments with 

CA and ceramide were shown to enhance the apoptotic effect by 20% further 

plicating ceramide in DCA-induced signaling.  Because ceramide is generated and 

lustered in lipid rafts in response to stress signals then it is conceivable that changes at 

e membrane by bile acids result in rapid conversion of its precursor sphyngomyelin.  

his in turn may lead to the accumulation of ceramide at the membrane which would 

sult in the increase in apoptosis we observed.  Although additional experiments on the 

 

in bile-acid induced signaling.   

 

 

 

 

 

c d that they may interact with the membrane to modify me

re
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conversion rate of sphyngomyelin to ceramide in response to DCA are necessary in order

to prove our above theory, nonetheless our preliminary results clearly indicate that 

ceramide may play an active role 
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CHAPTER 4-CONCLUSIONS 

 

 be 

n forging 

 of 

on 

hilic bile acids, their 

athways of action remain enigmatic.  To begin to elucidate their mechanism of action, 

o hydrophobic bile acids, chenodeoxycholic acid (CDCA), deoxycholic acid (DCA), 

nd hydrophilic bile acid ursodeoxycholic acid (UDCA), were examined for their effects 

n apoptosis of several different tumor cell lines.   

 Secondary bile acids have long been postulated to be important determining 

factors in the etiology of colon cancer.  These polar cholesterol derivatives, though 

important in digestion, have been found to be increased with a low fiber and high fat 

intake.  Importantly, this increase was found to trigger significant damaging effects and 

morphological dysplastic changes in the colonic epithelium and consequently tumor 

development and colon cancer.  Therefore, delineating their mechanism of action will

essential in understanding their contribution to colon tumorigenesis and crucial i

chemopreventive measures.  In our studies, we focused on defining the mode of action

secondary bile acids as 80% of colon cancers have been found to be due to spontaneous 

tumors with no genetic correlation.  While many studies have focused on hepatocytes, 

which possess many identifiable bile acid transporters, our studies concentrated on col

cancer cells that are known to be without such transporters.  Previously, our laboratory 

and others have demonstrated the biologically distinct effects of different bile acids on 

colon cancer cell growth.  Despite the cumulative evidences of cytotoxic effects of 

hydrophobic bile acids and cytoprotective characteristics of hydrop

p

tw

a

o
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 Initially, we tested ound that hydrophobic 

ile acids generally caused apoptosis; however, cell sensitivity played a determining role 

e 

ydrophobic nature of bile acids may trigger their divergent signaling actions.  To test 

 the biological effects of bile acids and f

b

in the amount of apoptosis and the time period in which it occurred.  Moreover, signaling 

studies revealed that similar signaling molecules were activated in response to DCA.  

Particularly, HCT116 cells were found to be most sensitive and had rapid induction of 

apoptosis while cell lines derived from other tumors exhibited time dependence in the 

induction of apoptosis.  UDCA, which is hydrophilic in nature, showed minimal 

apoptosis regardless of the exposure time.  These results illustrated two important 

findings:  the first being that physico-chemical properties play an important role in the 

biological outcomes of bile acids and the second is that the effects of bile acids are not 

tissue specific given the fact that bile acids generate signaling in non-colon cancer cell 

lines as well.  Subsequent to confirming  that bile acids were able to exert distinct 

signaling activities in tumor cell lines, we focused on defining the mechanism by which 

these signaling actions were occurring.  

 Previous studies in our laboratory suggest that bile acids minimally penetrated th

membrane barrier of colon cancer cells and thus the biological responses induced by bile 

acids must be originated externally.  In view of that fact, we deduced that bile acids must 

be modulating membrane components.  Since bile acids are polar cholesterol derivatives, 

it may be that they are mimicking or displacing cholesterol and thus causing membrane 

perturbation.  Additionally, since caveolae and rafts microdomains found within the 

plasma membrane are enriched in signaling molecules, we further hypothesized that the 

h
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our hypothesis, we set out initially to test the effects of DCA on membrane components 

such as cholesterol.  Since bile acids are cholesterol derivatives and cholesterol is highly 

enriched in microdomains, we postulated that bile acids might be affecting membrane 

cholesterol and consequently affecting signaling.  Initial experiments using gas 

chromatography revealed that treatment with DCA caused a 4-fold increase in membran

cholesterol (data not shown).  This was further substantiated using crude membrane 

preparation which showed this increase in membrane cholesterol to be a time-dep

effect.  Our hypothesis that DCA is perturbing the membrane and consequently 

membrane components was further strengthened by the MβCD experiments which 

showed that depletion of cholesterol suppressed DCA-induced apoptosis. Surprisingly, 

the effects of DCA at the membrane were visualized through fluorescence microscopy 

using filipin where treatment with bile acids could be seen to cause increased chole

aggregation.   Furthermore, we confirmed that the biological effects observed by DCA 

were indeed a bile acid effect since mena

e 

endent 

sterol 

dione induced-apoptosis did not cause any 

ng at 

cholesterol aggregation.  Thus we concluded that bile acid-induced signaling effects may 

be occurring through membrane perturbation by inducing clustering and aggregation at 

the plasma membrane.   

 Since membrane cholesterol was increased after DCA treatment, we contended 

that various changes must be taking place at the membrane.  To further examine the 

effects of DCA on the membrane, we assessed the change in fluidity that was occurri

the membrane after bile acid treatments.  HCT116 cells were treated with various bile 

acids and fluorescence anisotropy was measured.  Fluorescence anisotropy is inversely 
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related to membrane fluidity, thus a noticeable increase in anisotropy would denote a 

decrease in fluidity.  Although our results were inconsistent, DCA-treated cells still 

displayed a notable trend toward an increase in anisotropy and therefore a decrease in 

membrane fluidity.  However cells treated with the hydrophilic UDCA or the bio

inert CA did not show such trend in their fluidity suggesting that the increase in 

cholesterol observed in cells treated with DCA may possibly account for this decreas

fluidity.  In fact, studies by Robinson et al. showed that the presence of cholesterol could 

alter membrane fluidity [148]. Since cholesterol is known to rigidify the membra

it is probable that this decrease in fluidity observed in our cells is attributed to 

cholesterol.   

 Next, we tested the effects of bile acids on membrane microdomains.  If bile aci

induced signaling is indeed initiated externally then one plausible mechanism would be 

through microdomains enriched in signaling molecules.  To test our hypothesis, we first

treated the cells with DCA or UDCA, ran a sucrose gradient to isolate caveolae 

microdomains and then quantitated membrane cholesterol.  Interestingly, cells treated 

with DCA displayed a 2-fold increase in cholesterol microdomains.  Additionally, DCA

treated cells showed a sli

logical 

e in 

ne, thus 

d-

 

-

ght decrease in membrane caveolin strengthening our claim that 

 

d 

.  

modulation of cholesterol and caveolin, both essential membrane constituents could lead

to aberrant signaling.  To further probe into the localization of caveolin, we performe

immunofluorescence analysis which illustrated internalization of caveolin into the 

cytosol, supporting our previous results that showed caveolin membrane-disassociation

Collectively, these results provide evidence and argue for our hypothesis which states 
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that DCA can cause membrane perturbation and consequently signaling as displayed in

our HCT116 cells.   

 Thus far, DCA has been shown to be cytotoxic and UDCA cytoprotective yet th

share similar structure.  To understand the underlying mechanism by which these bile 

acids exert distinct biological activities, we employed a genetic approach to selec

cells that were resistant to UDCA-induced growth arrest and DCA-induced apoptosis.  

Our results demonstrated that the signaling of DCA and UDCA were indeed overlapping 

despite the distinct biological effects that they exert.  Moreover, we tested the interaction 

of DCA and UDCA with microdomains and found high levels of tritiated-UDC

caveolae dom

 

ey 

t for 

A within 

ains while minimal levels of tritiated-DCA were detected within the same 

d to 

s 

ing 

 

subdomains.  Thus the question that arises is how can UDCA extensively interact with 

the microdomains and yet induces growth arrest while DCA interact minimally and 

causes apoptosis.  The answer may lie in their physico-chemical structure where 

modulation of cholesterol by DCA could alter the structure of membrane and lea

deregulation as opposed to UDCA, which does not affect cholesterol.  Additionally, it i

plausible that these bile acids are interacting with different microdomains since our 

fluorescent studies indicated distinct, non-overlapping localization of FITC-DCA (see 

Figure 4.1).  Since no true lipid raft marker exists, we were unable to confirm if DCA 

may be interacting with rafts instead of caveolae.  In fact, work by Pike et al. has shown 

that subdomains exist within caveolae domains and subcellular fractionation involv

microdomains typically isolated both caveolae and rafts domains and are not specifically 

distinguished from each other experimentally [149].  In view of that fact, it is therefore
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likely that DCA is interacting with non-caveolae domains and using them to transduce 

downstream signaling.   

n 

r 

 

 

 

 

 

 

 

 

 

 

 

 

 

 In order to visualize the localization of bile acids in HCT116 cells and to 

further analyze the nature of the interaction of bile acids with the membranes, we 

employed fluorescein conjugates of bile acids.  Since fluorescent bile acids have prove

useful for characterizing bile salt transport mechanisms in hepatocytes and given that ou

ERK experiments indicated that FITC-bile acids behaved similarly to their parental 

compounds in our colon cancer cells, we opted to use them to visualize bile acids on the 

plasma membrane [150].   
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igure 4.1.  Distinct Localization of Caveolin and FITC-DCA.  HCT116 
ells were treated with 500 μM salt DCA for 1h then immunofluorescence analysis was 
erformed with caveolin and FITC-conjugated DCA.  Red arrow depicts localization of 
aveolin (red stain) and Green arrow depicts that of FITC-DCA (green stain).  Note no 
ellow co-localization can be detected.   
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Cells treated with FITC-DCA showed increased formation of macroaggregates and 

vertime clustering of FITC bile acids at the membrane.  In contrast, cells treated with 

DCA predominantly showed microaggregates as opposed to the macroaggregates 

bserved in cells treated with FITC-DCA.  These findings suggest that the mechanism of 

ction of bile acids specifically that of DCA maybe through macroaggregates formation 

here a maximum amount of large cluster formations may be required for DCA-induced 

gnaling.  Consequently, this may explain why DCA which forms macroaggregates are 

ble to induce aberrant signaling while UDCA which primarily cause microaggregates 

oes not.  Although we attributed the aggregate formation to bile acids, it is plausible that 

ese FITC conjugates are not behaving like their native counterparts and it is 

onceivable that insertion of large conjugates such as fluorescein may actually cause this 

unctated pattern and may consequently reflect this aggregation; however since our 

lipin experiments using non-conjugated bile salts showed similar punctated pattern and 

ny membrane associated proteins should be 

affected by this event.  To verify the above theory, HCT116 cells were treated with DCA 

and membrane association of various proteins were examined.  DCA treatments showed 

extensive loss of EGFR, E-cadherin, src and phospho-caveolin-1 from the plasma 

membrane.  Moreover, using the tyrosine kinase inhibitor genistein we determined that 

tyrosine kinases played a role in bile acid-induced signaling.  Treatment of HCT116 cells 

with genistein displayed only a 50% inhibition of tyrosine phosphorylated proteins 

o

U

o

a

w

si

a

d

th

c

p

fi

aggregation, we concluded that bile acids cause aggregation at the plasma membrane.   

 As our hypothesis stated that hydrophobic bile acids caused membrane 

perturbation, we therefore proposed that a
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further implying that DCA is able to activate various signaling molecules localized a

membrane other than tyrosine phosphorylated proteins.  Additionally, using an EGF-

neutralizing antibody, we determined that bile acid activation of EGFR in HCT116 c

was ligand independent further supporting our hypothesis that membrane perturbation by 

DCA causes changes such as clustering at microdomains resulting in ligand independent 

activation of receptors localized at that site (Figure 4.2).   

 Finally, our ceramide studies which showed that simultaneous treatments with 

DCA and ceramide enhanced the apoptotic effect as opposed to cells treated with DCA 

alone further strengthened our supportive findings that membrane perturbation not only 

affected cholesterol, membrane fluidity and EGFR activation but potentially lip

are major components of microdomains.   

t the 

ells 

ids that 

Indeed, evidence suggests that microdomains are the sites of ceramide generation in 

response to various stress signals [146].  Thus bile acid treatments could lead to 

hydrolysis of sphingomyelin to ceramide and consequently cause lipid scrambling and 

reorganization of lipid microdomains.  As a result of this reorganization, aggregation or 

clustering of membrane components (lipids and receptors) may occur and therefore lead 

to signaling.  In fact, aggregation of cell surface receptors have been reported for a 

variety of receptors including Insulin, EGFR and FAS and found to localize in lipid 

microdomains [122, 143, 151].  Thus, it is feasible that the mechanism proposed above is 

likely occurring in bile acid-induced signaling since our filipin and FITC-bile acid studies 

provide evidence for such an aggregation mechanism.  Thus, determining ceramide level 

and investigating the rate of hydrolysis by sphingomyelinase enzymes in bile acid-treated 
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cells will be decisive in testing the above theory.  Furthermore, the mitochondrial 

transmembrane potential (MTP) has been offered as a possible mechanism of bile aci

induced signaling in hepatocytes and found to induce changes in membrane potential and

mitochondrial respiration so it is feasible that this mechanism is also at work in colon 

cancer cells [152].  However since no known transporter exist in colon cancer cells for 

bile acids to enter, we therefore reasoned that the effects of

d-

 

 bile acids must be initiated at 

 

rongly support our hypothesis given the fact 

that DCA affects the membrane and consequently all membrane-associated molecules.  In 

sum, we have shown that the plasma membrane is a possible target for bile acids; 

consequently the use of bioactive agents (i.e. beta carotene, linoleic acid) that can 

modulate membrane composition will be vital for chemoprevention and ultimately curing 

colon cancer.    

 

 

 

 

the plasma membrane and consequently depolarization of the mitochondria must be a 

secondary event that occurs after initial membrane receptor activation. Finally, we 

postulate that the effects of DCA are occurring through membrane rafts and/or caveolae;

however, we realize that the presence of rafts is questionable and controversial.  

Regardless of their existence, our results st
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Figure 4.2.  Model for DCA induced-signaling.  

iagram depicting possible mechanism of DCA-induced signaling. DCA causes 
embrane perturbation leading to aggregation of cholesterol, clustering of receptors and 

eramide induction which results in apoptosis.  Massive apoptosis may give rise  to 
duction of DCA-resistant cells which further undergo mutation and consequently colon 

ancer.   
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CHAPTER 5-MATERIALS AND METHODS 

 
 
Reagents 
 

 
a.  Bile Acids 

 

Cholic Acid, DCA and CDCA were obtained from Sigma Chemical (St. Louis, MO) 

nd UDCA was obtained from Calbiochem (La Jolla, CA).  The stock solutions for these 

ile aci ined as 100 mM stock solutions diluted in deionized water.  FITC-

CA were synthesized by M. Ahad Ali and Eugene Mash Jr. Ph.D. 

hemistry Shared Service at the University of Arizona).  The radiolabeled 3H-DCA and 

h.D. (V.A. Medical Center, East Orange, 

J).  The FITC-labeled bile acids were maintained at -20°C at a concentration of 25 mM 

hile the radiolabed bile acids 3H-DCA and 3H-UDCA were maintained as 193 μM and 

6.8 μM stock solutions in water. 

b. Antibodies and other Reagents 
 

 Sigma 

antibody was obtained from BD Transduction Laboratories 

an Jose, CA).  EGF receptor antibody and phospho-EGFR (tyr1068) were obtained 

om Cell Signaling.  Anti-EGF neutralizing antibody was purchased from Upstate 

 

a

b ds were mainta

 and FITC-UDCA D

(C

3H-UDCA were synthesized by A.K. Batta P

N

w

1

 
 The β-actin antibody was used at a 1:5000 dilution and was obtained from

Chemical (St. Louis, MO).  Caveolin-1, E-cadherin and phosphotyrosine (tyr 99) 

antibodies were obtained from Santa Cruz biotechnology (Santa Cruz, CA).  Phospho-

specific caveolin-1 (tyr 14) 

(S

fr
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biotechnology ( y was 

urchased from R & D Systems, Inc. (Minneapolis, MN). Src (pp60) was obtained from 

. (Cambridge, MA).  Mouse and rabbit secondary antibodies were purchased 

 K&P laboratories (Gaithersburg, MD).  The fluorescent probes 1,6-Diphenyl-1,3,5-

ex , Trimethylamonium-diphenylhexatriene (TMA-DPH), Cholera Toxin 

Subunit B (CT-B) conjugate and Alexa-Fluor 594 secondary antibody were obtained 

from

Filipin complex Streptomyces filipinensis, protease inhibitor cocktail, In vitro 

Toxicology assay kit, Ethidium Bromide and Acridine Orange were all purchased from 

Sigma (St. Louis, MO).  

c. Drugs 

The cholesterol depleting drug Methyl-β-cyclodextrin and the synthetic form of vitamin 

 

Lake Placid, NY).  Anti-human TGF-α neutralizing antibod

p

Abcam, Inc

from

h atriene (DPH)

 Molecular Probes (Eugene, OR).  Vectashield mounting medium was purchased 

from Vector Laboratories (Burlingame, CA).  The Prolong antifade kit was purchased 

from Molecular Probes (Eugene, OR).  Cholesterol Reagent was purchased from 

Raichem, division of Hemagen Diagnostics (San, Diego, CA). BioSafe II scintillation 

fluid was purchased from Research Products International (Mount Prospect, IL).   

K, Menadione were purchased from Sigma and used at various concentrations. The 

receptor tyrosine kinase inhibitor Genistein, and apoptotic inducer Ceramide were

purchased from Calbiochem.  

 
 
 
 



 123

 
Cell Lines 

 The human colon adenocarcinoma cell lines HCT116, SW489, Caco-2, the colon 

carcinoma RKO and the epidermoid carcinoma cell line A431 were purchased from the 

American Tissue Type Culture Collection (Rockville, MD).  All cell lines were 

maintained in bulk culture in Dulbecco’s modified eagle medium  (Gibco/BRL, 

Gaithersburg, MD) supplemented with 10% fetal bovine serum (FBS) (Gibco, 

Gaithersburg, MD), 100mM sodium pyruvate, 100 μM non-essential amino acids, 100 

units of penicillin and 100 mg of streptomycin in a 5% CO  atmosphere at 37°C and 

 

2

passaged using 0.25% EDTA-tripsin.   

 

Derivation of UDCA resistant cell lines 

 Experiments were performed as described in Powell et al [68].  HCT116 cells 

were plated with fresh DMEM and allowed to grow until 40% confluency was reached.  

These cells were then mutagenized by incubation with ethyl methane sulfonate (Sigma) at 

Cells 

 the 

ach dish. Cells were refed with fresh DMEM 

supplemented with 500 μM UDCA once a week for a total period of four weeks or until 

ppearance of colonies of UDCA resistant cells.  The treatment above yielded 47 UDCA 

sistant colonies and 41 of which were successfully expanded into permanent cell lines.  

a final concentration of 500 μg/ml for 12 hours.  Cells were then rinsed three times with 

DMEM and returned to the incubator with fresh DMEM for an additional 24 hours.  

were then split into 20 ten centimeter dishes and allowed to grow for 24 hours prior to

addition of 500 μM UDCA to e

a

re
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Once the lines were expanded, they were continuously maintained in DMEM 

pplemented with 250 μM UDCA.  These cell lines were designated HOMUR cells for 

H

su

CT116 Odd Morphology UDCA resistant.   

 
Screening HOMUR lines for cross resistance to DCA 
 
 
 HOMUR cells were plated at 100,000 cells and then incubated for 24 ho

to the addition of 500 μM DCA.  Cells were exposed to DCA for 24 hours and then 

harvested and the fraction of cells undergoing apoptosis determined as described below.   

urs prior 

 

Soft Agar Colony Formation Assay 

suspension of DMEM media supplemented 

with 10% FBS, Pen/Strep (100 units/ml, 100 μg/ml, respectively), and allowed to form 

tumor foci for approximately 7-14 days, as per the following procedure. 

 
 
 HCT116 cells were seeded in an agar 

Solutions:  1.5% Agar - Fifty milliliters aliquots of 1.5% agarose were prepared as 

followed.  0.75 g agar was added to 50 ml distilled water, then autoclaved for 15-20 

minutes.  Agar is known to dissolve at 100° and solidify at around 40-42°C.  The liquid 

agar was then placed in H2O bath at 44°C.  Solid agar could also be microwaved or 

placed in boiling water to liquefy.   

Media:  Media was pre-warmed to 44°C by placing media into a 44°C bath for a 

minimum time prior to use in assay.  Higher temperatures may heat-inactivate various 

growth factors in serum.   
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INT Stain:  2-(p-Iodophenyl-3-nitrophenyl)-5-pheyltetrazolium chloride hydra

mg of INT was added to 100 ml distilled H

te.  100 

n.  The solution was then filtered through 

.22 μM filter when cooled.  The stain was then stored at 5°C.   

rocedures:  Two hundred and fifty microliters of media containing 10% FBS and 0.5% 

laced over the solidified base layer of agar.  The top layer was then allowed to solidify 

d then placed in a 37°C incubator for 24 hours.  

fter 24

re at least 60 

number of colonies formed.  

2O.  The solution was heated to boiling, or 

microwaved until all powder went into solutio

0

P

agar were placed into a 6-well plate.  This base layer contained no cell.  HCT116 cells 

were then washed with PBS, trypsinized and then counted on a hemacytometer.  A 

suspension of 4,000 cells/ml in media containing 10%FBS and 0.5% agar was mixed and 

p

at room temperature for 10 minutes an

A  hours, cells were then fed with complete medium and media was changed every 

3-4 days as needed.   

Staining:  Colonies were observed microscopically to ensure that they we

μM in diameter.  INT stain was then applied at a volume of 0.5 ml to each well.  Cells 

were then returned to a 37°C incubator for at least 24 hours in order for the cells to 

metabolize the stain.  Cells were then counted on a colony counter to quantitate the 

Apoptosis Assay 
 
 Apoptosis was ascertained microscopically using ethidium bromide and acridine 

orange [68]. Briefly, cells were seeded in a 30mm plates at 1x105 cells for 24 hours until 

they reached confluency.  They were then treated with various bile acids, genistein or 



 126

methyl-β-cyclodextrin for the times indicated.  Both the floating and adherent cells were

collected and centrifuged.  They were then washed in Phosphate Buffered Saline, pH 7

(PBS) and resuspended in 1 ml of DMEM media.  To detect apoptosis, 10 μl of cells 

were mixed with ethidium bromide and acridine orange solution 

 

.0 

(100 μg/ml each in 

y of 

iability assay-MTT based

DMEM) and visualized for morphological changes.  Acridine orange stains the nuclei 

green in viable cells, and the propidium iodide is excluded. However, in apoptotic or 

necrotic cells, the nuclei are stained red by the propidium iodide, and the morpholog

the nucleus easily determines whether the cell is apoptotic or necrotic.  A minimum count 

of 200 cells was counted and the percentage of apoptotic cells determined.  Data 

represent mean ± standard error of three separate experiments.   

 

In Vitro Toxicology v  
 

s 

μM 

ated 

g with reconstituted MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-

mbromide) in an amount equal to 10% of the culture medium volume.  

of 

 Cell viability was measured using an in vitro assay kit from Sigma. HCT116 cell

were seeded at 3x105 cells and allowed to grow for 24 hours in 6-well plates until they 

reached confluency.  Cells were then incubated in serum-free media containing 500 

methyl-β-cyclodextrin for 12h.  They were then washed 3 times in PBS and re-incub

in phenol red-free media alon

diphenyl tetrazoliu

Cells were then returned to a 37°C incubator for 3h.  After the incubation period, the 

resulting formazan crystals were dissolved in an MTT solubilization solution in an 

amount equal to the original culture medium volume.  To ensure complete dissolution 
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formazan crystals, the solution was gently pipetted up and down and the absorbance was 

then read using a Max 200 microplate spectrophotometer at a wavelength of 570 nm.  All 

experiments were performed in triplicates.   

 

Cholesterol Assay 
 
 Gradient samples were collected as described above and 200 μl of the samples

were used for cholesterol analysis.  An enzymatic and fluorescent method based on the 

work of Allain et al [116] was employed to quantitate cholesterol.  In this method, 

cholesterol esters were hydrolyzed by an esterase to cholesterol and fatty acids.  

Cholesterol was then oxidized by cholesterol oxidase to yield Δ4-cholestenone and an 

 

quimolar amount of hydrogen peroxide.  In the presence of peroxidase, hydrogen 

4-aminoantipyrine to give a 

e

peroxide oxidized p-hydroxybenzenesulfonate and 

quinoneimine dye colored in red.   The intensity of the color produced is proportional to 

the concentration of cholesterol in the sample.   

 

Filipin Staining and/or Co-Localization with caveolin-1 
 
 HCT116 cells seeded on coverslips were rinsed briefly 3 times in PBS then fixed 

with 4% paraformaldehyde in H O for 30 min at room temperature.  Cells were then 

washed three times, quenched with 1.5mg/ml glycine in PBS for 10 min, permeabilize

with .5% Triton-X 100 and subsequently stained with .05mg/ml of filipin in PBS fo

min.  The cells were again washed 3 times with PBS and mounted with coverslips in 90%

2

d 

r 30 
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glycerol/PBS.  The slides were then viewed on a fluorescent microscope using a 40x 

objective and a DAPI filter (340-380 nm excitation).  For the localization of caveolin-1, 

HCT116 cells were seeded and fixed as described above.  The cells were then rehydrated 

ith PBS for 5 min before the addition of antibody to caveolin-1.  Cells were then placed 

in a 32°C incubator for 1 hour and subsequently washed 3 times with PBS.  An alexa 

uor 594-conjugated secondary antibody was then added to the cells for 30 min.  

Subsequently, cells were washed 3 times with PBS, mounted with a slow anti-fading 

agent kit and observed using a Nikon PCM2000 confocal microscope and a 60x, 1.4NA 

Plan Apo objective using a Green-He/Ne laser (633 nm).   

w

fl

 
 
Labeling of Live cells with Fluorescent bile acids and/or caveolin-1 
 
 HCT116 cells seeded on coverslips were incubated overnight in serum-fr

or in serum-free media containing 500 μM methyl-β-cyclodextrin.   Cells were then 

incubated at 37°C with 500 μM fluorescent DCA

ee media 

 in serum free-media for various times.   

Next, coverslips were washed 3 times in PBS and then fixed with 4% paraformaldehyde 

in H2O for 30 min at room temperature.   Cells were again washed 3 times in PBS and 

ounted with Vectashield mounting medium (Appendix C).  For the co-localization of 

fluorescent bile acids and caveolin-1, cells were treated with salt DCA and UDCA for 1 

hour at 37°C, washed 3 times in PBS and fixed with 4 % paraformaldehyde.  Cells were 

then permeabilized with .5% Triton-X 100 and incubated with antibody tocaveolin-1 in a 

32°C incubator for 1 hour and later washed 3 times with PBS.  An alexa fluor 594-

conjugated secondary antibody was then added to the cells for 30 min along with 500 μM 

m
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fluorescent DCA.  Subsequently, cells were washed 3 times with PBS, mounted with 

slow anti-fading agent kit and observed using a 40x objective lens on a Nikon confocal 

microscope with an argon filter (590-617 nm excitation). The percentage of particles 

analysis was determined using Image J program from the National Institute of Health.   

 

a 

Membrane Fluidity Measurements 
 
 HCT116 cells were seeded in a 6 well plate in supplemented DMEM media, 

grown to sub-confluence and then transferred to serum-free media (.2%FBS) for 12 

hours.  One hour prior to experiment, cells were treated with various bile acids and 

membrane fluidity was estimated.  Two fluorescent probes were used:  

iphenylhexatriene (DPH, 1μM) and its cationic derivative the trimethylamonium 

iphenylhexatriene (TMA-DPH 1μM).   Their stock solutions were prepared and 

dissolved in organic solvents: DPH 1 mM and TMA-DPH 0.5 mM in N, N-

dimethylformamide.  Cells were washed 3 times in PBS at 25°C, gently pipetted off the 

plates, resuspended at a concentration of 106 cells/ml in PBS along with the probes for a 

minimum of 30 min with DPH and 5 min with TMA-DPH.  Fluorescence anisotropy 

®was assessed according to Shinitzky and Barenholz [153] using the equation: ®= (I  – 

I )/(I  + 2I ), where I  and I  are the intensities of the emitted light, the polarization 

plane of which is oriented parallel and perpendicular to the polarization plane of the 

excitation beam, respectively.  Fluorescence Anisotropy was later determined using an 

8500 Sprectrofluorometer (SLM Instruments Inc., Rochester, NY) equipped with 

polarization measurement accessories.  

d

d

0

90 0 90 0 90
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Synthesis of Fluorescently Tagged Cholic Acid 

 The synthesis of fluorescently tagged deoxycholic acid derivative 2 followed the

procedure described by Mills, et al, for the synthesis of cholyllysylfluorescein 1 [154,

155].  Deoxycholic acid was coupled with N -CBZ lysine methyl ester using EEDQ to 

 

 

ive a product in 98% yield.  Saponification of the methyl ester gave a new product in 

2% yield, and removal of the CBZ group via hydrogenolysis gave deoxycholyl-

lysylformate in 98% yield.  Conversion to the sodium carboxylate salt was followed by 

reaction with fluorescein isothiocyanate (FITC) in aqueous sodium bicarbonate buffered 

to pH 9.5.  Following purification by reverse phase column chromatography (37-53 �M 

C-18 silica eluted with MeOH: H2O 1:1), the desired compound 2 was obtained in 35% 

yield.  The corresponding fluorescently tagged ursodeoxycholic acid derivative 3 [150] 

 

Figure 5.1 Chemical Structures of 

acid derivative, 2 , fluorescently 

ε

g

6

was prepared in a similar fashion (complete synthesis scheme available upon request).
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Purification of caveolin-enriched membrane fractions 
 

 Total cell membranes were isolated by the method of Song et al. with slight 

modifications. Briefly, HCT116 cells were homogenized in 1 ml of homogenization 

buffer (10 mM Tris-HCl, pH 7.4, 1 mM EDTA, 200 mM sucrose, 1 mM 

phenylmethylsulfonyl fluoride). The nuclei and cell debris were removed from the 

homogenate by centrifugation at 900 × g for 10 min at 4 °C.  The resulting lysate was 

then sonicated and adjusted to 45% sucrose by the addition of sodium carbonate and 2ml 

of 90% sucrose prepared in MBS (25mM Mes, pH 6.5; 0.15M NaCl) and placed at the 

bottom of an ultracentrifuge tube.  A 5-35% discontinuous sucrose gradient was formed 

above (4ml of 5% sucrose, 4ml of 35% sucrose, both in MBS containing 250mM sodium 

carbonate) and centrifuged at 39,000 rpm for 16-20 hours in an SW40 Ti rotor.  Twelve 

1-ml fractions were collected and analyzed by SDS-PAGE and/or used in cholesterol 

analysis. In addition, whole cell lysate of A431 cells was also prepared by a non-

detergent purification method in order to obtain a more purified raft fraction [156].   

 

Detection of 3H-DCA and 3H-UDCA  in raft microdomains 

 HCT116 cells were seeded at 1.0x106 c 0% 

confluency was reached.  For the localization o s eft 

untreated and 3H-DCA and 3H-UDCA were added to serum free media at a concentration 

f 24 μM and 32 μM respectively for 1 hour in a 37 °C incubator.  Cells were then placed 

on ice for 30 min, washed twice in PBS and a non-detergent density sucrose gradient was 

ells in a 60mm plates and grown until 8

f radiolabeled bile acids, cell  were l

o
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performed as described previously in order to detect caveolin-1, the marker protein for 

caveolae.  Five hundred microliters of radioactive gradient samples were collected and 

 

added to 25 milliliters of scintillation fluid.  Radioactivity was then quantified by 

counting in a Beckman LS 5000 TD scintillation counter. 

Crude Membrane Preparation 

 Total cell membranes were isolated by the method of Nagamatsu et al. [157] with 

slight modifications. Briefly, HCT116 cells were homogenized in 1 ml of 

homogenization buffer (10 mM Tris-HCl, pH 7.4, 1 mM EDTA, 200 mM sucrose,  

1 mM phenylmethylsulfonyl fluoride). The nuclei and cell debris were removed from the 

homogenate by centrifugation at 900 × g for 10 min at 4 °C. The resulting supernatant 

was centrifuged at 110,000 × g for 75 min at 4 °C (SW50 rotor, Beckman 

ultracentrifuge). The membrane pellet was solubilized in buffer (10 mM Tris-HCl

7.4, 1 mM EDTA, 0.5% Triton X-100, 1 mM phenylmethylsulfonyl fluoride) for a 

, pH 

inimum of 1 h at 4 °C. Insoluble material was removed by centrifugation at 14,000 × g 

for 10 min at 4 °C and 1 µg/ml protease cocktail inhibitor added to solubilized membrane 

samples prior to storage at 70 °C. 

m

 

Immunoprecipitation 

 HCT116 cells were harvested from serum-free media at approximately 10  cells 

and washed twice with 10 mls PBS in a conical tube.  Cells were then spun at 400 x g for 

 
7
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10 minutes and supernatant was discarded.  The cell pellets were then resuspended in 1 

ml of cold Nonidet P-40 (NP-40) Lysis buffer containing 1x protease cocktail inhibitor. 

The tube was gently vortexed and placed on ice for 30 min, with occasional mixin

cell lysate was then spun at 10,000 x g for 15 min at 4°C a

 

g.  The 

nd supernatant was carefully 

ollected and transferred to a new tube without disturbing the pellet.  Meanwhile 50 μl of 

the protein G beads slurry (from Pierce, Rockford, IL) was added to 450 μl cold Lysis 

for 30 sec and supernatant discarded.  The 

ame w

 cell lysate 

 min.  

ed protein G 

 4°C.  

nt and then 50 μl of sample loading buffer was added 

 pellet, vortexed and boiled for 10 min.  Lysate was spun at 10,000 x g for 5 minutes 

and supernatant was then collected and loaded unto a gel for western blot analysis.   

c

buffer.  The mixture was spun at 10,000 x g 

s ash was again repeated using 500 μl of cold lysis buffer and beads were 

resuspended in 50 μl cold lysis buffer.  The latter was then added to 500 μl of

(containing 500 μg of proteins) to an Eppendorf tube and incubated on ice for 30-60

The supernatant was then spun at 10,000 x g for 10 minutes at 4°C and transferred to a 

fresh Eppendorf tube.  For the immunoprecipitation, 5-10 μg of antibody was added to 

the cold precleared lysate and incubated at 4°C for 1 hour.  Fifty μl of wash

slurry in pre-chilled lysis buffer was then added to the pre-cleared lysate and incubated 

for 1 hour at 4°C on a rotator.  The mixture was spun at10,000 x g for 30 seconds at

The supernatant was carefully removed completely and the beads with immunocomplex 

were then washed 3-5 times with 500 μl of lysis buffer.  To minimize background, care 

was taken to remove the supernata

to
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Detection of Phosphotyrosine activated proteins 

 HCT116 cells were grown in 10 cm culture dishes in FBS supplemented DMEM 

to 90% confluence.  Twelve hours prior to the study, the medium was replaced by serum-

free DMEM.  Then cells were treated with bile acids at 500 μM.  Control cells (kept in 

serum-free media) and bile acids-treated cells were harvested and lysed in RIPA lysis 

buffer [0.05 M Tris, pH 7.4, 0.15M NaCl, 1%Triton-X 100, .1% SDS and 1% Sodium 

deoxycholate] containing protease and phosphatase inhibitors (10mM NaF, 10 mM 

Sodium Pyrophosphate, 10 mM NaVo ). Forty microliters of SDS loading buffer

SDS, 0.1M Tris pH 8.0, 2mM EDTA, β-mercaptoethanol, 0.1% bromophenol blue] were 

then added to 100 μg samples obtained using a bicinchoninic acid (BCA) protein assay.  

Samples were then boiled for 5 min, loaded on a 7.5% or other SDS-PAGE gel and 

subjected to electrophoresis at 60 Volts for 16 hours.  Proteins were electrophoretically 

transferred to nitrocellulose membranes for 3 hours.  The membranes were then blocked 

with 5% milk in TBS-T (Tris Buffer Saline with Tween) and then incubated overnight 

with the primary antibody at 4°C followed by a secondary antibody conjugated to

horseradish peroxidase.  Proteins were visualized by ECL chemiluminescence reagents 

(Amersham Biosciences) and exposed to Kodak film.   

 

 [4% 

 

4

 

 

Ligand Independent Assay 
 
 HCT116 cells were seeded at 1.0x106 cells in a 60mm plates until 80% 

confluency was reached.  Cells were then incubated in serum-free media for 12 hours 

long with the EGF neutralizing antibody at 10 μg/ml.  After 12 hours, cells were a
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subsequently treated with either EGF (10 μg/ml) or bile acids (500 μM) at various 

ns 

nd 

timepoints.  Cells were then harvested and lysed with RIPA buffer containing 1mM 

PMSF, 100 μM sodium orthovanadate and protease cocktail inhibitors.  Cells were 

agitated in lysis buffer (50 mM Tris-Cl (pH 7.4), 0.25 M NaCl, 0.5% Nonidet P-40, 

50mM NaF, 1mM Phenyl-methyl-sulfonyl fluoride and cocktail protease inhibitors 

(Sigma)) at 4°C for 1 hour and the supernatant was then collected.  Protein concentratio

were determined and 100 μg of protein was loaded on a 7.5% polyacrylamide gel.  

Western blot protocol was followed (as described previously) and pEGFR (Tyr1068) a

EGFR were subsequently detected using these specific antibodies.  
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APPENDIX A: PERMISSION TO USE COPYRIGHTED MATERIAL 

 

REPRODUCED WITH PERMISSION FROM SAMIRA JEAN-LOUIS, ALI, M
MASH, JR., E., MEUILLET, E., MARTINEZ, J.D.  DEOXYCHOLIC ACID 
CAUSES MEMBRAME PERTURBATION IN HCT116 CELLS. JOURNAL OF
BIOLOGICAL CHEMISTRY 2006.   

 

 

 

.A., 
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APPENDIX B: ABSTRACTS AND MANUSCRIPTS  

 
PUBLICATIONS 

e acids 
6-

 
2. Jean-Louis, S., Ali, M.A., Mash, Jr., E., Meuillet, E., Martinez, J.D.  Deoxycholic 

Acid causes membrame perturbation in HCT116 cells.  Journal of Biological 
Chemistry 2005. (In submission)  

 
3. Powell, A.A., Akare, S., Qi, W., Jean-Louis, S., Herzer, P., Martinez, J.D. Resistance 

to ursodeoxycholic acid-induced growth arrest can also result in resistance to 
deoxycholic acid-induced apoptosis and increased tumorigenicity  Journal of Cellular 
Physiology. (In submission) 

 

 
1. Abstract: Jean-Louis, Samira and Martinez, JD. Membrane Perturbation by Bil

causes signal transduction through Caveolae.  The Scientific World Journal (2004) 2
27. 
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APPENDIX C: ADDITIONAL FIGURES 
 

 

 
 
 
 
 
 
 

 
 
 
 

 
 
 
 
 
 
 
 
 

 
Figure 5.2.  Localization of FITC-DCA in HCT116 cells.  HCT116 cells 
were treated with 500 μM FITC-DCA for 30 min and phase contrast image was 
visualized using confocal microscopy.  Note the membrane localization of FITC-DCA at 
the inner leaflet of the plasma membrane 
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