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ABSTRACT 

Bile acids have been studied for many years for their role in either promoting 

(Deoxycholic Acid) or suppressing (Ursodeoxycholic Acid) colon tumor development in 

animal models.  However, the molecular mechanisms of both DCA’s and UDCA’s biological 

effects in colon tumorigenesis is still unclear.  The cholesterol-like composition of bile acids 

and evidence of deregulating signal transduction pathways, such as the p42/44 MAP kinase 

cascade, led us to identify the plasma membrane as a target for bile acid-mediated effects.  

Specifically, plasma membrane microdomains such as lipid rafts and caveolae are 

particularly capable of altering mitogenic signaling due to have their role as platforms to 

concentrate receptors and assemble signal transduction machinery.  In this study I tested the 

hypothesis that the growth suppressive effects of UDCA are mediated by stimulating 

membrane microdomains to activate protein degradation machinery to facilitate the down-

regulation of receptor tyrosine kinase activity.  We found that UDCA suppresses EGF-

induced ERK activation, promotes interactions between EGFR and Caveolin-1 membrane 

fractions, whereas DCA causes redistribution.  EGFR proteins that are localized to membrane 

fractions in the UDCA treated cells are extensively ubiquitinylated and we present evidence 

that this yields recruitment of the ubiquitin ligase c-Cbl to membrane fractions.  UDCA 

increases the rate of EGFR degradation, whereas DCA sustains its’ stability. I present 

evidence that UDCA’s growth inhibitory effects on colon cancer cells may be mediated by 

recruitment of protein degradation machinery to membrane domains that are enriched with 

signaling receptors, a mechanism which has not been previously described.  Importantly, I 

demonstrate for the first time a novel mechanism by which UDCA promotes growth 

inhibition, through increasing the rates of degradation of EGFR, thereby down-regulating 
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mitogenic signaling in the cell.  These experiments show exciting insights into the 

mechanism of bile acids and represent potential mechanisms for other chemopreventive 

agents. 
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INTRODUCTION 

Anatomy of the Colon  

The large intestine is a muscular, hollow, tubular organ made up of four parts 

(Figure 1); the appendix, cecum, colon (ascending, transverse, descending, and sigmoid) 

and rectum.   It is situated in the mid to lower abdominal region of the human body and is 

shaped like an up-side down “U” [1].  The ascending colon joins the cecum, a pouch-like 

area that attaches to the small intestine.  From the cecum, the ascending colon extends 

upwards on the right side of the abdominal wall, towards the undersurface of the liver, 

where it turns abruptly forming the hepatic flexure.  The transverse colon extends across 

the upper abdomen and turns downward to form the splenic flexture.  From the splenic 

flexure, the descending colon follows a path along the left posterior abdominal wall, 

where it approaches the sigmoid colon.  The diameter of the colon is largest at the cecal 

region, and gradually becomes smaller as it tracks towards the distal end, where the 

sigmoid colon is attached to the rectum, towards the rear of the body.  The total length of 

the colon forms a loop around the small intestine measuring an average of 5 feet [2]. 

The colonic wall is comprised of four layers (Figure 2): the mucosa, sub-mucosa, 

muscularis propria, and serosa. The mucosa is a smooth surface layer lined with the 

openings of crypts, straight tubular structures that lie parallel to one another.  The mucosa 

is exposed to the lumen, thus, functions to protect the inner surface of the digestive tract 

against noxious agents.  Beneath the mucosa is the submucosa, or lamina propria,  
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Figure 1.  Parts of the Colon 

* Adapted from Mayo Clinic White Papers 
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comprised of loose connective tissue and reticulin fibers that provide a structural 

reservoir for capillaries, nerves, and structures responsible for secreting digestive  

enzymes.  Beneath the submucosa are circular and longitudinal muscle layers comprising 

the muscularis propria, a meshwork of connective tissue, nerve cells, and elastic and 

collagen fibers that facilitate the movement of intestinal contents.  The serosa, located 

just outside the muscle layer, contains blood vessels and lymphatics in a thin, connective 

tissue layer.  Lastly, both the small and large intestines are covered in peritoneum which 

is a serous membrane loosely attached to the outer wall of the intestines that provides a 

cavity for all abdominal structures [3]. 

The histological composition of different regions of the colon reflects those 

regions’ predominant functions.  The mucosa is an epithelial lining covered with 

columnar, goblet, and endocrine cells (Figure 3).  Columnar (absorptive) cells absorb 

nutrients and electrolytes from the luminal contents which facilitates the major function 

of the colon. The epithelial mucosa’s function as a protective barrier is mediated through 

goblet cells that secrete mucins, large glycoproteins that coagulate to form a thick layer 

of mucus. Endocrine cells have a smaller population in the colon, collecting in small 

groups at the base of crypts.  These cells secrete regulatory peptides that act through 

paracrine or endocrine mechanisms via the bloodstream, mediating such physiological 

functions as gastrointestinal absorption, secretion, and motility [2, 4]. 
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The organization and maintenance of the colonic crypts relies on the dynamic 

balance of continuous cell renewal and shedding.  The colon has one of the highest cell 

turnover rates in the body which occurs every 3 to 4 days.  The regenerative capacity of 

the large intestine is required to withstand the harsh, toxic, and acidic environment from 

digestive enzymes and by-products of metabolism in the lumen [5].  Pluripotent stem 

cells line the base of the crypt and migrate towards the surface as they differentiate into 

goblet, absorptive, or endocrine cells, progressively losing their capacity to proliferate 

(Figure 4).  Proliferation of cells is limited to the bottom two-thirds of the crypt, while 

mid-crypt, serial chains of cells differentiate together and the top of the crypt is restricted 

to terminally differentiated cells that are sloughed into the lumen or undergo apoptosis.  

This highly ordered pattern of differentiation, proliferation, migration and cell death 

drives the cell renewal process, which often becomes dysregulated during tumorigenesis. 

 There are two models of the pathological changes that occur in colonic crypts that 

encompass the early stages of tumorigenesis (Figure 5).  The first is the “Top-Down” 

model of which dysregulation of the tumor suppressor gene, APC (adenomatous 

polyposis coli) has been established as the critical rate-limiting step.  Among APC’s 

many functions, its role in directing epithelial cell growth and differentiation is critical 

for the initiation of precursor lesions in the colon.  Based on studies performed in the 

colorectal mucosa of subjects with Familial Adenomatous Polyposis (FAP), the earliest 

morphological evidence of adenomatous neoplasia has been identified as a bud arising 

from the side of a crypt [6].  The bud migrates in concert with the normal epithelium of 

the parent crypt, while elongating the crypt and forming an extended zone of proliferating  
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cells.  During this process, further budding at the base of the crypt results in the clonal 

outgrowth of epithelial cells and the formation of a microadenoma or small precursor 

lesions like aberrant crypt foci or ACF which are microscopic clusters of abnormal crypts 

[7].   Repeated budding and branching eventually gives rise to a polypoid growth or 

polyp that protrudes into the colonic epithelium.   

The alternate model of early lesions that form in the crypt is known as the 

“Bottom-Up” model, which has been attributed to aberrancy in apoptosis (Figure 5).  

These lesions form by inhibiting the shedding of surface epithelial cells.  Cells 

accumulate at the top of the crypt and eventually results in “buckling” of the crypt 

epithelium, which is also described as “serration”.  In hyperplastic or serrated polyps,  the 

proliferative zone remains in the lower mucosal compartment, however as cells mature, 

they cease dividing as they migrate into the upper crypt and surface epithelium [6].  The 

serrated pathway for the development of sporadic colorectal cancers is proposed to be an 

alternative pathway to the more widely accepted “Top-Down” model.   The genetic 

changes associated with these lesions are not fully understood, but it is thought the 

serrated pathway is initiated by epigenetic silencing of genes involved in apoptosis and 

DNA repair [7].  
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Colorectal Cancer 

Epidemiology 

 Colorectal cancer (CRC) is the third ranking cancer and the second leading cause 

of cancer-related deaths in the United States.  The lifetime risk of developing colorectal 

cancer in the U.S. is 5.5% for both men and women at average risk.  An estimated 

148,610 new cases are diagnosed each year, and in 2006, more than 55,000 Americans 

died of CRC, accounting for 10% of all cancer deaths.  The general trend in the U.S. has 

been a gradual decline in CRC incidence since 1980; however, most other countries’ 

incidence rates have been steadily climbing since 1975 [1].   

Globally, colorectal cancer is the fourth ranking type of cancer.  Incidence varies 

in different regions of the world with the highest rates in industrialized countries of North 

America, Western and Eastern Europe, New Zealand, and Australia, and low risk areas 

include Central and South America, Asia and Africa.  Interestingly, groups that move 

from low- to high-risk areas, assume the risk of that geographical region, indicating that 

local environmental exposures can influence colorectal cancer susceptibility [1, 8]. 

Despite its high incidence, colorectal cancer, when diagnosed and treated early, is 

among the most treatable and preventable types of cancers, with a five-year survival rate 

of 90% [1].  This encouraging prognosis is the result of considerable advances in our 

understanding of the molecular events associated with progression of colorectal cancer.  

For that reason, research efforts are essential to continue gaining the knowledge 

necessary to continue this downward trend [9]. 
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Age, as in most other types of cancer, is an important risk factor for developing 

colorectal cancer.  The incidence and death rates increase with every decade of life, such 

that 60% of new CRC cases occur in persons older than 65.  High incidence in the aging 

population is likely due to the lifetime exposure of toxins and carcinogens that lead to the 

eventual accumulation of genetic alterations.  In addition, links have been made between 

the incidence of colorectal cancer with race and ethnicity.  Specifically, the incidence and 

mortality rates are highest in African American men and women, with 15% more 

incidence and 40% higher mortality rates than in white men and women.  Higher 

mortality trends in African Americans may reflect socioeconomic status, hindered access 

and utilization of recommended screening tests, as well as non-compliance with 

treatments after diagnosis.  Lastly, although colorectal cancer was once considered a 

man’s disease, it is for the most part, equally divided, with a slightly higher risk for men 

than women [10]. 
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Etiology 

Hereditary forms of Colorectal Cancers 

Approximately 15% of colorectal cancers run in families or are familial, in which 

the genetic susceptibility of cancer is inherited.  Of these 15%, currently 3-5% are 

considered hereditary, in which the disease can be traced directly to specific genes [1].  

The two classic hereditary syndromes are Hereditary Nonpolyposis Colorectal Cancer 

(HNPCC) or Lynch Syndrome, and FAP.  Less than 1% of colorectal cancers are 

attributed to extremely rare and recently discovered heritable syndromes, including 

MYH-associated Polyposis (MAP), “atypical Lynch syndrome”, Hamartomatous 

Polyposis Syndrome, and hyperplastic polyposis [11]. 

Adolescents and young adults have the highest incidence of the heritable forms of 

CRC.  These syndromes lead to poor survival rates because patients in this category 

generally present with advanced disease.  In a study conducted at St. Jude Children’s 

Research Hospital, 77 patients with CRC, between the ages of 7-19 years of age, were 

admitted over a period of 40 years.  Unfortunately, 80% of these patients died within 5 

years of diagnosis [12].  Inherited syndromes, therefore, are quite severe, given that 

people are born with a mutation that can contribute to cancer in every one of their cells 

(germline).  So, essentially, they have a “head-start” in comparison to individuals whose 

cancer-gene mutations occur after birth, or somatically [13]. 

FAP is the most easily recognized form of hereditary colorectal cancers, identified 

by the onset and progression of hundreds to thousands of small adenomatous polyps in 

the colon and rectum, and diagnosed by the second to third decade of life [14].  The 
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inevitable course of the disease is the development of CRC unless its’ progression is 

interrupted with total proctocolectomy, which in itself produces multiple pathologic 

conditions [14].  Cytogenetic analyses identified mutations of the APC gene located on 

chromosome 5q21, responsible for FAP.  The mutations can occur throughout its 15 

exons and are predominantly nonsense mutations, resulting in truncated protein products 

with a broad range of molecular masses less than the predicted 310 kD molecular mass of 

wild-type APC .   

Dissection of the APC gene and its relation to FAP has served as a platform for 

understanding the normal molecular properties of the APC protein, namely its function in 

the Wnt Signaling Pathway (Figure 6).  The APC protein, together with glycogen 

synthase kinase-3β, phosphorylates cytoplasmic β-catenin, which subsequently leads to 

events that regulate its degradation.  Under normal conditions, β-catenin is bound to E-

cadherin to maintain cell-cell contact through adherens junctions [15].  However, 

germline (or somatic) APC mutations disable interactions with GSK-3β, rendering 

cytoplasmic β-catenin stable.  Accumulation of cytoplasmic β-catenin results in nuclear 

translocation where in concert with T-cell Factors (TCF) leads to the transcriptional 

activation of target genes such as c-myc and cyclin D1, both of which are important for 

the commencement of cell division.  Studies dissecting the role of APC in FAP also led 

to the significant finding that nearly 70% of sporadic colorectal adenomatous polyps 

harbor somatic APC mutations, indicating the loss of APC function, is a crucial event for 

colorectal carcinogenesis [16].  
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HNPCC, or Lynch Syndrome, is five times more common than FAP, however, is 

difficult to diagnose since it lacks a distinct clinical hallmark, like that of polyposis- 

associated CRCs.  In the past, examination of family pedigrees was the only way to 

recognize the disease, but now it is more commonly identified by genetic testing, and can 

be confirmed clinically with simultaneous presentation of extracolonic cancers, of which 

50% are endometrial malignancies [11].   

This hereditary disease predominantly arises from germline mutations in one of 

four DNA mismatch repair (MMR) genes: MSH2, MLH1, MSH6, PMS2.  The DNA 

MMR proteins form heterodimers that recognize and repair small sequence errors (base-

pair mismatches, base insertions or deletions) that occur during DNA replication.  Upon 

recognition of DNA mismatches, members of the MLH and PMS gene families are 

recruited and form a complex with MSH family members.  Collectively, these 

interactions trigger a cascade of events that lead to excision and re-synthesis of 

mismatched sequences.  Mutations in these genes, therefore, lead to deficits in DNA 

repair resulting in a phenomenon referred to as microsatellite instability (MSI or MIN) 

and a mutator phenotype occurring in 90% to 95% of HNPCC patients.  Microsatellites 

are short repetitive DNA sequences scattered throughout the genome, and MSI is defined 

as an increase or decrease in the number of nucleotide repeats in a given allele in normal 

tissue versus tumor.  These alterations, therefore, facilitate random genetic changes, and a 

propensity to acquire an initiating genetic lesion (mutator phenotype), both important 

features for the pathogenesis of HNPCC [17].  
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Sporadic Colorectal Cancers 

 The majority of colorectal cancers are sporadic and arise in people without any 

family history or specific genetic predispositions.  Rather, sporadic CRCs develop 

naturally over the course of a lifetime, hence the reason for age as a risk factor for all 

types of cancer.  The natural course of the disease involves a multistep process leading to 

the culmination of genetic changes that drive the transition of healthy colonic epithelia to 

dysplastic adenomas and finally to advanced stages of malignancy.   

A genetic model for colorectal tumorigenesis was proposed in 1990 by Fearon 

and Vogelstein, illustrated in the Vogelgram (Figure 7), and has since been the paradigm 

for understanding the genetic basis of all types of cancers.  Although variations of the 

model have been proposed since 1990, there are certain basic concepts that are widely 

accepted.  First, malignant tumors of the colon arise from pre-existing benign tumors 

(adenomas or polyps).  Second, it is estimated that four to seven distinct genetic 

aberrations are required for a cell to progress from adenoma to carcinoma.  These 

changes include mutational activation of oncogenes coupled with the mutational 

inactivation of tumor suppressors, of which loss of both alleles of a tumor suppressor 

gene is usually, but not always required to exert a phenotypic effect.  This is an expansion 

of the “two-hit” hypothesis proposed by Knudson in 1971 that states both maternal and 

paternal copies of the gene must be inactivated in order for the suppressive effect to be 

eliminated.  It is now known, however, that some tumor suppressors can cooperate with 

oncogenes to provide a selective growth advantage.  Lastly, the accumulation, rather than 

the specific order by which the mutations occur, is most critical [18, 19].  
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As previously mentioned, one common mutation that is thought to occur early in 

the adenoma-carcinoma sequence, is a mutation in the APC gene which is commonly 

referred to as the “gate-keeping” event for initiation of colorectal neoplasia.  In addition 

to its critical role in the Wnt signaling pathway of regulating the stability and cellular 

localization of β-catenin, another important feature of APC is its association with 

microtubules and its role in chromosomal segregation (Figure 6).  During mitosis, APC 

proteins localize to the ends of kinetochores and form complexes with checkpoint 

proteins BUB1 and BUB3.  APC mutations in this context occur in the microtubule-

binding domain, thus preventing proper interactions for stabilizing the ends of 

kinetechore microtubules, resulting in defective chromosomal segregation and 

chromosome instability [18, 20].   

The third and final function ascribed to the APC protein, is its role in maintaining 

the colonic crypt equilibrium by regulating caspase levels, a protein essential for 

apoptosis.  The colonic epithelium is shaped into crypts and constantly undergoes cycles 

of self-renewal [21].  Stem cells reside at the base of the crypt, migrate up the crypt in 

stages, as they differentiate into enterocytes or secretory cells, and undergo apoptosis as 

they reach the surface epithelium.  Loss of APC function, therefore, would disturb the 

equilibrium, such that cells continue to differentiate and migrate to the top of the crypt, 

but do not die, supporting the overgrowth of cells, eventually leading to tumor formation 

[22, 23].  

 On a final note, loss of function of the APC gene occurs in 85% of colorectal 

cancers, however, studies have revealed it is not an absolute requirement.  Interestingly, 
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most tumors that retain APC integrity harbor mutations in β-catenin, suggesting that 

alternative mechanisms must exist for tumor initiation. 

 Elimination of a tumor suppressor like APC requires inactivating mutations, 

whereas an activating mutation must occur in oncogenes for their cancer promoting 

effects to take place.  Vogelstein’s studies provided insight on the genetic activation of 

the K-ras (Kirsten-retrovirus-associated DNA sequences) oncogene.  Their analysis of 

colorectal tumors showed that 50% of carcinomas and 58% of adenomas larger than 1 cm 

contained a K-ras mutation, and was far less common in adenomas smaller than 1 cm.  

This suggested that mutation of the K-ras oncogene was not an initiating event, but rather 

an early to intermediate mutation, likely responsible for the conversion of small 

adenomas to larger, more dysplastic ones.  Therefore, detection of a K-ras mutation is 

considered an important determinant of tumor progression and tumors with ras mutations 

are associated with a poorer prognosis [16, 23].  

K-ras belongs to a family of 3 members, and encodes a 21 kD protein involved in 

the transmission of growth-promoting signals from cell surface receptors.  K-ras is a 

GTP-binding protein with intrinsic GTPase activity, which regulates the conversion of 

GTP to GDP through hydrolysis.  Importantly, most, if not all K-ras mutations occur in 

the GTP-binding domain, rendering its GTPase activity non-functional leading to a 

constitutively active protein promoting uncontrolled growth signals. 

The third major mutation identified as a key event in sporadic colorectal 

tumorigenesis, is the inactivation of the p53 tumor suppressor gene located on the short 

arm of chromosome 17, occurring in over 75% of CRCs and in over half of all human 



 

 

34 

cancers.  Loss of large portions of chromosome 17p have been observed in the majority 

of carcinomas, and observed infrequently in adenomas of any size.  This suggests that the 

loss of p53 function occurs in late stages and is involved in the progression of tumors, 

rather than the initiation or promotion of tumorigenesis [16]. 

It is hypothesized that the reason for the frequency of p53 mutations in all types 

of cancers is due to its potent role in inducing cell death.  Labeled the ‘guardian of the 

genome’, some of p53’s functions include: blocking cell proliferation in the presence of 

DNA damage or cellular stress, stimulating DNA repair, and promoting apoptotic cell 

death if repairs are insufficient.  In 80% of cancers, the most common mechanism leading 

to the loss of p53 function occurs via missense mutations, the majority of which occur in 

p53’s DNA-binding domain, disrupting its role as a transcription factor.  Loss of this 

function, therefore, allows for the propagation of damaged DNA to daughter cells, thus 

promoting a growth advantage.  Still other ways of disrupting the p53 pathway exist, 

specifically by mutations that alter the stability of the protein, or as in the case of DNA 

tumor viruses,  production of a protein that binds to p53 making it inactive [23]. 

Although Vogelstein proposed APC, K-ras, and p53 mutations occur at certain 

stages of the adenoma-carcinoma sequence, it is accepted that the accumulation, and not 

the order of mutations is important for the neoplastic process.  Oncogene and tumor-

suppressing gene mutations all lead to a similar physiological outcome of tumorigenesis 

accomplished through increased cell proliferation or inhibition of cell cycle arrest or 

apoptosis, etc.  However, there is a third class of cancer genes that promote tumorigenesis 

in a completely different manner.  DNA repair regulated by the mismatch repair (MMR), 
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nucleotide-excision repair (NER), and base-excision repair (BER) genes fall into a 

category of stability genes.  Stability gene proteins are responsible for repairing subtle 

mistakes made during normal DNA replication, or mistakes induced by exposure to 

mutagens.  Other stability genes like BRCA1 and ATM, control repair processes 

involving large portions of chromosomes by facilitating mitotic recombination and 

chromosomal segregations.  Both types of stability genes keep genetic alterations to a 

minimum, and thus when they are inactivated, mutations in other genes occur at a higher 

rate [24, 25].   

The final pathway believed to have a role in the genetic basis of CRC is 

epigenetic silencing, an emerging field that describes a pathway in control of the “land-

scaping” of tumor environments.  Epigenetic alterations such as DNA methylation and 

core histone modifications coexist with the classical genetic changes of APC, k-ras, and 

p53, affecting gene function but without genetic changes.  Hypermethylation of DNA in 

promoter CpG islands results in the transcriptional silencing of genes, and histone 

modifications affect the access of regulatory factors and complexes on chromatin, which 

also leads to the silencing of genes.  If tumor suppressors are present on these altered 

regions of DNA, they are silenced, hence an indirect measure of altering gene expression 

[26]. 
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Environmental Factors that Contribute to Development of Colorectal Cancers 

 Epidemiological studies tracking migrant populations have shown that 

populations moving from low- to high-risk countries rapidly acquire an increased cancer 

risk, indicating that this disease is particularly sensitive to environmental influences [10].  

This emphasizes the importance that unlike our genetic makeup, we can control (to an 

extent) what comes in contact with our intestinal epithelia by choosing to live a healthy 

lifestyle. 

Alcohol consumption and tobacco use both have positive associations with risk of 

colorectal cancer.  From a physiological perspective, both are toxic substances that are 

ingested, and have potential for polluting the body with carcinogenic and tumor 

promoting molecules.  Interestingly, the extent of tobacco use is related to the size of 

adenomas; recent smokers are associated with the development of small adenomas, 

whereas pack smokers of many years are associated with large adenomas.  It is thought 

that tobacco use can lead to K-ras mutations in colon cells, and is associated with 

microsatellite instability.  Less is known on the mechanism of alcohol use in the etiology 

of CRC [2, 4].  On a positive note, alcohol consumption and tobacco use can be 

eliminated from a person’s lifestyle, thereby eliminating their potential role in colon 

carcinogenesis. 

 Some other non-genetic, choice-based risk factors include obesity (assessed by 

body mass index (BMI), central adiposity, waist to hip ratio or waist circumference) and 

physical inactivity.  The biological mechanisms through which physical activity and 

weight could affect cancer risk are multifactorial, ranging from alterations in circulating 
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immune cells, improving blood insulin levels and reducing insulin resistance and sex 

hormone production.  Insulin in particular is shown to be a colon tumor promoter in 

animal models [27] and Insulin-like Growth Factor (IGF-1) can induce cell proliferation 

and inhibit apoptosis in in vitro studies [28].  In regards to physical activity, exercise is 

shown to improve colon motility, leading to decreased transit time and resulting in 

reduced carcinogen exposure in the colon [29]. 

Another set of non-genetic host risk factors are occupations in which dusts and 

fumes are inhaled, or absorbed through the skin, are associated with rectal and sigmoid 

cancers, both subtypes of colorectal cancers.  Workers exposed to wood and metal dusts, 

plastics, fumes, organic solvents, cement, fiberglass, and asbestos, are all at an increased 

risk for developing cancer, due to the exposure of these toxic substances to the body. In 

addition, imbalance of hormonal factors and severe bacterial or parasitic infections 

(Schistosomiasis) add colonic stress.  This increases the susceptibility of an individual to 

develop colorectal cancer, when exposed to additional tumor promoting or carcinogenic 

agents [10].    

 The role of dietary factors in colorectal cancer is two-fold.  Generally, 

consumption of foods with beneficial properties decrease the risk of CRC, falling into the 

category of prevention, discussed in the next section.  On the other hand, diets high in red 

meat and animal fat and/or low in fiber, confer deleterious effects increasing the risk for 

CRC.  In basic terms, what we ingest through our diet influences the composition of the 

luminal contents that come in contact with our colonic epithelium.  The breakdown of 
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foods through our digestive processes as well as bacterial metabolism can result in the 

production of tumor promoting molecules that may have a role in the etiology of CRC. 

 Diets high in fat and red meat are commonly associated with an increased risk for 

development of CRC.  The carcinogenicity of red meat can be brought about in several 

ways.  First, over-cooking meats at high temperatures, or char-grilling, creates DNA-

binding carcinogens such as heterocyclic amines and polycyclic aromatic hydrocarbons, 

which create large adducts on DNA that lead to mutations.  Secondly, high consumption 

of red meat can lead to high levels of fecal iron which leads to the production of hydroxyl 

radicals which also cause DNA damage and cellular stress.  The role of fat in increasing 

the risk for CRC can be explained, at least in part, by the “bile acid hypothesis”, 

discussed later.  In addition, conversion of fat molecules into short chain fatty acids leads 

to the supports the production of diacylglycerol (DAG), an important signaling activator 

of mitogenic signaling.  Eventually, over time, the mutagens that are created by a diet 

high in fat and red meat lead to mutations in cancer genes, and as an end result, facilitate 

tumorigenesis [10].   

Dietary factors and their interactions with the microbial flora add a layer of 

complexity to creating the luminal environment.  Bacteria in the colon use digested food 

particles or other substances in the lumen, as an energy source, and as a result of their 

metabolism, carcinogenic molecules are produced.  Of most importance to my research is 

the bacterial metabolism of bile acids, which are endogenous molecules that aid in the 

emulsification of fats.  The bacteria convert primary, or un-altered bile acids into 

secondary bile acids, which have been shown to have tumor promoting effects [30]. 
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Prevention and Treatment of Colorectal Cancer 

Prevention 

The best treatment for colon cancer is prevention.  It is widely accepted that 

environmental factors influence the etiology of CRC.  Therefore, the most logical way to 

prevent cancer is by eliminating elements in our diets and lifestyles that are known to 

contribute to tumorigenesis, and adding in elements that are shown to decrease the risk 

for CRC.  This approach is a primary preventive strategy, or intervention before the 

disease process begins.  Generally, there are three approaches to preventing cancer: (1) 

dietary alterations, (2) early detection and polyp removal and (3) chemoprevention [10, 

24]. 

The simplest strategy to prevent CRC is dietary alterations, in essence, eating 

more “good” foods and less “bad” foods.  The benefit of consuming fruits and vegetables 

is that the digestion of these foods are sources of micronutrients like vitamins and 

minerals (β-carotene, vitamin C, calcium) and their break down produces a number of 

risk-lowering substances such as antioxidants and nonnutrients such as fatty acids.  For 

example, the break-down of carbohydrates, whether from fruits or vegetables or other 

sources leads to the production of short chain fatty acids that have been shown to have 

tumor inhibiting effects.  The most important short chain fatty acid with respect to CRC 

is butyric acid (butryate) which has anti-proliferative effects and induces differentiation.  

Lastly, most fruits and vegetables are excellent sources of fiber which bulks the fecal 

mass.  This decreases the transit time in the colon, or time the colonic epithelium is 

exposed to potentially harmful substances.  A multitude of studies over the years have 
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dissected the biological effects exerted by many of these byproducts of digestion and 

have defined mechanisms for many.  The effects of “good” foods include producing 

antioxidants, inhibiting proliferation and inflammation, inhibiting carcinogen uptake or 

modulating signal transduction.  In summary, the rationale for making healthy dietary 

decisions is that the break-down of some foods provide tumor-suppressing effects [31].  

Dietary alterations can also include avoiding the consumption of “bad foods” or 

foods shown to participate in diet-induced carcinogenesis.  The major dietary elements 

that are grouped in this category are fried, charred, or smoked foods, high-fat foods and 

red meat.  Red meats are unhealthful, mostly for their high fat content and the preference 

for cooking this meat at high temperatures.  For example, the char-grilling or searing 

methods of cooking lead to the formation of heterocyclic amines, food mutagens that are 

linked to CRC.  Excessive fat in a diet leads to the conversion of bile acids in the colon 

into tumor-promoting secondary bile acids.  Lastly, fat intake contributes to obesity, 

which is also a risk factor for CRC.  Therefore, prevention of the deleterious effects of 

these foods can be avoided by not consuming them at all or cutting back [10]. 

Ideally, the best mode of prevention is one that inhibits disease onset, however, 

sometimes the disease is inevitable.  Thus, the second preventive strategy is the 

identification and removal of early, benign lesions, also known as polyps.  This is 

considered a secondary measure of CRC prevention, since the intervention occurs after 

the disease process has begun.  In actuality, a sizable portion of the population of 

individuals aged 50 and over have or will develop polyps, as it is a common benign 

lesion [24].  However, when undetected or not removed, the adenomatous growth will 
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progress into adenocarcinoma and can potentially become malignant.  Under some 

circumstance, but to a far lesser extent, the polyp can regress or stop growing on its own 

but this chance is never taken. 

Current guidelines suggest that screening for colorectal cancer begins at the age of 

50 in individuals with no symptoms and average risk.  Standard screening choices include 

flexible sigmoidoscopy every 5 years, colonoscopy every 10 years, and annual physical 

exams coupled with take-home fecal occult blood testing.  If a person is in the high risk 

category (those with hereditary syndromes or family history of CRC), the screening 

measures are more aggressive, beginning at an earlier age and with more frequent 

examinations.  The colonoscopy is the “gold standard” for finding and removing 

abnormal growths, as it entails examination of the entire colon, from rectum to cecum; 

whereas sigmoidoscopy, only examines one third of the colon (rectum to descending 

colon).  Colonoscopy and flexible sigmoidoscopy are the endoscopic visualization of the 

interior of the colon, a painless procedure that is sometimes uncomfortable.  Once an 

individual presents with polyps, they are likely to develop them again, after removal, 

therefore, surveillance after removal is crucial.  Colonoscopies are performed within 3 

years of the initial polyp removal, and then performed every five years [1]. 

The third measure of prevention, and the one most relevant to my research is 

chemoprevention, or the administration of one or more chemical entities, either as 

individual drugs or naturally occurring dietary constituents, to prevent, inhibit or reverse 

carcinogenesis.  Colon cancer takes an estimated 5 to 10 years for an actual precursor 
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lesion, or polyp, to arise, providing an excellent window of opportunity to halt tumor 

development with the application of chemopreventive substances .   

Ideally, chemopreventive agents should be inexpensive, easy to administer, and 

safe for people to use long-term.  Chemopreventive drugs may be given to the general 

population or to high-risk individuals for whom dietary modifications are not sufficient. 

Hundreds of chemopreventive agents have been studied for their potential use in the 

chemoprevention of CRC and all go through stages of development similar to the 

guidelines set in place for the development of chemotherapeutic drugs.  Ideal properties 

of chemopreventive agents are their ability to: inhibit proliferation, modulate signal 

transduction, induce differentiation, scavenge free radicals and detoxify or inhibit the 

uptake of carcinogen [32]. 

A popular example of promising agents for chemoprevention, are NSAIDs, or 

non-steroidal anti-inflammatory drugs.  Some common over the counter pain relievers 

like aspirin or ibuprofen, are NSAIDs that are non-specific cyclo-oxygenase (COX) 

inhibitors that inhibit the activity of two enzymes, COX-1 and COX-2.  Cyclo-oxygenase 

is an enzyme required for the synthesis of prostaglandins, an important mediator of the 

inflammatory response also found to be up-regulated during colon tumorigenesis.  COX-

1 is ubiquitously expressed in many types of epithelial tissues and is essential for 

maintaining the mucus lining of the stomach, whereas COX-2 is expressed in specific 

tissues [33].   

The initial observations that led to interest in this drug were epidemiological 

studies showing that individuals who consumed aspirin on a daily basis (aspirin is also 
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used to reduce the risk of heart attack) reduced the rate of CRC by as much as 30 to 50%. 

Long term use of aspirin and other non-specific inhibitors, however, was shown to cause 

the weakening of the mucus lining of the stomach which also leads to ulcers and gastro-

intestinal bleeding.  These serious side effects have dampened the interest in NSAIDs as 

chemopreventive agents and also evoke caution when considering their use. 

A second generation of NSAIDs were generated to specifically inhibit COX-2 

therefore, would eliminate the development of serious gastrointestinal side effects 

associated with the non-selective ones.  Vioxx, a second generation COX-2 inhibitor, was 

hailed as a “super painkiller” and prescribed to over ninety-one million people for the 

relief of pain associated with arthritis and other severe forms of pain.  In 2000 the 

manufacturer of Vioxx conducted a trial to test the effects of Vioxx on colon polyps.  

Eighteen months into the trial, researchers found there was an increased rate of heart 

attacks and stroke in these patients.  Merck immediately pulled the product from the 

market but the implications of this study reminded researchers the importance of 

considering risk/benefit profiles for any chemopreventive agent [33]. 

Most significant to my research is the potential use of ursodeoxycholic acid 

(UDCA) as a chemopreventive agent for CRC.  My doctoral thesis is based on the 

concept that UDCA’s ability to inhibit cell proliferation is an ideal chemopreventive 

property, however, its’ molecular mechanism remains unclear.  As with all genres of drug 

development, the key to making better drugs is by delineating the molecular mechanism, 

of which basic research plays a highly significant role, demonstrating the value of studies 

such as mine. 
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 Interest in UDCA as a chemopreventive agent for CRC is primarily based on in 

vitro and animal model studies.  Multiple studies have shown that UDCA can inhibit the 

proliferation of colon cancer cell lines and can significantly decrease the size and number 

of colon tumors induced by colon carcinogens (N-methylnitrosurea and azoxymethane).  

UDCA has also been tested for its effect on bile acid kinetics and bile acid levels in 

individuals with primary sclerosing cholangitis (PSC) and primary biliary cirrhosis 

(PBC), both chronic liver and biliary diseases.  These studies demonstrated that UDCA 

has cytoprotective effects on hepatocytes by stabilizing the membrane, is effective in the 

dissolution of gallstones through its detergent-like properties and displaces the more 

toxic, endogenous bile acids (like DCA) from the liver and systemic circulation by 

preventing ileal absorption of primary bile acids.  Most importantly, it has been 

demonstrated that only minor side effects such as abdominal pain, or diarrhea were 

caused by UDCA; there are no known toxicities associated with UDCA and it is safe for 

long term use given in low doses (demonstrated in 2, 5 and 12 year studies) [34, 35]. 

 In a placebo-controlled study UDCA was found to protect individuals with PSC 

and Ulcerative Colitis, an inflammatory bowel disease often associated with liver and 

biliary diseases.  Results from these studies indicated that UDCA significantly reduced 

the rate of colorectal neoplasia by as much as 74%.  Caution must be taken with the 

interpretation of the results due to ambiguities of the study and potential for bias.  

Nevertheless, these results prompted further investigation in the use of UDCA in its 

ability to reduce the concentration of toxic bile acids, its potential role in the prevention 

of UC-associated CRC, and most recently to determine whether it could prevent the 
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recurrence of colorectal adenomas.  In the latter study, UDCA was shown to be effective 

in patients with high grade dysplasia, demonstrating that UDCA may benefit certain sub-

groups of patients more than others [36-39].  

 The results from the above-mentioned studies collectively present promising 

evidence for the use of UDCA in chemoprevention of CRC.  However, specific doses, 

length of treatment, and appropriate subjects are still in question.  In addition, the 

determination of potential toxicities and serious side effects also demonstrate their 

significance  as described in the discussion on NSAIDs.  This emphasizes the importance 

of basic research to better understand the molecular effects of chemopreventive agents, 

whether chemically synthesized or naturally occurring.  Defining the details of their 

molecular mechanism could help in the creation of better therapies (more targeted and 

less toxic) and resolve remaining discrepancies. 

Treatment 

 Regardless of the preventive measures taken in a lifetime, the complete inhibition 

of tumor development is unlikely.  Once diagnosed, systemic and targeted 

chemotherapeutics attack the disease with the intention of being cytotoxic or cytostatic to 

the cancer cells, but nontoxic to the normal cells.  Moreover, a new approach of 

administering chemotherapeutic drugs is through combinational therapy, or the 

administration of different drugs in different combinations and in varying sequences. This 

strategy has yielded better results than using single types of systemic or targeted 

therapies.  The reason combinational therapy is more effective, it is better equipped to 
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combat the development of multidrug resistance, a common compensatory reaction in 

response to cytotoxic drugs.   

The goal of chemotherapy is to interrupt the neoplastic process.  First line 

therapies for CRC are Fluorouracil, Irinotecan, and Oxaliplatin.  These drugs inhibit cells 

from dividing by disrupting the DNA through the inhibition of pyrimidine synthesis,  

inhibition of topoisomerases in the cell, and formation of bulky DNA adducts, 

respectively, all of which lead to cell death.  The drawback of systemic chemotherapy is 

that it is administered systemically.  As a result all parts of the body are exposed to the 

drug which only effects rapidly dividing cells, thus leading to the classic side effects of 

hair loss and vomiting, since the hair follicles and the epithelium of the gastrointestinal 

tract are rapidly dividing cells [40].  

The second type of chemotherapeutic drug is targeted therapies.  Basic research 

has allowed for the discovery of certain targets within the cell, that when “targeted” with 

a drug, interrupts the cellular pathways essential for tumor growth.  The discovery of new 

targeted therapies has been made possible with the understanding of molecular pathways 

involved in colorectal tumorigenesis.  The new drugs Cetuximab and Bevacizumab are 

examples of targeted therapies for the treatment of CRC, which target the epidermal 

growth factor receptor and angiogenesis, respectively.  The advantage to these types of 

drugs is that they are very effective in advanced disease, and they are less toxic than the 

systemic line of drugs.  With more and more targeted therapies coming out against new 

targets, the administration of these drugs continues to be worked out, such as specific 
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combinations and determination of specific tumor types that the drugs would be most 

effective in treating[41].  
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Bile Acids 

Link to Colorectal Cancer 

Several observations over the years support the notion that dietary habits and 

environmental influences play an important role in the development of CRC.  One of 

several indications is that migrant data exhibited a 20-fold international variability in the 

incidence ratio of CRC; implicating incidence varies according to location, not 

population.  For example, the incidence of CRC in blacks in America is significantly 

higher than in blacks in Africa.   Furthermore, migrant populations coming from 

countries with low incidence of CRC, reach the higher incidence rates of the host 

country.  This is best illustrated by epidemiological studies tracking incidence of CRC in 

migrants from Japan.  Among Japanese in Japan, the incidence rate of CRC is very low 

compared to Japanese that have migrated to the United States, who end up having double 

the frequency of CRC compared to whites in the U.S..  Also, U.S.-born Japanese men had 

incidence rates twice that of their foreign-born counterparts.  Similar data has been 

collected for immigrants from China as well [10, 24].   

Comparison of the typical Asian diet to the Westernized-diet of Americans 

reveals a stark contrast.  Staples of the Japanese diet, for example, include at least 5 to 6 

servings of vegetables in every meal, rice, vegetable-based broth and fish as a primary 

source of protein.  Studies in the U.S. indicate that most people do not consume the 

recommended 5 servings of fruits and vegetable in an entire day and only 25% of 

Americans adhere to dietary guidelines set by the government.  Rather, the American diet 

is notorious for high fat, fried foods, larger servings, caloric meals, and the primary 
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source of protein comes from red meats which usually are high in fat. It is without a 

doubt that these differences in diet contribute, at least partially, to the incidence rates of 

CRC.  One final piece of supporting evidence is that countries with improving socio-

economic status and westernizing diets and lifestyle are associated with a parallel 

increase in the incidence of CRC [10]. 

There are other types of population-based studies that strongly link bile acids to 

increased incidence of CRC.  First, consistently high caloric intake leading to obesity is a 

factor associated with the risk for CRC.  Eating frequent meals, is thought to promote the 

continuous flow of potentially carcinogenic bile acids into the digestive tract.  Similarly, 

studies that track women post-cholesystectomy (removal of gallbladder), have revealed a 

slightly higher risk for right-sided colon cancer, 15 or more years after the surgery.  It is 

suggested that this may also be due to the constant free entry of bile into the digestive 

tract [10]. 

In addition to the population-based studies, there is also clinical data that links 

bile acids to CRC.  For instance, a tightly controlled study by Imray and colleagues found 

that the fecal bile acid concentration was greater in individuals with adenomatous polyps 

compared to controls [42].  Also, individuals with established colorectal cancer show 

increased excretion of secondary bile acids (bile acids metabolized by bacteria) in their 

feces [42] than those who are not diagnosed with CRC.  The increased concentration of 

bile acids in the stool has also been shown to be the consequence of a high-fat diet. 

Animal studies by Hiramatsu, et. al. show that normal rats fed regular diets supplemented 

with 1% pure cholesterol causes a 2-fold increase in the bile acid concentration in the 
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feces.  Moreover, rats that had these high concentrations of bile acids also were more 

likely to have an increased rate and frequency of colon tumors [43]. 

The general concept on how a high fat diet contributes to CRC is described by the 

“bile acid hypothesis” which follows.  Individuals who consume a lot of fat have an 

increased release of bile from the gallbladder into the small intestine.  If an individual 

consistently consumes a high-fat diet, the byproducts of fat metabolism and bile acids are 

likely to exceed absorption rates, escape absorption in the small intestine and travel to the 

colon.  In the colon bacteria metabolize primary (un-altered) bile acids and release 

secondary bile acids that have been modified structurally and chemically, which some are 

shown to exhibit tumor promoting properties.  After years of practicing this type of 

dietary lifestyle, the tumor promoting effects along with other factors, will cause the 

development of tumors; it is not an overnight transition from one high fat meal [24]. 

Although I have presented only supporting evidence for the link between bile 

acids and CRC, not all groups or studies have resulted with the same conclusions.  For 

example, there have been some discrepancies on studies measuring the concentration of 

fecal bile acids in people with polyps or diagnosed CRC.  There are likely other examples 

of contradictory data, but it is also important to consider the difficulty in organizing large 

population and clinical studies.  There are always confounders in collection of data which 

can result in biased results.  Nonetheless the next stage in research models would be the 

use of animal models.  Indeed, many animal model studies have been conducted to either 

confirm or counter the “bile acid hypothesis” described above. 
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Synthesis of Bile Acids, Structure and Physicochemical Properties 
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Bile acids are amphiphillic (or amphipathic) molecules that play a key role in 

digestion of dietary fats.  The primary bile acids, cholic acid and chenodeoxycholic acid 

are synthesized in the liver from cholesterol and make up 45% and 28% of the human 

bile acid pool, respectively (Figure 8).  The remainder of the human bile acid pool is 

comprised of 25% deoxycholic acid and 1-4% lithocholic acid (and others) which are 

both secondary bile acids (products of bacterial metabolism).  Bile acids have a saturated 

19 carbon sterol nucleus (4 ring structure), 1-3 α-oriented hydroxyl groups at C3, C7 or 

C12, 2 methyl groups at C18 and C19, and a saturated 5 carbon side chain that terminates 

in a carboxyl acid, which is esterified when conjugated with the amino acids.  These 

physicochemical properties enable bile acids to render detergent-like effects which are 

essential for their role in solubilizing dietary fat [44]. 

There is one more bile acid that falls into the 1-4% category of the bile acid pool 

and has slightly different physicochemical properties.  Ursodeoxycholic acid is the 7-β 

epimer of chenodeoxycholic acid, also a byproduct of bacterial metabolism in the colon.  

With reference to the more prevalent bile acids, UDCA is more hydrophilic.  This is due 

to the planar orientation of the C7 hydroxyl group.  In fact, bile acid hydrophilicity is 

determined by the number, position and orientation of the hydroxyl group(s).  The higher 

the number of hydroxyl groups that are attached  renders the molecule more hydrophilic.  

Due to these differences in polarity (and cellular effects) UDCA is considered in a 

separate category. 

After de novo synthesis in the liver, bile acids are conjugated to taurine and 

glycine before they are excreted in the bile.  Conjugation of amino acids yields a more 
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polar compound (hydrophilic molecule) which improves its detergent-like properties.  

Bile is a complex mixture of bile acids, inorganic salts, protein, bilirubin, fatty acids and 

cholesterol.  It is stored in the gallbladder and secreted into the small intestine in response 

to eating.  In addition to delivering bile acids to the digestive tract for the break-down of 

dietary fat, bile is also a primary pathway for eliminating excess cholesterol and waste 

products such as byproducts of metabolism or xenobiotics, that are to be excreted in the 

feces [4]. 

The conservation of bile acids is important due to their key role in fat digestion.  

In fact, the bile acid pool is estimated to be recycled at least 6 to 10 times per day through 

enterohepatic circulation.  In the terminal ileum of the small intestine, bile acids are re-

absorbed through an active transport mechanism that is carrier mediated and energy 

dependent. Once absorbed, bile acids are returned to the liver via portal circulation, re-

conjugated (if necessary) and re-secreted in the bile for storage in the gallbladder [3].   

Bile acids that are not re-absorbed in the small intestine continue through the 

digestive tract into the colon.  Normally, bile acids are efficiently absorbed in the small 

intestine, however, under certain conditions, active transport carriers in the small intestine 

can become saturated.  Consequently, bile acids escape absorption, continue through the 

digestive tract and enter the colon.  Bile acids escape absorption when bile is constantly 

flowing into the small intestine.  Physiologically, this would be the result of frequent 

meals, excessive dietary fat or gallbladder removal. 

In the colon, bile acids are extensively metabolized by bacterial enzymes secreted 

mostly from anaerobic bacterial species.  These enzymes deconjugate and/or 



 

 

54 

dehydroxylate  the  primary bile acids, cholic and chenodeoxycholic, resulting in the 

production of the secondary bile acids DCA, LCA, and to a lesser extent, UDCA.  The 

former two are considered tumor promoting agents and the latter is cytoprotective.  The 

differences in their effects on cells are due to the hydrophobic nature, of which their 

molecular mechanisms will be described in detail later.  Deconjugating reactions enable 

bile acids to be readily absorbed through passive diffusion, and dehydroxylation renders a 

less polar molecule which facilitates its absorption through passive diffusion.  Increased 

bacterial metabolism results in increased fecal loss of bile acids.  Therefore, high 

concentrations of bile acids in the feces is indicative of high amounts of bile acids 

available for conversion into tumor promoting products, thus increasing the potential for 

damage to the colon and an increased risk of developing colon cancer [3]. 

 Epidemiological and clinical studies demonstrated correlative data that links bile 

acids to increased risk of developing CRC.  Extensive animal model and basic research 

studies have ensued providing the molecular details on how bile acids promote tumor 

development in the colon. 

 Historically, the notion that bile acids were mutagenic was plausible for their 

steric similarities to polycyclic aromatic hydrocarbons (PAHs) which have carcinogenic 

properties.  Indeed, animal carcinogenesis experiments demonstrated that DCA and LCA, 

administered intrarectally, increase the frequency of colon tumors induced by the colon 

carcinogens, MNNG or AOM [45].  It was of interest to determine if bile acids could 

affect tumorigenesis independent of the initiating carcinogen, so various mutagenicity 

assays were performed.  These studies indicated that bile acids are not mutagenic 
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independently, therefore they can not induce the development of tumors in the colon.  

This finding emphasizes that an interplay between genetic, dietary and environmental 

factors is necessary for colon tumor development [46]. 

   In contrast to the secondary bile acids with tumor promoting properties, it was 

previously mentioned that UDCA has unique biochemical properties that are not 

conducive to tumor promotion.  In fact, studies in animal models confirm the opposite 

effect of UDCA.  In rats treated with the colon carcinogen, AOM, the development of 

tumors is inevitable.  Without any additional treatments, these rats develop colonic 

tumors within 3 to 5 months after multiple injections of the carcinogen are administered.  

In this model system, a dietary supplement of UDCA added to the normal rat diet results 

in a reduced frequency of tumors and decreased number of rats that develop tumors [47, 

48].  Using the same experimental model, experiments were conducted to determine if 

UDCA could prevent the tumor promoting effects of a tumor promoter.  It was found that 

co-administration of UDCA with the tumor promoter cholic acid, prevented the 

enhancement of tumors when also given in conjunction with the tumor-promoting bile 

acid, CA, thus, re-emphasizing UDCA’s contrasting properties [47].    

Up to now I have briefly discussed bile acids, their synthesis, physicochemical 

properties and their role in colon cancer.  It is apparent that different bile acids exhibit 

distinct biological effects: DCA exhibits tumor promoting effects and UDCA has 

chemopreventive effects (Figure 9). The question that remains unanswered is why these 

structurally related agents have opposite biological effects?   Our laboratory is dedicated 

to understanding these differences and has contributed over the years to distinguishing 
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the biological effects of DCA and UDCA at the cellular and molecular levels.  The 

following sections will discuss this progress. 
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Bile acids, particularly the hydrophobic ones, have been recognized to stimulate 

proliferation of colon cancer cells for many years now.  This effect is an important 

feature for their role in colorectal tumorigenesis.  Classic studies used the effects of other 

structurally related tumor promoters, phorbol esters for example, as a guide for 

understanding the effects of bile acids [49].  This led to the finding that DCA activates 

protein kinase C (PKC) through enhanced membrane phospholipid turnover, a 

consequence of its’ detergent-like properties [46].  About 15 years later our laboratory 

further characterized PKC activation as a hydrophobicity dependent occurrence, therefore 

the hydrophilic bile acid, UDCA could not activate PKC  [50].  Bile acids’ interaction 

with biological membranes is a concept that has held up over the years and is re-visited 

often. 

 There are several physiologically relevant bile acids and initially it was unclear as 

to which ones had the deleterious effects.  Therefore, a study comparing the cellular 

effects of cholic acid, chenodeoxycholic acid, deoxycholic acid and ursodeoxycholic acid 

helped to identify the bile acids with tumor promoting effects.  The conclusion from this 

study was that each bile acid, despite structural similarities, possesses unique biological 

effects.  The following are results from the study: CA is biologically inert, DCA and 

CDCA induce (PKC-dependent) apoptosis, and UDCA suppressed cell growth [51].  

Importantly, these findings supported the attributes that had previously been associated to 

each: DCA and CDCA are tumor promoters, CA has no biological effects and UDCA is a 

chemopreventive agent.          
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 Once it was established that DCA is a tumor promoting agent and UDCA is a 

chemopreventive agent, significant effort was put into understanding the molecular 

details of their differential effects.  In the following paragraphs I will discuss intracellular 

signaling differences and various biological endpoints that are unique to DCA and 

UDCA.  First I will discuss DCA’s role in tumor promotion through alterations of 

mitogenic signaling and induction of apoptosis; and then UDCA’s chemopreventive 

properties that facilitate growth suppression, differentiation and senescence. 

 DCA is found to be cytotoxic to cells, alter gene expression and induce apoptosis.  

It is naturally an amphipathic detergent that has been postulated to interact with the 

plasma membrane by binding, inserting into the bilayer or solubilizing membrane lipids 

[44, 50].  The hydrophobicity is thought to enable this effect therefore implicates other 

hydrophobic bile acids like CDCA as cytotoxic agents as well.  Often, cytotoxicity leads 

to the activation of programmed cell death; indeed, DCA induces rapid apoptosis in colon 

cancer cells.  Since DCA is able to promote tumorigenesis in experimental animal 

models, it was of interest to determine at which stage of carcinogenesis is influenced by 

DCA.  It was determined by various mutagenicity assays (AMES test) that DCA in fact is 

not a mutagen or carcinogen, since it can not induce genetic mutations on it’s own, 

confirming its role as a tumor promoter. 

Apoptosis is a mechanism used by cells to remove DNA-damaged cells so it 

seems counterintuitive that induction of apoptosis by DCA or CDCA is a deleterious 

effect.  In the context of the lumen of the colon it is important to remember that it is 

constantly exposed to environmental toxins including secondary bile acids.   It is 
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postulated that the increase in cell death resulting from exposure to DCA (from a high fat 

diet) causes a hyper-proliferative response to maintain the cellular balance of the colonic 

epithelium, which is normally under tight control.  This creates a condition favoring 

genomic instability; cells are constantly dying from exposure to DCA and the epithelium 

is constantly in a state of hyper-proliferation.  Over a lifetime, this contributes to more 

opportunities for cells to acquire genetic mutations, and eventually, selection of cells 

resistant to DCA-induced apoptosis will grow out, compounding the state of genomic 

instability hence favoring tumorigenesis [52]. 

 Further experiments to understand the biological effects of DCA have yielded 

much insight into the effects on intracellular signaling.  Initially, DCA was shown to 

induce cellular stress and increase the expression of the growth arrest and DNA damage 

gene, GADD153, which is involved in growth arrest and apoptosis.  GADD153 is found 

to be an integral component of DCA-induced apoptosis, as suppression of its GADD153 

expression with anti-sense RNA, resulted in resistance to DCA-induced apoptosis.  It is 

well accepted that the endpoints of signal transduction cascades are gene expression and 

protein synthesis.  Therefore, since DCA treatment leads to the activation of gene 

expression, then upstream elements must also play a role in this activation, therefore the 

concept of signal transduction guided research to identify changes at each stage of the 

cascade [53]. 

The transcription factors, AP-1 and C/EBP, were found to be necessary for the 

induction of DCA-induced apoptosis.  Since each of these transcription factors can be 

activated through a variety of pathways, several signaling cascades were tested for their 



 

 

61 

regulation of DCA-induced effects.  It was determined that DCA modulates mitogenic 

signaling by activating MAP-kinases (ERK, MEK, and Raf-1) and PKC.  The 

conventional biological endpoint associated with MAP-K signaling is proliferation 

however MAP-K activity has also been linked to both pro- and anti- apoptotic signaling, 

although the evidence remains controversial.  Nevertheless, it is suggested that the 

decision to undergo apoptosis in response to DCA, may be determined collectively, 

between a balance of proliferation and stress associated pathways.  Another important 

observation from these studies is that DCA treatment leads to the activation of EGF-

receptor in a ligand-independent manner.  This was unexpected since DCA did not bear 

any resemblance to the endogenous growth factor, EGF.  These studies indicate that the 

activities of bile acids are initiated at the plasma membrane and also suggests the 

possibility that the activation is a result of membrane perturbations [54].  On a final note, 

other laboratories’ studies performed in hepatocytes have found that DCA induces 

proliferation of cells through MAP-K signaling, however, our laboratory has yet to make 

this observation [55, 56]. 

 It is well-established that DCA is hydrophobic and has tumor-promoting effects; 

whereas UDCA, a hydrophilic bile acid exhibits tumor-suppressing properties.  In 

addition to UDCA’s own chemopreventive effects, it has also been shown to counteract 

the effects of hydrophobic bile acids in in vitro and in vivo experiments.  UDCA 

interferes with the biochemical pathways that are activated by DCA.  For example, 

UDCA suppresses the following DCA-induced effects: AP-1 binding to DNA, activation 

of MAP kinases and EGFR, translocation (activation) of PKC, PARP cleavage and 
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caspase activation, and is also effective in suppressing DCA’s ability to induce apoptosis 

[57, 58].  Finally, of clinical significance is the finding that UDCA treatment results in a 

reduction of DCA available for conversion into secondary bile acids, therefore becomes 

the predominant bile acid in serum and bile by competitively inhibiting ileal absorption 

of toxic bile acids.  These observations support a dominant physiological role for UDCA, 

an important property for chronic use of UDCA as a chemopreventive agent [59]. 

 UDCA’s activities as a chemopreventive agent may only be partially explained by 

it’s suppression of physiological levels of cytotoxic bile acids and suppression of 

intracellular signaling induced by DCA.  Rather, the more predominant property 

associated with UDCA is its own powerful inhibition on cell proliferation [51].  Many 

studies have investigated the molecular mechanism involved in UDCA-induced growth 

suppression since understanding how UDCA suppresses proliferative signaling is 

important for developing strategies for chemoprevention.  The mechanisms that will be 

discussed here are restricted to pathways involved in growth arrest, differentiation, 

senescence. 

 UDCA’s anti-proliferative effect is an ideal chemopreventive property, as 

proliferation is essential for tumor promotion and progression.  Thus far, the hydrophilic 

nature of UDCA is implicated in its biological effects.  The differences in hydrophobicity 

between DCA and UDCA are likely responsible for the kinetics of how these bile acids 

interact with the membrane.  Similar to the use of other tumor promoters such as phorbol 

esters as models for developing studies to understand DCA’s biological effects; it was 
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also helpful to compare the properties of UDCA to other chemopreventive agents in order 

to understand UDCA’s molecular mechanism.[60, 61] 

 In contrast to DCA, UDCA is not cytotoxic and therefore cannot induce 

apoptosis.  UDCA can induce the growth arrest of colon cancer cells by halting cells in 

the G1 phase of the cell cycle.  This was later supported by the finding that the type of 

growth arrest induced by UDCA, can be further characterized as cellular senescence. 

Cellular senescence is a state in which the cell sustains viability, but does not replicate, 

and was assessed by β-galactosidase staining and changes in morphology.  From a 

clinical perspective, this type of growth arrest is ideal; the effects are not cytotoxic, cells 

are not killed, so there is no release of debris after cell death, but rather, UDCA causes 

cells to remain static, and as a result, tumor growth can be restricted [60]. 

 Recalling the cellular kinetics of the colonic crypts in the mucosal epithelium, as 

cells migrate up the crypt, they progressively lose the capacity to proliferate, and instead 

become terminally differentiated.  Thus it was plausible to suspect that UDCA’s anti-

proliferative effects could also be the result of an induction of differentiation.  Indeed, 

this was confirmed by assessing changes in morphology, increased cell size, cytokeratin 

remodeling and accumulation of lipid droplets.  A different chemopreventive agent, 

sodium butyrate, has also been shown to induce differentiation, so the utilization of 

differentiation as a chemopreventive strategy is conceivable [60]. 

 Some of the cellular endpoints that have been addressed are apoptosis and 

mitogenic signaling for DCA, and growth arrest, senescence and differentiation for 

UDCA.  Understanding which biological endpoints are associated with the different bile 
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acids is very important, however, it still does not explain the molecular mechanism.  

Therefore, it has been of interest in most recent years in our laboratory to identify the 

initiating effects.  As with all xenobiotics, endogenous molecules, growth factors, etc., 

the plasma membrane is the first barrier that bile acids meet in order to induce cellular 

effects.  Therefore, this and other data prompted us to begin narrowing down on the 

initiating events of bile acids, using the plasma membrane a starting point.    

Colonic cells and hepatocytes, both have been used for studying bile acids.  Many 

of the properties of bile acids, such as apoptosis and cell toxicity or growth arrest have 

been tested in both cells types (and others) yielding similar data, however some data is 

specific to the cell line.  The data collected from experiments using these two cell types 

would be more comparable, except for the fact that hepatocytes (liver cells) have specific 

transporters that uptake bile acids into the cell whereas colonic epithelial cells do not, a 

major confounding difference.  Therefore, even though some of the general effects of bile 

acids may be similar across cell types, the initial interactions with the cell may in fact be 

different [62, 63].  

An important experiment was to compare the uptake of bile acids in the two cell 

types.  The uptake of radiolabeled DCA and UDCA were significantly different in the 

HCT116 and HT29 , both colon cancer cell lines, in comparison to HEPG2 cells.  

Hepatocytes are equipped with bile acid transporters in the membrane, therefore it is not 

surprising that bile acids entered the cell at an increasing, steady rate, whereas the 

radiolabeled bile acids only entered the cell in small quantities in the colon cancer cell 

lines which do not have specific bile acid transporters.  Both the hydrophobic and 
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hydrophilic bile acids have similar uptake patterns, therefore, the membrane is a plausible 

target for both bile acids despite differences in physicochemical properties [64]. 

There are several lines of evidence that implicate the plasma membrane as a target 

for bile acid induced signaling.  First, bile acids are cholesterol derivatives and 

cholesterol is a major constituent of the membrane, so it is plausible that their structural 

similarities enable them to bind to or interact with the lipid bilayer.  In addition, 

hydrophobic bile acids specifically, can alter membrane composition.  For example, DCA 

treatment causes an increase in cholesterol content in the membrane, which leads to 

changes in membrane fluidity, a key property that sustains plasma membrane integrity 

[65, 66].  Lastly, several signaling molecules reside in the plasma membrane, hence, if 

the membrane undergoes changes in fluidity as a result of bile acid treatment, it can be 

predicted that many signaling pathways can become dysregulated [66]. 

Our laboratory has narrowed in on the plasma membrane as a starting point for 

investigating bile acids effects on intracellular signaling.  Thus, it is of interest that 

membrane microdomains, lipid-ordered compartments within the membrane, are 

recognized as platforms for organizing signal transduction molecules.  For this reason, 

our studies of bile acids have expanded to include understanding specific interactions 

between bile acids and membrane microdomains. 
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Plasma Membrane and Membrane Microdomains 

Membrane Biology 

All eukaryotic cells have a plasma membrane, a lipid bilayer that encloses the 

contents of the cytoplasm and protects the cell from free entry of extracellular molecules.  

The cell membrane is primarily comprised of phospholipids (glycerophospholipids), 

sphingolipids and sterols.  The former two are amphipathic molecules (one negatively-

charged polar end and one non-polar end) that self-organize into a molecular bilayer 

(Figure 10). Sterols, on the other hand, are not “true” amphipathic molecules since they 

are almost entirely non-polar, with only a single hydroxyl group attached to its four ring 

structure [44].  

Lipids are oriented to create a hydrophobic center, with their fatty acid chains or 

non-polar regions in the center and their phosphate group “heads” or polar regions facing 

the cytoplasm and extracellular environment.  The bilayer is also described as two 

monolayers, the inner and outer leaflets, of which the compositions of each leaflet are 

very different.  Sphingolipids are normally confined to the outer leaflet, whereas 

glycerophospholipids are restricted to the inner leaflet.  Cholesterol resides in both 

leaflets and has a high rate of flipping between them, one property that makes biological 

membranes particularly difficult to study [67].  

Lipid composition varies among different cell types, but collectively, their 

arrangements can create two types of phases, liquid-ordered and liquid-disordered phases.  

According to Singer and Nicolson’s “fluid mosaic model” the lipid bilayer is a 

heterogeneous mixture of proteins and lipids forming a fluid, liquid-disordered 
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environment where molecules can move laterally and rotationally within the two leaflets.  

Since its proposal in 1972,  the fluid mosaic model has been modified by the concept of 

the “lipid raft model” which states that liquid-ordered phases are dissolved within the 

liquid-disordered environment (or vice versa), thereby creating a two-component system 

with phase separations or domain formations.  Neither of these two models are viewed as 

complete or certain models, rather, most researchers agree on a convergence of both [68, 

69]. 

One of the most important biological molecules involved in maintaining the 

structural integrity of the membrane is cholesterol comprising 30-40 % of total membrane 

lipids.  It packs between the small gaps in the phospholipid bilayers where fluctuations in 

cholesterol levels alter the membrane’s rigidity, permeability, shape and size.  

Cholesterol levels are tightly regulated via de novo synthesis regardless of the exogenous 

influx of cholesterol in the diet.  Cholesterol not only has a major function in membrane 

stability, but is also the precursor molecule for the synthesis of steroid hormones and bile 

acids, mediators of a wide range of vital physiological functions and digestion of dietary 

fats, respectively [70]. 

The various functions of the plasma membrane are mediated by different 

molecular components.  The phospholipids and cholesterol pack together non-covalently, 

creating a selectively permeable barrier and environment with fluid lateral movement.  In 

addition to lipids, the cell membrane is also made up of carbohydrates (glycoproteins and 

glycolipids) and membrane proteins.  The sugar portions of glycoproteins or glycolipids 

always face the extracellular surface.  The sugar moiety on these molecules facilitates 
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cell-cell interactions and provides cell identity and antigenicity to mediate immune cell or 

blood group recognition, for example.   

The membrane proteins can be categorized into two types; integral membrane 

proteins are permanently attached to the plasma membrane, whereas extrinsic membrane 

proteins are weakly associated or temporarily attached to the plasma membrane.  

Furthermore, membrane proteins can be sub-categorized into transmembrane (membrane-

spanning) or peripheral (tethered to one side of the membrane, either extracellular or 

cytoplasmic) molecules.  Membrane proteins have a wide range of functions, they can : 

(1) form channels supporting transport of molecules in and out of the cell, (2) facilitate 

cell communication and cell signaling, and (3) provide adhesion of cells.  In summary, 

lipids provide structure and organization, glycoproteins or glycolipids provide 

antigenicity or mediate cell-cell interactions, and membrane proteins connect the 

extracellular environment to the inside of the cell [71]. 
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The study of the cellular membrane has been obscured by the limitations and 

issues of methodology and techniques used to isolate and study membranes.  The 

membrane, being a highly dynamic, complex structure, is in a constant and rapid state of 

change.  Properties of the lipid bilayer are highly dynamic and influenced by a variety of 

solvent properties such as salts, pH, ionic interactions, temperature and pressure.  

Molecules move laterally and rotationally, flip in and out between leaflets and 

interactions between molecules occur in microseconds to milliseconds.  Therefore, it has 

been extremely difficult to be in agreement on methods that preserve membrane 

organization during sample preparation [67].   

Advances in technology and increasing availability of sophisticated biophysical 

tools are beginning to resolve some of these issues.  However, doubts continue to persist 

due to the indirect methods of isolating and studying lipid rafts, leaving results open to 

alternative interpretations.  The complexity of the mixture of lipids and proteins that 

occur in biological membranes are hard to reproduce and their sensitivity to temperature, 

is particularly difficult.  Therefore, many argue that artificial, lab-synthesized model 

membrane systems, atomic force microscopy and near field scanning optical microscopy 

do not represent biological membranes correctly [72].  

Membrane Microdomains 

 Originally, the plasma membrane was thought to be continuous, liquid-disordered 

bilayer, with a uniform distribution of lipids and proteins that were free to move laterally.  

However, with the ever-changing improvements in technology and membrane 

techniques, valid arguments began to emerge that this was not the case.  Evidence 
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suggested that the plasma membrane is not simply a flat surface but instead is scattered 

with pits and indentations.  Further, cholesterol and sphingolipids in the outer leaflet of 

the plasma membrane are not evenly distributed but instead are clustered into liquid-

ordered domains or lipid rafts that float within a continuous liquid-disordered bilayer [72-

74] (Figure 11). 
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Figure 11.  Lipid Rafts and Caveolae Membrane Microdomains 

A. 

 

 

B. 

 

 

 

 

 

 

 

 

* adapted from Alberts, et al. The Molecular Biology of the Cell, 2003 
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Lipid Rafts  

Lipid rafts are small, flat microdomains in the membrane that are formed due to 

the association of sphingolipids and cholesterol.  Ceramide, the hydrophobic backbone of 

sphingolipids, is synthesized in the Endoplasmic Reticulum along with cholesterol.  They 

traffic to the Golgi complex where they combine to assemble lipid rafts, and once 

formed, the rafts move forward and fuse with the plasma membrane.  It is hypothesized 

that the size of rafts is small to keep signaling molecules that reside within rafts in an 

“off” state.  Under appropriate conditions, the small lipid rafts move laterally and cluster 

together to form larger rafts, where the signaling molecules come together and are likely 

to interact.  Thus, facilitating the lipid raft’s role in regulating signal transduction [75].  

Lipid rafts are gaining attention for being signaling “hot spots”.  The concept that 

the raft was a platform for signaling was supported by the finding that some 

transmembrane proteins were found to preferentially partition into liquid-ordered 

domains according to physical properties imparted by post-translational modifications 

such as the addition of acyl groups and linkage to glycosylphophatidylinositol (GPI).  In 

addition to clustering laterally, lipid rafts in the outer leaflet connect to lipid domains in 

the inner leaflet.  Therefore, under appropriate signals, ligand binding, for example, the 

inner and outer leaflets align, bringing together signaling components in the outer leaflet 

to those in the inner leaflet.  Changes in the properties of lipid rafts, due to alterations in 

cholesterol, for example, may disrupt the regulation of signal transduction [73].  

Besides its’ lipid constituents, lipid rafts are also highly enriched in the protein 

Reggie or Flotillin.  I will refer to them as the latter since it is more physiologically 
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relevant to my studies.  Flotillins are considered classic raft proteins, often used as 

markers for lipid rafts.  The Flotillins are 42 kD proteins that belong to the SPFH 

(Stomatin/Prohibitin/Flotillin/HflK/C) group of proteins for sequence and structural 

similarities.  Flotillins are not transmembrane proteins; they form a hairpin-like structure 

through a central hydrophobic domain and their N- and C- termini are both cytosolic.  In 

addition, Flotillin-2 in particular (also known as Reggie-1) is irreversibly myristoylated, 

tethering the protein to the inner leaflet [76].  Lastly, in biological membranes they are 

found in stable clusters or oligimers facilitated by an oligimerization domain.  The 

functional importance of Flotillins in the membrane is unclear, however, it is 

hypothesized that the stable oligimers provide a scaffold for facilitating , regulating, and 

segregating protein attachments.  Flotillins and lipid rafts also play a role in trafficking of 

lipids, and are entry points for certain viruses [67, 77]. 

Caveolae 

The structural properties of Flotillins are strikingly similar to another lipid raft 

protein, Caveolin, the structural component and marker protein for a specialized type of 

lipid raft, caveolae. With the aid of electron microscopy, caveolae were first described as 

“little caves” and later “omega (Ω) – shaped” invaginations of the plasma membrane.  

Like lipid rafts, caveolae have similar phase properties mostly comprised of cholesterol, 

sphingomyelin and glycosphingolipids; however, also contain the Caveolin coat protein, 

which is a defining characteristic of this lipid raft.  Therefore, these domains can also be 

biochemically isolated based on their resistance to detergent solubilization and identified 

by the presence Caveolin [78].   
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Three members of the Caveolin family have been identified, Caveolin-1, 

Caveolin-2 and Caveolin-3, all of which are highly dependent on and bind to cholesterol.  

The interactions between Caveolin proteins and cholesterol is essential for the 

maintenance of caveolae.  This is best illustrated in cells treated with cholesterol-

depleting agents, which disrupts the caveolae structures leading to the loss of caveolae 

from the cell surface.  In addition, Caveolin and cholesterol levels are directly correlated 

with the abundance of caveolae, increased expression of both yields more identifiable 

structures at the membrane.  Lastly, cholesterol can activate the transcription of Caveolin, 

further illustrating their dependence on each other [79].   

Caveolin-1 and Caveolin-2 are co-expressed and co-localized in most cell types, 

whereas Caveolin-3 is exclusively expressed in muscle cells.  Since my studies do not 

involve muscle cells, I will refer heavily to the more commonly studied, Caveolin-1.  

Caveolin-1 but not Caveolin-2 is essential for the biogenesis of caveolae domains, 

therefore, in the absence of Caveolin-2 caveolae are still detectable.  On the contrary, if 

Caveolin-1 is down-regulated in a cell, caveolae do not form, and flat lipid rafts are the 

only source of liquid ordered domains in the plasma membrane.  Caveolin proteins have a 

single hydrophobic domain, both N- and C- termini are cytoplasmic and have several 

residues post-translationally attached to palmitoyl groups, thereby stabilizing attachment 

to the membrane.  Caveolins form homo- and hetero-oligimers through attachment of as 

many as 15 monomers to the oligimerization domain [80].   

Caveolae are extremely abundant in highly differentiated cell types, such as 

adipocytes, fibroblasts, endothelial, muscle, and epithelial cells.  Caveolins and Caveolae, 
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together, have functional roles in endocytosis (discussed in following section), 

transcytosis,  cholesterol homeostasis, and regulation of signal transduction.  The latter of 

which it has gained most attention for is based on the “caveolae signaling hypothesis”.  

This is a general model that describes that caveolae functions to compartmentalize 

signaling molecules, and thus organize signaling centers.  These functions are 

coordinated through the caveolin scaffolding domain (CSD) on the caveolin protein in 

which a wide variety of signaling molecules, including glycosyl phosphatidylinositol 

(GPI) - linked proteins, src-family tyrosine kinases, H-Ras, heterotrimeric G protein 

subunits, growth factor receptors, and endothelial nitric oxide synthase bind to the CSD 

which is expanded in Table 1 on page 72 [81].   

By compartmentalizing signaling molecules in the plasma membrane caveolae 

and Cav-1 function to negatively regulate signal transduction.  The role of Caveolin-

mediated regulation of the p42/44 MAP kinase cascade has been studied extensively.   

Cav-1 is reported to have negative regulation on this pathway facilitating inhibition of 

cellular proliferation.  This observation is supported by the following:       (1) Cav-1 is 

highly expressed in differentiated cells, (2) Cav-1 null mouse embryonic fibroblasts have 

increased proliferation rates and ERK1/2 hyperactivation and (3) many components of 

the Ras-MAPK signaling pathway, including EGFR, are recruited and compartmentalized 

within caveolae domains [82]. 

Detailed studies on the interactions between Cav-1 and EGFR provide insight on 

how this combination facilitates growth regulation.  The CSD (Figure 10) sequesters 

EGFR through interactions with a Caveolin binding motif found within the kinase 
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domain of EGFR (also detected in kinase domains of similar signaling molecules).  This 

interaction is shown to physically keep EGFR from the surface where it can be activated 

by ligands and also prevents its dimerization with other receptors, thus preventing 

activation.  In addition, this binding interaction has been shown that EGFR is held in a 

conformation that hinders the intrinsic kinase activity of EGFR.  These interactions are 

specific as shown by deletion experiments on both the CSD and Caveolin binding motif 

on EGFR [83-85]. 
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Lipid Rafts and Caveolae in Colorectal Cancer 

Bender, et al, initiated the first study investigating a role for Cav-1 in colon cancer 

leading to the conclusion it behaved like a tumor suppressor.  They found: (1) Cav-1 

mRNA and protein levels are very low in colon cancer derived cell lines and human 

colon tumors, (2) Re-expression of Cav-1 in colon cancer cell lines and subsequent 

injection into nude mice results in undetectable or smaller tumors (3) ex-tumor Cav-1 

levels were down-regulated, i.e. tumor formation resulted in selection of cells with lower 

expression levels of Cav-1 (even after Cav-1 had been transfected back in), and (4) drug-

resistant and metastatic colon cancer clones have lower levels of Cav-1 [86].   

Subsequent studies by Fine, Patlolla, and Kim contradicted the idea that Cav-1 

was a tumor suppressor by demonstrating Cav-1 expression was elevated in human colon 

tumors. Fine and coworkers found Cav-1 to be positively correlated in glandular regions 

of colonic adenocarcinomas compared to adenomas and normal surrounding tissue using 

immunohistochemistry [87].  Patlolla and coworkers also provide evidence that Cav-1 

expression is elevated in human colonic tumors, tumors derived from experimental rat 

models of colon carcinogenesis, and colon cancer derived cell lines [88].  It is of interest 

that the Patlolla studies contradict the findings in the Bender study, specifically, Bender 

showed the HT29 cell line does not express Cav-1, however, it is expressed in the HT29 

cells that Patlolla’s group use in their studies.  It is obvious that there are controversies on 

the agreement of Cav-1’s role in colorectal cancer, many unknowns remain due to 

conflicting reports, poor execution of studies, and poor study designs, leaving research in 

the field wide open for new investigations and approaches [89].  
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Techniques used to study Membrane Microdomains  

Acceptance of the existence of membrane microdomains and proteins that 

associate with them has been proven difficult.  With reference to the methods and 

techniques used to isolate them, some argue their existence is speculative.  The most 

widely used assay to isolate rafts and caveolae, and study their residents, is based on their 

biochemical properties: (1) resistance to solubilization by non-ionic detergents like 

Triton-X 100 at 4°C, (2) light buoyant density and  (3) enrichment of cholesterol and 

glycosphingolipids.  Typically, the assay involves the following steps: cell lysates are 

exposed to detergents, placed at the bottom of a density gradient (sugar, percoll) and 

subjected to centrifugation at 4° C.  This allows for detergent-resistant membranes, rafts 

and caveolae to float away (up) from the soluble/non-membrane material.  Organelles 

within the cell, for example, settle to fractions at the bottom of the centrifuge tube due to 

the higher protein : lipid content which results in a heavier density.  Following 

centrifugation, fractions are collected and the proteins within these fractions can be 

analyzed by SDS-PAGE and immunoblotting [90, 91].   

Some argue that the complex mixture of lipids and proteins will likely yield 

varying sensitivities to detergent.  Triton-X itself has been shown by some to be able to 

form liquid ordered regions in model membranes therefore confounding any results.  

Therefore, it can not be assumed that detergent resistance completely reflects whether a 

protein resides within a raft domain before Triton-X treatment, because some proteins are 

partially insoluble.  Moreover, detergent solubilization is the act of individual detergent 

molecules partitioning into the lipid bilayer until they induce the formation of holes.  
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Two problems are associated with this method: (1) after the holes are formed, its been 

shown that rows of lipids between the openings, can curl up on themselves and form 

micellular fragments, and (2) by inducing holes in the bilayer, the chances of mixing 

between the inner and outer leaflets, is high, which again, both confounding factors in 

interpreting the results [67].  

These inconsistencies have been resolved by modifying the technique to include 

extraction of lipid domains with a non-detergent/high-salt solution, such as hypertonic 

sodium carbonate buffer at pH 11, as described by Song, et al [90].  This is a gentler 

extraction method that will less likely mix elements of the bilayers together.  In addition, 

results from these assays are taken less literally; they are no longer considered direct 

indications of the association of proteins within membrane microdomains.  More often, 

these assays are used as preliminary steps to suggest  potential associations between the 

protein(s) of interest with raft domains, and other methods are required to confirm 

impending associations such as immunofluorescent microscopy or co-

immunoprecipitations, for example [91]. 

Another popular measure of studying membranes and rafts is through cholesterol 

depletion with methyl-β-cyclodextrin.  It is widely accepted that cholesterol maintains an 

essential role in maintaining the physical properties of the plasma membrane.  Therefore, 

altering levels, may not only effect liquid-ordered domains, but it is likely to have other 

more general effects on membrane permeability, for example.  Therefore, caution must 

be taken when examining such studies, as the results in question may be due to an 

indirect consequence of some other change mediated by the change in cholesterol. 
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 More sophisticated tools of study, just beginning to become available are through 

the use of electron microscopy, atomic force microscopy, immuno-gold techniques, laser 

confocal microscopy, fluorescence resonance energy transfer (FRET), bioluminescence 

energy transfer.  These techniques are less likely to cross-react with other proteins, and 

are provide more insight to the membrane domains [69].   

Clathrin Coated Pits 

 The third and final type of membrane microdomain that will only be discussed 

briefly here, but in full detail in the next section, is the Clathrin Coated Pit (CCP).  

Recognized for their role in receptor mediated-endocytosis, the distinguishing 

biochemical characteristic is the coat protein Clathrin.  Clathrin is recruited to the 

membrane and binds to phosphatidylinositol (4,5) biphosphate, PtdIns(4,5)P2 , the 

predominant phosphoinositide species in the membrane.  The entire clathrin-mediated 

endocytosis process is very complex, requiring the recruitment of several adaptor protein 

complexes and endocytic machinery.  The Clathrin proteins polymerize to form very 

unique lattice-like structures at the membrane which eventually curve to form a “pit”, bud 

completely from the membrane, and internalize as a vesicle enclosed by a network of 

clathrin proteins.   Once internalized, the clathrin coat is shed, and the vesicle continues 

through the highly regulated degradative pathway, as this is the major pathway for 

receptor internalization. 

 With regard to clathrin coated pits as a membrane microdomain, it is important to 

note that many components of the endocytic machinery, AP-2, amphiphysin, epsin, 

endophilin, dynamin, etc., interact selectively with the phospholipid PtdIns(4,5)P2.  In 
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addition, coated pits do not assemble randomly throughout the plasma membrane, rather 

they are spatially organized at “hot spots” attached to the cytoskeleton.  Lipid interactions 

are also shown to be important for the curvature and destabilization of the membrane, 

both necessary for fission of the vesicle from the membrane [92].  
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Regulation of Receptor Tyrosine Kinases 

Receptor Activation 

The receptor tyrosine kinase (RTK) family of cell surface receptors are important 

mediators of cellular processes including proliferation, migration, differentiation, survival 

and adhesion.  In the case of EGFR, the polypeptide growth factor, EGF, binds to the 

extracellular domain of EGFR.  This causes receptors to form dimers with other EGF-

receptors (homo-dimerization) or members from the same family (hetero-dimerization).  

The close proximity of two receptors yields receptor complexes resulting in trans- and 

auto-phosphorylation events on tyrosine residues.  The activated state of the receptor is 

important for the binding of intracellular modulators to receive and then transmit the 

message through the phosphorylation (transfer of phosphate from  ATP to tyrosine 

residues) of the next downstream effectors (Figure 13).  The end result is the propagation 

of the signal to the nucleus where gene transcription is induced [93]. 

 The importance of signal transduction is that it mediates communication from the 

extracellular environment and can react to physiological conditions.  Activation of 

signaling pathways is equally important to its deactivation, thus regulation of signaling 

pathways is essential for orderly control of cellular processes.  Consequences of a 

constitutively active pathway leads to the persistent propagation of the signal.  This 

results in the overexpression of cellular oncogenes which over time can confer growth 

advantages, an important trait acquired by transformed cells.  Therefore, receptor-

mediated endocytosis, the act of removing a receptor from the membrane and 
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internalizing it for degradation, is important for the termination of signals transduced by 

receptor tyrosine kinases [94]. 

The role of EGFR in colorectal cancer is similar to its role in other cancers; it is often 

over-expressed or mutated to be constitutively active.  In fact, EGFR is overexpressed in 

25-77% of colorectal cancers, therefore, it is clearly an important target for developing 

new therapeutics [95].  In addition, the studies from our laboratory have identified the 

MAP-K signaling pathway as a target for bile acid induced intracellular signaling [54], 

exhibiting additional relevance.  However, in my studies, EGFR’s role in colorectal 

cancer is not the focus.  Rather EGFR and the MAP-K signaling pathway are used as a 

model for my experiments, to test changes induced by UDCA.  Since UDCA has been 

established as a suppressor of cell proliferation, and EGFR-MAP-K signaling is 

important for proliferation, it was an appropriate choice to use in my studies.  Yet, it is 

likely that the effects of bile acids are pleiotropic, also effecting other receptor tyrosine 

kinases and altering other signaling pathways as well.  Therefore, the significance of 

EGFR and MAP-K signaling in my studies are their use as a model. 
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Figure 13. Mitogen-Activated Protein Kinase Signaling Cascade 
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Receptor Downregulation  

 The EGF-receptor plays an essential role in cellular proliferation.  Receptor 

down-regulation is a key mechanism to regulate intracellular signaling.  In the case of 

EGFR, exposure to EGF leads to activation of intrinsic kinase activity, receptor 

dimerization and clustering; which together create a strong stimulus to transmit into the 

cell.  In response to activation, EGFR induces its own negative feedback mechanism that 

entails recruitment of c-Cbl ubiquitin ligase to the membrane, receptor internalization and 

targeting the activated receptor for lysosomal degradation or recycling.  The duration and 

intensity of EGFR signaling, therefore, is a function of internalization and recycling rates 

of receptors.  The mechanisms utilized by cells to down-regulate receptor mediated 

signaling are the canonical Clathrin-Dependent Endocytosis (CDE) and the more recently 

recognized, Clathrin-Independent Endocytosis (CIE) also known as caveolae-mediated 

endocytosis (Figure 14).  The latter of which is more directly important to my studies [96, 

97]. 
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Figure 14.  Schematic of Receptor-Mediated Endocytosis 
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Clathrin-Mediated Endocytosis 

 The most commonly recognized route for receptor-mediated endocytosis is 

through Clathrin Coated Pits (CCPs) which also have a regulatory role in the continuous 

uptake of nutrients such as low density lipoprotein (LDL) and iron-loaded transferrin.  

CCPs are formed through the assembly of a coat of clathrin proteins initiated by different 

signals, in this case, the binding of EGF.  Several adaptor protein complexes involved in 

CCP internalization are also recruited to the membrane.  Various internalization signals 

cause CCPs invaginate and pinch off from the membrane and form endocytic vesicles 

that carry the ligand:receptor complexes into the cell [92, 94]. 

 EGF binding to EGFR, in particular, results in phosphorylation at tyrosine residue 

1045 which becomes the binding site for c-casitas B-lineage lymphoma (c-Cbl) ubiquitin 

ligase.  The role of this ligase is to attach ubiquitin monomers to the receptor, of which 

poly-ubiquitinylation is a strong signal for internalization, and mono-ubiquitinylation, is 

weak.  Nevertheless, ubiquitin acts as an additional signal for internalization and 

subsequent degradation [98]. 

 Released Clathrin Coated Vesicles (CCVs) shed their clathrin coats, and fuse with 

other early endosomes.  Two types of early endosomes exist in the cytosol, one that 

rapidly fuses with late endosomes, and another population that matures much more 

slowly.  Early endosomes are identified biochemically by the presence of  marker 

proteins such as early endosome antigen 1 (EEA1) or the GTPases Rab4 and Rab5.  The 

internalized vesicles travel along microtubules until they fuse with the sorting endosome 

which has an internal pH of 6, facilitating the dissociation of ligand complexes.  In the 
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sorting endosome, a complicated process ensues (of which some details remain unclear) 

and the internalized cargo is sorted into one of three possible destinations: the recycling 

compartment which targets it back to the plasma membrane, the late endosome, the next 

step in the degradative process, or can remain in the endosome, for further signaling [94]. 

 In the sorting endosome, most recycled molecules are efficiently recognized and 

rapidly (within 4 minutes) transported back to the plasma membrane, on the basis of the 

presence or absence of targeting information on the molecule.  Endosomes carrying 

specific targeting information for degradation begin replacing early endosome GTPases 

with different GTPases, Rab7 and Rab9, as the vesicle matures into a late endosome.  At 

this point, proteins can still recycle through a perinuclear, slow recycling compartment 

which takes 10 to 20 minutes to complete.  Vesicles that have matured into late 

endosomes merge together to form multivesicular bodies (MVBs) which eventually 

mature into late endosomes or fuse with other late endosomes.  Late endosomes in turn 

mature into lysosomes filled with hydrolytic enzymes to digest the contents of the 

vesicles.  The optimal pH for the activity of these enzymes, is a pH of 5 which is 

maintained by H+ pumps in the membrane of lysosomes.  The lysosome provides the cell 

a means of digestion of proteins by hydrolytic enzymes, without harming any other 

cellular constituents.  After degradation, the contents of lysosomes fuse with phagosomes 

to release contents and begin export out of the cell [92, 99].   
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Caveolar Endocytosis 

The most conventional method of entry  into the cell for the down-regulation of receptor 

tyrosine kinases has been for the longest time, receptor-mediated endocytosis through 

CCPs.  However, it is well-established that the cell has multiple pathways for the entry of 

endogenous molecules (nutrients, solutes, waste products) including clathrin-independent 

endocytosis, caveolin-mediated endocytosis and phagocytosis.  In fact, other scientific 

fields have developed knowledge that viruses like Simian Virus 40 (SV40), specifically 

use caveolae microdomains for infectious entry into the cell.  This was one of the first 

observations that led researchers to investigate alternative pathways of receptor-mediated 

endocytosis and receptor down-regulation [100]. 

 CCPs and caveolae share residence in the plasma membrane, are both pits and 

indentations of the membrane and their biogenesis is largely dependent on a coat protein, 

clathrin and caveolin, respectively.  Clathrin-mediated endocytosis has been investigated 

extensively for its role in receptor down-regulation, however, recent studies have shed 

light on the possibility of caveolae being an alternative and parallel pathway for the 

uptake of membrane-bound receptors and subsequent down-regulation.  Details regarding 

the endocytosis of caveolae has been made possible by the studies of  SV40.  Whether the 

exact same events are essential for internalization of receptors, it is still unclear [101]. 

 The virus specifically targets caveolae for uptake into the cell.  After binding to 

the membrane via MHC class I antigens the virus particles become engulfed by caveolae 

and after only 20 minutes, the caveolae pinch off and move into the cytosol as a caveolin-

covered vesicle.  It has been suggested that this step requires a series of phosphorylation 
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events by unknown kinases and yet to be determined substrates, but results in 

depolymerization of actin and the subsequent recruitment of actin proteins to the 

caveolae.  The GTPase dynamin which plays an essential role in the fission of a budding, 

clathrin-coated vesicle is transiently recruited to the caveolae,  having the same role in 

closure and budding of the caveolar vesicle into the cytosol.  This is followed by the 

disappearance of phosphotyrosines and actin proteins, and the cytoskeleton returns to its 

normal arrangement.  After release into the cytosol, the caveolin-coated vesicle, which 

some call the caveosome, travels along microtubules, to the nucleus for transfer of  the 

virus’ genetic information [101, 102]. 

 Despite the improvement in understanding caveolar endocytosis for pathogenic 

particles, it was still unclear whether caveolae could be an alternative mechanism to 

regulate receptor tyrosine kinases.  Beginning in 2001, researchers from various groups 

began reporting the possibility that indeed, there are two pathways for the endocytosis of 

receptors in the membrane: Clathrin Dependent Endocytosis (CDE) and Clathrin 

Independent Endocytosis (CIE) or caveolar/lipid raft endocytosis.  A number of 

important observations from these studies are discussed below. 

Guglielmo, et al. investigated alternative trafficking of a different receptor 

tyrosine kinase, Transforming Growth Factor or TGF-β receptor which is important for 

several functions in the cell including proliferation and differentiation.  They found that 

TGF-β receptor co-localizes equally between caveolae and clathrin coated pits and 

depending on the entry route, the fate of the internalized receptor is different [103].  
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In the CDE pathway, the newly formed vesicle forms the early endosome, and 

entrance of receptors into the early endosome appears to only occur through clathrin 

coated pits.  The early endosome diverges into two routes: the late endosome / lysosome 

degradative route, or rapid recycling back to the membrane.  In these studies, however, 

they found that the receptor containing-vesicles never fuse to the late endosome, but are 

found to co-localize in the recycling endosome.  This led them to conclude that 

compartmentalization of TGF-β receptors into clathrin coated pits leads to perpetual 

signaling after endocytosis [103]. 

In the CIE pathway, internalized caveolae become distinct caveolin-1-positive 

vesicles.  After internalization, the cav-1-positive vesicles containing TGF-β receptors 

are found in large, multivesicular bodies which occurs before fusion with the late 

endosome or lysosome for degradation.  To confirm that internalization through caveolae 

leads to receptor degradation, they blocked CIE by disrupting caveolae with the 

cholesterol-disrupting drug, Nystatin, a potent inhibitor of caveolar/lipid raft endocytosis.  

This treatment resulted in the stabilization of the receptor extending its half-life from 1.5 

to 4.5 hours.  This suggests that the CIE pathway is necessary for the rapid degradation of 

TGF-β, in contrast, when the CDE pathway was inhibited, the receptor turnover was 

unaffected.  These results implicate that compartmentalization into clathrin coated pits or 

caveolae/lipid rafts regulates TGF-β receptor signaling [103]. 

The finding that distinct endocytic routes can be utilized by membrane receptors 

for their degradation, led to questions concerning the dynamics of how or why a receptor 

partitions into one domain verses another.  Several possibilities have been proposed, one 
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of which is differential phosphorylation of the receptor at different residues leads to the 

recruitment of adaptors specific for one pathway or the other.  For example, CIE involves 

the recruitment of epsin and eps15 to the membrane, whereas CDE requires the presence 

of AP-2 and Clathrin.  Therefore, different phosphorylated sites may induce recruitment 

of different adaptors and different outcomes [104]. 

It has also been suggested that EGFR, in particular, partitions into one membrane 

domain or the other based on the extracellular levels of EGF and the subsequent 

ubiquitinylation status of the receptor.  Upon binding of EGF, the receptor is activated 

and a variety of tyrosine residues are phosphorylated.  Phosphorylation of different sites 

on the cytosolic domain provides binding sites for mediators of signal transduction.  In 

this context, phosphorylation at tyrosine 1045 becomes the docking site for c-Cbl 

ubiquitin ligase which attaches ubiquitin monomers to the receptor, which serves as a tag 

for the receptor to be internalized and targeted for degradation [105].  Moreover, a study 

conducted by Sigismund et al., found that the state of receptor ubiquitinylation is 

dependent on the concentration of EGF in the environment.  They show when Hela cells 

are treated with low levels of EGF, EGFR does not become ubiquitinylated by c-Cbl 

ubiquitin ligase, and therefore,  EGFR is found mostly in CCPs.  In the presence of high 

levels of EGF (concentrations are still physiologically relevant) receptors are highly 

ubiquitinylated and rapidly found internalized by caveolae, thus leading to different 

pathways of endocytosis into the cell.  Their major conclusion is that ubiquitinylation is a 

powerful internalization signal specific for CIE pathway, which is important for 

understanding the results of my studies as well [106, 107]. 



 

 

95 

In summary caveolar endocytosis is a newly recognized pathway for the 

endocytosis of membrane receptors.  The information presented here shows that caveolae 

are capable of internalizing membrane receptors leading to lysosome-mediated down-

regulation and reduced receptor half life.  It has been shown that endocytosis of receptors 

through caveolae exclusively leads to rapid down-regulation of receptor activity, whereas 

if receptors internalize through other routes, the end result is recycling and prolonged 

signaling.  This compartmental control on signal transduction and the preferential 

partitioning of receptors to one domain or the other is thought to be regulated in part by 

recruitment of adaptors, EGF levels and ubiquitinylation status of the receptor, but other 

conditions may exist as well. 

At this stage, the information known about caveolar endocytosis as a pathway for 

receptor mediated endocytosis is limited.  The importance of the previously described 

studies warrant CIE as a valid pathway for membrane receptors to internalize and 

undergo degradation.  The conditions that lead to one outcome or the other remains 

uncertain, but it is possible and that is what is important for my studies. 
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Statement of the Problem 

Growth suppression induced by UDCA has been observed in various cell types 

and under variable conditions.  Animal model studies provide evidence that dietary 

supplementation of UDCA can inhibit carcinogen-induced tumor formation.  More 

importantly is that UDCA is safe for chronic use, as it does not have any serious adverse 

effects in humans.  UDCA fits all desirable attributes of a chemopreventive agent, 

however, it is not clear how it induces growth suppression.  The topic of my research is to 

understand the molecular mechanisms involved in UDCA-induced growth suppression.   

Currently our laboratory has identified the plasma membrane as a target for bile 

acid’s effects.  Specialized membrane microdomains in the membrane are particularly 

interesting for their role in regulating signal transduction pathways, which are known to 

be altered by bile acid treatments.  The goal of the present study was to determine the 

molecular events involved in UDCA-induced growth suppression by exploring the 

relationship between bile acids,  regulation of receptor tyrosine kinases and membrane 

microdomains as illustrated below.   

Figure 15.  Working Model of UDCA-induced Growth Suppression 
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Dissertation Aims 

The overall question of my research was to define the mechanism of UDCA- 

induced growth suppression.  My specific aims were to determine the following: (1) Is 

Caveolin-1 required for UDCA-induced growth suppression? (2) Does UDCA facilitate 

preferential mobilization into caveolae? and (3) Does UDCA enhance degradation to 

facilitate growth suppression? 
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MATERIALS AND METHODS 
 
 
HT29-Cav-1 Cells 
 

The stably transfected cell line HT29-cav-1, was provided by Dr. Emanuela 

Felley-Bosco (Institute of Biochemistry, University of Lausanne, Lausanne, Switzerland).  

Construction of the IPTG-inducible cell line is described previously [108]. 

 
C381A-c-Cbl mutant 
  

C381A-c-Cbl ring finger mutant in the expression vector pcDNA3 was a gift from 

Dr. Yosef Yarden (Department of Biological Regulation, Weizmann Institute of Science, 

Rehovot, Israel).  Generation of the plasmid is described previously [109]. 

 

Bile Acids and Antibodies 

DCA was obtained from Sigma (St. Louis, MO) and UDCA was obtained from 

Calbiochem (La Jolla, CA).  The bile acids were maintained in stock solutions of 

100mM, dissolved in double-distilled water and sterilized with syringe filter.  The 

Caveolin-1, c-CBL, EGFR, and Flotillin-2 antibodies were purchased from Santa Cruz 

Biotechnology (Santa Cruz, CA).  The Anti-MAP Kinase activated (diphosphorylated 

ERK-1 & 2) antibody was purchased from Sigma (St. Louis, MO).  The Ubiquitin and 

total ERK 1 & 2 antibodies were obtained from Upstate Biotechnology (Lake Placid, 

NY).  The Mannose-6-Phosphate Receptor antibody was purchased from Abcam 

(Cambridge, MA).  The fluorescent probes, Alexa Fluor 594 (red) and 488 (green) were 
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purchased from Molecular Probes (Eugene, OR).  Mouse and rabbit secondary antibodies 

were purchased from Kirkegaard & Perry Laboratories (Gaithersburg, MD).  

 

Cell Culture 

The HT-29 cell lines, derived from human colorectal adenocarcinoma and 

HCT116 cell lines, derived from human colorectal carcinoma were obtained from the 

American Tissue Type Culture Collection (Manassas, VA).  HOMUR (HCT116 odd 

morphology ursodeoxycholic acid resistant) cells were generated previously [110].   All 

cell lines were grown at 37ºC and in humidified, 5% CO2 incubators.  Cells were 

maintained in Dulbeccos modified Eagle’s medium (DMEM) (Gibco BRL, Gaithersburg, 

MD) supplemented with 10% (v/v) fetal bovine complex (Gemini Bioproducts, 

Sacramento, CA.), 4 mM sodium pyruvate, 100 units/ml penicillin/streptomycin, and 100 

µM non-essential amino acids.  HOMUR cells were maintained in 250 µM UDCA. 

 

Ectopic Expression of Caveolin-1 

Optimal induction of Caveolin-1 in the HT-29-cav-1 cells was accomplished by 

incubating cells with 1 mM IPTG for a minimum of 24 hours.  IPTG was replaced at least 

every 48 hours. 

 

Bile Acid Treatments 

 Cells were incubated with or without 250 µM DCA or UDCA overnight (16h). 
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Analysis of Proliferation - Growth Curves 

Primary cultures of HT29 and HT29-cav-1 cells were seeded in 60 mm dishes at a 

density of 50,000 cells/dish in media containing 250 µM UDCA at day 0.  Cell number 

was counted with the Bright Line Counting Chamber (Hausser Scientific, PA) after 1, 2, 

3, 4, and 5 days of incubation at 37ºC.  IPTG and UDCA were replaced twice during the 

five day interval.  Each point represents the total number of cells per plate expressed as a 

percentage of initial (day 1) cell count.  The experiment was performed in triplicate and 

repeated twice. 

 

Lysate Preparation 

Total cell lysate was obtained by lysis in RIPA buffer (150mM NaCl, 50mM Tris 

base, pH 7.2, 1% deoxycholic acid, 1% Triton-X 100, 0.1% SDS, 0.5% aprotinin, 12.5 

µg/ml leupeptin, 1mM sodium vanadate).  For crude membrane extractions, cells were 

homogenized in 1ml homogenization buffer (10 mM Tris-HCl, 1mM EDTA, 200 mM 

sucrose, 1mM PMSF) with 30 strokes using a baby dounce homogenizer.  Nuclei and cell 

debris were removed by centrifugation at 900 x g for 10 minutes at 4°C.  Resulting 

supernatant was centrifuged at 110,000 x g for 75 minutes at 4°C in SW40 rotor.  The  

membrane pellet was solubilized in buffer (10 mM Tris-HCl, 1 mM EDTA, 0.5% Triton-

X 100, 1 mM PMSF) for 1 hour at 4°C ; insoluble material was removed by 

centrifugation at 14,000 x g for 10 minutes at 4°C , and solubilized membrane samples 

were isolated.  Protein concentration for lysates were measured with the Biorad Protein 

Assay. 
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Immunoblotting 

Aliquots of proteins samples were denatured by boiling for 5 minutes and 

subjected to SDS-polyacrylamide gel electrophoresis in 7.5% gels for high molecular 

weight proteins such as EGFR, and 10% gels for low molecular weight proteins such as 

Caveolin-1.  After overnight, low voltage separation, proteins were transferred to 

Immobilon-PVDF membrane, (Millipore, Billerica, Massachusetts) blocked with 5% 

blocking buffer (BioRad) and probed with respective primary and secondary antibodies, 

for 24 hours at 4°C and 1 hour at room temperature, respectively.  Bound antibody was 

visualized using SuperSignal West Luminal Enhancer Kit (Pierce Biotechnology, 

Rockford, IL) and exposure to X-ray film.    

 

Immunoprecipitation  

Normalized cell lysates were subjected to anti-receptor antibody (pre-coupled to 

goat-anti-rabbit immunoglobulin G) on ice for 1.5 hours and then to Protein A Agarose 

beads (Invitrogen, Carlsbad, CA) at 4o C with rotation for 2 h.  Precipitation of agarose 

beads was accomplished by centrifugation at 1000 rpm for 1 minute in a table-top 

centrifuge.  Supernatant and immunoprecipitates were washed three times with RIPA 

buffer, supernatant was removed with a 20 ml syringe and 18 gauge needle as to not 

disturb the beads after each wash.  After final wash, immunoprecipitates were subjected 

to immunoblotting. 
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Stripping and Re-Probing of Immunoblots 

For stripping of western blots, membranes were washed twice in T-TBS, followed 

by incubation in Restore Western Blot Stripping Buffer (Pierce Biotechnology) as 

described in manufacturer’s instructions.  After incubation in stripping buffer, blots were 

washed twice in T-TBS, and re-probed with primary and secondary antibodies.  Bands 

were visualized as described in immunoblotting section.  

 

Purification of Caveolin-enriched Membrane Fractions 

Total cell membranes were purified according to the method of Song et al. [90] 

with some modifications.  Briefly, cells were cultivated in 10 cm dishes, washed twice 

with PBS and scraped into 2 mls of 500 mM sodium carbonate (ph 11.0).  The cell 

suspensions were homogenized on ice with loose-fitting Dounce Homogenizer (10 

strokes), and subjected to sonication using an ultrasonicator (three 10 second bursts).  

The homogenate was adjusted to 45% sucrose by adding an equal volume of 90% sucrose 

prepared in MBS (25 mM MES, pH 6.5, 150 mM NaCl) and placed at the bottom of 

ultraclear centrifuge tubes (Beckman Instruments, Palo Alto, CA).  A 5-35% 

discontinuous sucrose gradient was formed above, by careful layering of equal volumes 

of 35% and 5% sucrose over the cell homogenate layer.  The gradients were centrifuged 

to equilibrium by centrifugation at 160,000 x g for 18 hours in a SW41 rotor at 4ºC.  

Twelve 1 ml fractions were collected from top to bottom, stored, and later separated by 

SDS-PAGE, and analyzed by immunoblotting as described above. 



 

 

103 

Immunofluorescence 

Cells were seeded on coverslips in 12 well dishes and grown to 60% confluence.  

Cells were washed with PBS and incubated in serum-free media or serum-free media 

containing 250 µM DCA or UDCA for 18 hours.  Cells were pre-treated with 20 ng/ml 

EGF for 20 minutes at 37°C and then fixed for 30 minutes in 4% Para-formaldehyde in 

PBS at room temperature.  Cells were washed twice with cold PBS and permeabilized 

with 0.2% Triton X-100 for 10 minutes.  This was followed with 3 washes with PBS and 

2 washes with the blocking reagent, 5% BSA in PBS.  Coverslips were then incubated for 

1 hour with primary antibodies (dilutions ranged from 1:100 to 1: 500) at 32°C.  

Subsequently the cells were washed 3 times with PBS and twice with 5% BSA followed 

by incubation with fluorescent-conjugated secondary antibodies at room temperature for 

1 hour.  After incubation, cells were washed with cold PBS, incubated with DAPI for 2 

minutes, and washed 2 more times with PBS.  Finally coverslips were mounted with 

VECTASHIELD® Mounting Medium (Vector Laboratories, Burlingame, CA) and 

observed using a NIKON inverted or confocal microscope and Metamorph software. 

 

Cell Surface Labeling of EGFR 

HT-29 and HT-29-cav-1 cells were grown to 80% confluence and treated with 

250 µM DCA or UDCA overnight.  Surface proteins were biotinylated and isolated with 

the use of a commercially available kit (Cell Surface Labeling Accessory Pack, Pierce 

Biotechnology) according to the manufacturer’s instructions.  Surface-biotinylated EGFR 

was isolated by immunoprecipitation with anti-EGFR antibody.  Proteins were separated 
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by SDS-PAGE and immunoblotted for horseradish-peroxidase labeled streptavidin 

antibody.  Bands were visualized using SuperSignal West Luminal Enhancer Kit (Pierce 

Biotechnology) and exposed to x-Ray film.   

 

Detection of Phosphorylated ERK 1/2 

Cells were grown in 10 cm dishes until 70% confluency was reached.  Cells were 

washed and medium was replaced with serum-free media for 18 hours, and subsequently 

treated with 250 µM bile acids overnight.  Following overnight incubation, cells were 

pre-treated with EGF (BD Biosciences, San Jose, CA) at indicated concentrations and 

activity was immediately stopped after 15 minute treatment by placing plates on ice.  

Cells were then washed with ice cold PBS, harvested and lysed with RIPA buffer as 

described above with the addition of 1mM phenylmethylsulfonyl fluoride, 100 µM 

sodium orthovanadate, and protease mixture inhibitors (Sigma).  Protein concentrations 

were determined, and 150 µg protein loaded onto a 10% polyacrylamide gel.  

Immunoblot protocol was followed as described previously and antibodies were used to 

detect phosphorylated ERK1/2 and total ERK1/2.  

 

Pulse Chase Analysis 

Cells were grown to 70% confluence and treated with or without 250 µM DCA or 

UDCA overnight.  Cells were washed twice with pre-warmed PBS, and incubated in L-

Cysteine and L-Methionine-free DMEM (Invitrogen) supplemented with 5% dialyzed 

fetal bovine serum for 1 hour.  Cells were labeled with 150 µCi/ml L-[35S]methionine 
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(PerkinElmer, Waltham, MA) for 2 hours, washed 3 times in pre-warmed phosphate 

buffered saline, and chased in complete DMEM medium containing 2 mM (unlabeled) L-

Methionine and L-Cysteine, and 30 µg/ml cyclohexamide (Sigma) for 0.5, 1, 1.5, and 3 h.  

Cells were lysed in radioimmune precipitation buffer (150 mM NaCl, 50 mM Tris base, 

pH 7.2, 1% deoxycholic acid, 1% Triton X-100, 0.1% SDS, 0.5% aprotinin, 12.5 µg/ml 

leupeptin, 1mM sodium vanadate).  Cell lysates were standardized to radioactivity using 

the TCA precipitation method and immunoprecipitated with anti-EGFR antibody, 

resolved by 7.5% SDS-PAGE.  Gels were fixed, dried and autoradiographed to detect 

[35S]methionine-labeled protein bands.  For quantitation of EGFR bands, densities of the 

bands were scanned with Molecular Dynamics PhosphorImager and quantified with 

Image Quant software. 

 

Stable Transfection of Expression Vector and siRNA Transfection 

pcDNA3-HA-c-cbl and a pCMV-Tag2 empty vector were simultaneously 

transformed and subsequently transfected into HT-29-cav-1 cells using LipoTAXI 

Mammalian transfection kit (Stratagene, La Jolla, CA) according to manufacturer’s 

instruction manual.  Stably transfected clones were selected in the presence of 600 µg/ml 

G418, and individual clones were sub-cultured.  For siRNA knockdown experiments, 

HT29-cav-1 cells were grown in antibiotics-free DMEM medium supplemented with 5% 

FBS to be 70% confluent.  Cells were transfected with the human cbl siRNA pool 

(M003003-01, Dharmacon, Lafayette, CO), either of two cbl siRNAs (D-003003-05 or 

D-003003-06, Dharmacon) or negative control siControl RISC free siRNA and siControl 
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Non-targeting siRNA#2 (Dharmacon).   The DharmaFECT4 transfection reagent was 

used for siRNA transfection according to manufacturer’s instructions (Dharmacon,).  The 

final siRNA concentration was 20 nM for each transfection. 

 

Analysis of Proliferation – MTT Assay 

A confluent dish of cells was washed with PBS, trypsinized and counted with a 

Bright Line Counting Chamber.  Cells were seeded at 2 X 103 cells/well in a 96 well 

tissue culture plate.  After cells were incubated overnight at 37ºC, media was replaced 

with fresh media, and cells were either left untreated or treated with 250µM UDCA 

overnight (or 18 hours).  On the day the assay was performed, MTT solution was made in 

PBS (5mg/ml), filtered through 0.25 sterile syringe filter and 10 µl was added to each 

well for the last 4 hours of the incubation period.  After this time period, spent media was 

taken out (with syringe) and replaced with 200 µl of DMSO, followed by pipetting up 

and down to dissolve crystals.  Plate was left at room temperature for 5 minutes, 

transferred to a spectrophotometer plate reader, and absorbance read at 540 nm.  

Proliferation was calculated as cell growth expressed as a percent of control. 

 

Morphological Apoptosis Assay 

 HCT116 cells were plated at a density of 100,000 cells onto 60 mm tissue culture 

dishes.  Cells were allowed to attach overnight and then treated with or without 250 µM 

DCA and UDCA for 16 hours.  Day of experiment, media was removed and placed into 

conical tubes, cells were then rinsed in PBS, trypsinized and re-suspended in collected 



 

 

107 

media.  Tubes were centrifuged at 15,000 rpm for 5 minutes, approximately 1ml of media 

was left,  and cells were re-suspended by pipetting up and down.  10 µL of cell/media 

mixture were pipetted onto glass microscope slide, then 2 µL of a mixture of 100 µg/ml 

ethidium bromide and acridine orange was added and mixed with cells on the slide.  Slide 

was viewed with a microscope under UV light, and cells were counted as either viable or 

apoptotic.  Apoptotic cells were assessed morphologically by the condensation and 

fragmentation of nuclei and the acquisition of a red/orange color, due to the diffusion of 

ethidium bromide into the cell as a result of increased membrane permeability. 

 

Soft Agar-Colony Forming Assays 

 1.2% solution of low melting point (LMP) agarose was autoclaved and cooled.  

On day of plating, LMP agarose was re-melted briefly in a microwave.   Once cooled 

slightly, a 1:1 mixture of LMP agarose and DMEM medium was poured into each well of 

a 6-well plate to create the basal layer.  As the basal layer solidified, cells to be tested for 

anchorage independent growth are trypsinized and counted, then added to a separate 1:1 

mixture of agarose and media, resulting in the plating of 5,000 cells per well.  The top 

layer was allowed to solidify at room temperature for 15 to 30 minutes, then plates were 

transferred to cell culture incubators.  The next day, 1 ml of media was added to each 

well, and re-fed every 3 to 4 days.  Cells were allowed to grow for as many as 2 to 4 

weeks.  On day of counting, cells were stained with methylene blue dye, and then 

colonies were counted.        
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RESULTS 

Optimization of Cell Model System 

 In order to investigate whether cav-1 is required for UDCA-induced 

growth suppression, utilization of a cell model system where the expression levels of cav-

1 could be manipulated was ideal.  The studies presented here utilize HT29 colon-cancer 

derived cells that endogenously do not express cav-1 [86], and HT29 cells stably 

transfected with an IPTG (isopropyl-beta-d-thiogalactopyranoside) inducible cav-1 gene, 

which from here on out I will refer them as “HT29-cav-1 cells”.  I chose this system to 

test the effects of bile acids in the presence and absence of cav-1 because it allowed me to 

compare two isogenic cell lines.  Therefore, eliminating the possibility of differences in 

genetic background as confounding factors. 

 Before beginning any experiments, the cell model system had to be optimized.  I 

established my own criteria for optimal expression levels of the protein in order to 

standardize the experimental protocol.  The first step was to determine the dose of IPTG 

that would yield the most cav-1 expression.  Fig. 16A shows the dose response to IPTG 

in mock transfected and transfected cells.  There is no expression of cav-1 in the mock-

transfected cells after treatment, indicating the inducer IPTG is specific for the cells 

transfected with the cav-1 gene.  The two concentrations that yielded optimal expression 

were 0.1 and 1 mM, either of which would be suitable concentrations for gene induction, 

however the latter was chosen for the standard dose since this dose has been utilized by 

others who have also used these cells [108]. 
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 Once optimal dosage was determined, I determined the amount of time it takes for 

optimal expression to occur.  In these experiments, I plated the HT29-cav-1 cells for 48 

hours before adding the 1mM treatment of IPTG.  After 3, 6, 12, 16 and 24 hour 

timepoints, I collected cell lysates, and immunoblotted for cav-1. Figure 16A shows that 

cav-1 expression occurs in a time-dependent manner, becoming detectable after 12 hours 

of treatment and the amount of protein doubles after an additional 12 hour exposure.  I 

chose the 24 hour time course for induction of gene expression since it yielded the most 

protein expression among the time points that I tested.  

 After determining the standard dose and time for optimal expression of cav-1, the 

last step in optimization was to determine whether the exogenous cav-1 is correctly 

targeted to the plasma membrane.  Figure 16B shows the levels of cav-1 found in the 

membrane are only slightly less than the total levels of cav-1 protein measured in the 

whole cell lysates, therefore, confirming that the majority of cav-1 is correctly localized 

to the plasma membrane.  This experiment revealed a flaw in the system; the plasmid has 

leaky expression, demonstrated by slight expression in non-treated HT29-cav-1 cells.  

For this reason, HT29 parental cells were used for cav-1 null cells, and not un-treated 

controls.  Lastly, during the membrane extraction experiments, I decided to test whether 

the bile acid treatments had any effect on the induction of cav-1 expression.  Importantly, 

these tests confirmed that the bile acids did not have any impact on the expression levels 

induced by IPTG treatments.  This series of optimizing experiments provided preliminary 

evidence that demonstrates the system is functioning properly providing me with 

confidence in collecting data for my studies. 
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A. 

 

B. 

 

 

Figure 16.  Optimization of Model System 

(A) Mock-transfected HT29 cells and HT29-cav-1 cells were tested for optimal 
expression conditions.  The concentration of 1mM IPTG was chosen to determine an 
incubation period that would provide desirable cav-1 expression levels, which occurred at 
24 hrs.  (B) HT29-cav-1 cells were treated with or without 1mM IPTG for 24 hours, then 
treated with or without 250 µM DCA or UDCA overnight.  Crude membrane extracts 
were obtained from lysates and immunoblotted for cav-1.  Most of the cav-1 proteins 
were correctly localized in membrane extracts.  Cells that were not induced with IPTG 
had slight expression of cav-1 indicating the plasmid has leaky expression. 
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Relationship between Bile Acids, Caveolin-1 and Mitogenic Signaling 

Introduction 

The plasma membrane is a liquid-disordered mixture of lipids and proteins 

organized into a bilayer that provides a selective barrier for the cell.  Within the 

membrane are separate microdomains that are enriched in cholesterol and sphingolipids, 

and have received recent interest for their ability to concentrate signaling molecules.  In 

contrast to the fluid lateral movement of molecules in the membrane, lipids and proteins 

in microdomains are in a liquid-ordered state due to the tight packing of cholesterol 

[111].  These properties facilitate recruitment and organization of signaling molecules 

into “preassembled signaling complexes”.  

Membrane microdomains are scattered throughout the membrane and either take 

the shape of flat “lipid rafts” or omega-shaped invaginations called “caveolae”.  It has 

been reported that signal transduction pathways including those involved in cell 

proliferation are regulated (at least in part) through caveolae.  Caveolae are distinguished 

by the presence of Caveolin-1 (cav-1) proteins which are essential for caveolae formation 

as they provide structural support and drive caveolar biogenesis [112].  In addition to 

binding cholesterol, cav-1 mediates the negative regulatory function of caveolae by 

binding to and sequestering signaling molecules via a cytoplasmic caveolin scaffolding 

domain (CSD) [75, 83]. 

Bile acids exhibit distinct biological effects based on their physicochemical 

structure [51].  Due to differences in hydrophobicity, DCA and UDCA interact with the 

membrane in different ways [50, 64].  For example, DCA has been shown to alter 
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cholesterol levels in the plasma membrane, leading to changes in membrane fluidity and 

disruption of membrane microdomains [65].  These alterations displace cav-1 from the 

membrane and I believe this prevents cav-1 from mediating negative inhibition of 

signaling molecules like EGFR; hence, if receptors are not bound to cav-1, then they are 

available for activation.  This is consistent with the findings of Mineo, et al., which show 

that under normal conditions EGFR is highly enriched in caveolae domains, and thirty 

seconds after stimulation with EGF, Raf-1 is specifically recruited to caveolae 

membranes.  Expression of a constitutively activated H-Ras causes Raf-1 membrane 

recruitment to occur independent of EGF stimulation.  Therefore, if cav-1 is displaced 

from the membrane by DCA, then perhaps mediators like Raf-1 are recruited in the 

membrane in the absence of EGF stimulation [81, 113].  This could explain DCA’s 

ligand-independent activation of EGFR and stimulation of mitogenic signaling.  In 

summary, I hypothesize that DCA-induced perturbations of the membrane reverse cav-

1’s inhibitory interactions with signaling molecules. 

In contrast to DCA, UDCA is considered more hydrophilic, and non-cytotoxic to 

cells.  Studies have shown that UDCA does not disrupt the membrane or alter cholesterol 

levels, but rather stabilizes membrane structures.  Furthermore, UDCA does not activate 

mitogenic signaling or EGFR.  By virtue of its hydrophilic nature, UDCA sustains 

membrane structures and maintains cav-1 localization in the membrane [65].  Thus, 

UDCA may facilitate the inhibitory interactions of cav-1 with EGFR by stabilizing the 

membrane.  If EGFR is bound to the CSD, then receptors are not available for activation, 
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hence suppression of MAP-K signaling is the resultant effect, which may explain 

UDCA’s inhibition on cell proliferation. 

To summarize, the physicochemical properties of bile acids determine whether 

they stabilize or disrupt caveolae microdomains.  Through this interaction, cav-1 protein 

is either maintained in the membrane or displaced.  Negative inhibition on mitogenic 

signaling depends on the integrity of membrane microdomains and the ability of cav-1 to 

recruit signaling mediators for regulated activity and generation of signaling complexes.  

However, if cav-1 is displaced from the membrane, then it’s negative inhibition on 

signaling mediators is disrupted, and regulation is no longer mediated through caveolae.  

The dynamics of cav-1 localization and recruitment of signaling molecules, therefore,  

are likely the distinguishing difference between DCA- and UDCA-mediated effects on 

mitogenic signaling.  

Results 

UDCA concentrates EGFR in lipid raft fractions 

Signaling from EGFR is a key event in cell proliferation.  Initial phases of many 

signal transduction pathways begin with receptor activation in the membrane [114].  

Specialized microdomains within the plasma membrane such as caveolae and lipid rafts 

provide a physical basis for organization and assembly of the signaling complexes that 

are essential for rapid and specific signal transduction.  The negative inhibition on 

mitogenic signaling occurs through the recruitment and attachment of signaling mediators 

to the caveolin scaffolding domain on the cav-1 protein. Therefore, localization of 
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signaling mediators, such as Raf-1 and H-ras, and signaling receptors, like EGFR, to 

caveolin-associated domains appears to be of functional importance [115].   

The most widely used assay to purify caveolae and lipid raft domains is the 

sucrose gradient fractionation scheme.  This is a biochemical method that isolates 

membrane material from cellular material in cell homogenates based on the membrane’s 

resistance to solubilization by detergents and high buoyancy when centrifuged on a 

density gradient.  This fractionation scheme purifies caveolin by an order of 2,000 fold, 

relative to cav-1 in total cell lysates; which is approximately 90-95% of caveolin 

recovery in raft fractions 1-6.  Since this assay relies on properties common to both 

caveolae and lipid rafts, distinguishing the two is accomplished by immunoisolation of 

caveolae with the caveolae-specific protein, cav-1[91, 116].    

The original fractionation method was later modified to isolate membranes by a 

non-detergent protocol after discovering that the use of detergent in the homogenization 

step causes cav-1 associated proteins to disassociate [113].  Therefore, the non-detergent 

purification scheme is now widely used to provide insight on potential interactions 

between signaling molecules and cav-1, and also whether a protein localizes to caveolae 

domains in the cell.  The fractionation assay is by no means used to make firm 

conclusions about co-localization or interactions of proteins, but rather is used to provide 

insight.  Microscopic methods are usually the method of choice for corroborating results 

from biochemical studies of caveolae.  Therefore, a combination of biochemical methods 

and microscopic methods should be considered to provide the most complete analysis. 
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To determine the effects of UDCA on signaling receptor distribution within lipid 

rafts and caveolae, I used the detergent-free fractionation protocol to determine whether 

EGFR co-purifies with caveolae-associated domains in HT29-cav-1 cells, and lipid rafts 

in HT29 cells.  This method was chosen because EGFR is known to interact with cav-1 

via a caveolin scaffolding domain, so the non-detergent protocol had better potential for 

preserving these interactions.  Co-purification of signaling proteins in light, buoyant 

fractions after centrifugation indicates a potential association with lipid rafts and/or 

caveolae microdomains [91].  In order to compare the localization of EGFR in the 

presence and absence of cav-1, I used flotillin-2, also known as reggie-1, as a marker for 

lipid rafts [116] across both cell lines. 

In the absence of cav-1, EGFR can be observed in both raft and non-raft fractions 

(Fig. 17).  However treatment with bile acids caused EGFR to co-purify with flotillin-2 

and become concentrated in the raft fractions.  The appearance of flotillin-2 and EGFR  

in the heavy fractions of control HT29 cells occurred in several experiments.  The reason 

for this is unknown, and may be cell-line specific.  However, it is interesting that in 

DCA-treated cells, of HT29-cav-1 cells, there is also a co-purification of flotillin-2, cav-1 

and EGFR in heavy fractions.  Movement of these proteins from light fractions to heavy 

fractions, may be due to a loss of lipids or increase in protein, however this is speculative, 

and  beyond the scope of purpose for these experiments.  The most important observation 

from these experiments, is that EGFR was found exclusively in the raft fractions in 

HT29-cav-1 cells treated with UDCA (Fig. 17).  These results indicate that UDCA 

induced differential effects on the distribution of receptors to lipid raft fractions.  
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Figure 17.  Caveolin-1 enhances UDCA-mediated membrane redistribution of EGFR. 
HT29 (top panel) and HT29-cav-1 (bottom panel) cells were either left untreated or 
treated with 250 µM DCA or UDCA overnight.  Membranes were isolated on sucrose 
gradients and then fractionated.  Equal aliquots of raft(1-6) and non-raft fractions (7-12) 
were separated by SDS-PAGE and cav-1, flo-2 and EGFR were detected by 
immunoblotting.  The experiment was repeated three times.  A typical result is shown. 
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UDCA suppresses mitogenic signaling  

It has been proposed that caveolae and lipid rafts can regulate signal transduction 

by compartmentalizing receptors and components of signaling cascades [117].  

Specifically, Lisanti’s group showed that caveolin-1 is a negative modulator of p42/44 

MAP-kinase signaling by stabilizing EGFR in an inactive conformation and that this 

requires direct interactions with cav-1 [82, 85].  My fractionation experiments indicated 

that cav-1 and EGFR appear in the same fractions in sucrose gradients.  Therefore, we 

decided to test for possible interactions between these two proteins by co-

immunoprecipitation of whole cell lysates and membrane fractions.   

In Figure 18, cav-1 readily co-immunoprecipitates with EGFR in HT29-cav-1 

cells and this increases with exposure to UDCA.  The majority of the interactions appear 

in the membrane fraction, which supports the UDCA-induced appearance of cav-1 and 

EGFR strictly to fraction 5 in the sucrose gradients.  In addition, it has been shown that 

cav-1 negatively inhibits EGFR only when localized in the membrane.  This suggests that 

UDCA is promoting the negative regulatory role of cav-1 by concentrating it in the 

membrane.    

Microscopy was used to confirm interactions between cav-1 and EGFR and 

determine co-localization of these two proteins.  In preparation for these co-localization 

studies, I had to determine appropriate dilutions and ensure that there is no cross reaction 

between the primary and secondary antibodies.   For double staining, the antibodies of the 

two proteins of interest must be raised in different animals to avoid this cross-reactivity. 

In these pre-experiments, I tested whether the primary antibody of the “first” protein 
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interacted with the secondary antibody specific for the “second” protein.  In these control 

experiments, I determined there was no cross-reaction between the primary and 

secondary antibodies, thus, proceeded with the co-localization experiments.  

HT29-cav-1 cells were stained with anti-EGFR antibodies, and then double 

stained with anti-cav-1 antibodies.  After application of each primary antibody, cells were 

incubated with immuno-fluorescent antibodies specific for each protein, Alexafluor 594 

(red) for EGFR and Alexafluor 488 (green) for cav-1.  When images were overlaid, the 

areas of co-localization between EGFR and cav-1 displayed as yellow/orange aggregates.  

Figure 19  shows that untreated and DCA-treated cells did not exhibit any observable co-

localization.  In support of the co-immunoprecipitation studies, UDCA, displayed intense 

areas of yellow/orange, indicating there are increased interactions and co-localization in 

the cell between cav-1 and EGFR in response to UDCA treatment. 

This first series of observations show that cav-1 and EGFR co-purify, co-

immunoprecipitate, and co-localize in response to UDCA treatment.  Collectively, this 

was very strong evidence in support of the hypothesis that the increase in interactions 

between cav-1 and EGFR also leads to changes in MAP-kinase signaling.  Therefore it 

was of interest to us to analyze the effects of UDCA on growth-related signaling in the 

absence and presence of cav-1.  For this experiment, I pre-treated cells with 250 µM 

UDCA overnight, and then added increasing concentrations of EGF.  The most important 

effort made in the success of the experiment, was to put the plates of cells on ice after 

incubation with EGF.  This ensures that EGF-induced signaling is halted in the cells, so 
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each plate of cells would be exposed to the equal amount of time to EGF, even if there 

may have been 1 to 2 minutes between lysis of different plates.   

HT29 cells induced a dose-dependent increase in ERK1/2 activation, as expected 

under control conditions (Fig. 20, black bars).  UDCA pretreatment in HT29 cells 

suppressed ERK activation induced by EGF by as much as 10% (Fig.20, gray bars) and 

UDCA-induced suppression increased to as much as 20% in the presence of cav-1 (Fig. 

20).  Interestingly, UDCA’s inhibition on ERK activity was more effective at higher 

doses, which at this time is unclear how or why this occurs.  Nevertheless, this indicates 

the effects of UDCA overcome the effects of the endogenous ligand which is a 

remarkable effect.  These results are in accordance with previous findings from our 

laboratory that demonstrate UDCA suppresses MAP-K activity initiated by external 

stimuli like EGF.  In addition, my studies demonstrate for the first time that UDCA’s 

suppression of MAP-K signaling is mediated, in part, by cav-1. 
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Figure 18.  UDCA enhances EGFR and Caveolin-1 interactions in the membrane.   
HT29-Cav-1 cells were either left un-treated or treated with 250 µM DCA or UDCA 
overnight.  Whole cell lysates (W) and crude membrane extracts (M) were prepared and 
normalized.  EGFR was immunoprecipitated, samples were separated by SDS-PAGE and 
immunoblotted for cav-1.  The experiment was repeated twice.  Typical results are shown 
in the figure. 
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Figure 19.  UDCA-treated cells exhibit increased co-localization of EGFR and cav-1. 
HT29-cav-1 cells were grown on cover-slips and either left un-treated or treated with 250 
µM DCA or UDCA overnight.  Cells were fixed and stained with anti-cav-1 antibody 
followed by Alexa Fluor 488 secondary antibody (green) and then double-stained with 
anti-EGFR antibody followed by Alexa Fluor 594 (red).  Areas of co-localization appear 
in yellow and indicated by arrows.  The experiment was repeated twice.  A typical result 
is shown. 
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Figure 20.   UDCA suppresses EGF-induced ERK activation and this effect is enhanced 
with cav-1 expression.  Cells were serum-starved and either left un-treated or treated with 
250 µM UDCA overnight.  Cells were stimulated for 15 minutes with EGF using the 
indicated concentrations.  Cells were harvested, lysates separated by SDS-PAGE, and 
immunoblotted for total ERK1/2 or phospo-ERK1/2.  Graphs represent quantitation of 
western blots with Scion Image.  Bars represent percent of control pERK 1/2.  Error bars 
indicate variation between two separate experiments. 
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UDCA suppression of cell proliferation is enhanced in HT29-cav-1 cells 

Our previous studies show that UDCA suppresses growth in a wide range of 

cancer cell lines and that bile acids may act at the cell membrane [50, 51, 64].  In 

addition, figures 17-20 demonstrate that UDCA enhances the co-purification, co-

immunoprecipitation and co-localization of EGFR and cav-1.  These effects result in the 

inhibition of EGF-induced ERK activation, and thus potentially translate into changes in 

cell growth as well.  The role of cav-1 as a negative regulator of MAP-K signaling has 

been demonstrated previously in experiments showing mouse embryonic fibroblasts 

(MEFs) obtained from cav-1 knockout mice have accelerated growth rates compared to 

MEFs that have had the cav-1 gene transfected back in.  

To determine the effect that the absence or presence of cav-1 had on UDCA 

suppression of cell proliferation, I examined and compared UDCA induced growth 

suppression in HT29 and HT29-cav-1 cells by a standard growth curve protocol.  In 

support of my hypothesis, I found that UDCA could suppress cell growth in both HT29 

(Fig. 21, top) and HT29-cav-1 cells (Fig. 21, bottom), however the effect on growth was 

magnified in the caveolin-expressing cells.  Doubling times calculated for the HT29 cell 

line showed that UDCA extended the doubling time from 10.4 (control) to 12.9 (treated), 

for an increase of about 24% in the doubling time of these cells.  Similarly, UDCA 

extended the doubling time in HT29-cav-1 cells.  Untreated control HT29-cav-1 cells 

doubled in 12.3 hours.  However, this was increased to 23.5 hours in cells incubated with 

UDCA for a 92% increase in the doubling time of HT29-cav-1 cells.  This suggested that 

the effect of UDCA was dramatically enhanced in the presence of cav-1.  An additional 
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observation is that the induction of cav-1 expression itself caused the doubling rate to 

increase from 10.4 in HT29 cells to 12.9 in HT29-cav-1 cells, which is consistent with 

cav-1’s role as a negative regulator of cell growth.  Hence, cav-1 facilitated the growth 

suppressive effect of UDCA and prompted the analysis of the effects of bile acids on the 

dynamics of receptor signaling through membrane microdomains. 

In summary, UDCA was found to enhance the co-purification of cav-1 and EGFR 

by using the non-detergent method of sucrose gradient fractionation.  This supported the 

possibility that EGFR co-localizes in caveolae domains and that localization to caveolae 

is mediated by interactions between the cav-1’s scaffolding domain and EGFR’s caveolin 

binding motif.  To test this, I performed co-immunoprecipitation and microscopy for co-

localization, and confirmed that UDCA enhanced the interactions and co-localization of 

EGFR with cav-1.  Several studies have indicated cav-1 has a direct, negative role on 

MAP-K signaling and this leads to decreased growth rates.  To determine whether this 

was an effect mediated by UDCA, and whether the effect only occurs in cav-1 expressing 

cells, I did standard growth curves for HT29 and HT29-cav-1 cells.  These studies 

demonstrated that the growth suppressive effects of UDCA are dramatically enhanced by 

cav-1, and that this inhibition on growth, may be facilitated by the inhibition of mitogenic 

signaling.  Further testing would be required to confirm these relationships.  For example, 

it would be interesting to utilize a commercially available inhibitory peptide of the CSD, 

to determine if this disrupts the effects demonstrated here.  
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Figure 21.  Caveolin-1 expression enhances the growth suppressive effects of UDCA.  
HT29 and HT29-Cav-1 cells were grown in the presence or absence of 250 µM UDCA 
and harvested at regular intervals and counted.  Values represent total number of cells 
counted per plate and expressed as a percentage of initial (day 1) cell count.  The 
experiment was performed in triplicate and repeated twice.  Error bars indicate standard 
deviation. 
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UDCA enhances EGFR down-regulation through caveolae-mediated endocytosis 

Introduction  

 Thus far I have provided evidence to suggest that UDCA and DCA induce 

differential effects on the distribution of EGFR into raft and non-raft fractions.  UDCA 

increases the interactions between cav-1 and EGFR, and inhibits MAP-K signaling, 

which could explain how UDCA promotes growth suppression.  Under normal 

conditions, mitogenic signaling is down-regulated by removing receptors from the cell 

surface and targeting them for degradation [97].  The mechanism of how UDCA 

suppresses EGF-induced ERK activation, is unknown, but may be due to removal of EGF 

receptor from the cell surface.  In support of this idea, it has been shown that EGFR can 

be internalized and down-regulated through caveolae and clathrin coated pits [107]. 

I showed previously that UDCA enhances the co-localization of EGFR in 

caveolae domains.  UDCA’s inhibition of mitogenic signaling may be occurring through 

stimulation of caveolae-mediated endocytosis.  The observation that UDCA’s effects on 

growth are enhanced when cav-1 is present, further implicates a role for caveolae in 

suppressing MAP-kinase signaling.  I hypothesize that after UDCA induces the 

concentration of EGFR in caveolae, and down-regulates MAP-K signaling by inducing 

the mobilization of EGFR-loaded caveolae for degradation.  The following experiments 

were performed to test the effects of bile acids on endocytic sorting and degradation of 

EGFR and the effect of cav-1 in these processes. 
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Results 

UDCA induces the loss of EGFR from the cell surface. 

Stimulation of receptor tyrosine kinases with endogenous ligands leads to 

autophosphorylation of the receptor followed by signaling.  Attenuation of the signal is 

normally accomplished by receptor internalization through clathrin-coated pits and 

followed by receptor degradation or recycling back to the plasma membrane after ligand 

removal [92].  Receptor-mediated endocytosis through caveolae (clathrin-independent) is 

an alternative and more recently acknowledged route for receptor down-regulation [118].  

It has recently been observed that TGF-β receptor utilizes both clathrin-dependent and 

independent (caveolar) routes to regulate its’ signaling and turnover [103].  These 

findings prompted us to investigate the possibility that UDCA-induced down-regulation 

of p42/44 MAP-kinase signaling was due to caveolae-induced internalization and 

degradation of EGFR.   

The endocytic trafficking of EGFR initiated by EGF, is a common tool used to 

analyze the degradative route of EGFR.  Therefore, it was of interest to compare the 

EGFR trafficking induced by UDCA in parallel to EGF treatment.  Figure 22 shows 

confocal micrographs of HT29-cav-1 cells grown on cover-slips, serum-starved and 

either left untreated or treated with EGF or UDCA for 60 minutes.  A side-by-side 

comparison of the trafficking of EGFR shows that UDCA causes EGFR to follow a 

similar pattern of EGFR internalization as the endocytic route induced by EGF.  After 60 

minutes of treatment large clusters of EGFR have internalized, and collected in a 

perinuclear location.  These observations contrast the localization of EGFR in serum-
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starved, untreated cells (Fig. 22, top left) which confirms the observed internalization is a 

result of  EGF or UDCA treatment, and not merely the endogenous trafficking of EGFR. 

UDCA-induced EGFR internalization was confirmed by analysis of cell-surface 

biotinylation.  In HT29-cav-1 cells, UDCA treatment caused 50% of biotin-labeled 

EGFR to be removed from the cell surface as compared to the control (Fig. 22, top right), 

whereas DCA had no measurable effect.  Therefore, the biotinylation experiment 

supported the observations seen in the immunofluorescent images; the loss of EGFR from 

the cell surface was increased in UDCA-treated cells.  In addition, EGFR internalization 

does occur in DCA-treated cells, therefore DCA-induced mitogenic signaling is not a 

result of defective internalization, but rather involves a different step in the endocytic 

process. 

 

EGFR is highly ubiquitinylated in UDCA-treated cells 

It remains ambiguous whether the ubiquitin ligase c-Cbl ubiquitinylates EGFR 

before or after internalization.  Despite this confusion, once a receptor is removed from 

the membrane surface, the receptor enters another highly regulated set of events that is 

regulated by the ubiquitin status of the receptor.  For example, it has been suggested that 

removal of EGFR from the early endosome, and transfer into the late endosome requires 

ubiquitin.  Entry into the late endosome ensures the receptor will follow a degradative 

route, however if the receptor is stuck in the early endosome based on the lack of 

ubiquitin attachment, the end result is either further activation via recycling back to the 
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membrane or signaling from endosomes[98].  Therefore, it was of interest to determine 

the ubiquitinylation status of receptors in the bile acid treated cells. 

Sucrose gradient fractionation followed by SDS-PAGE and immunoblotting was 

used to test for the presence of ubiquitinylated proteins.  High levels of ubiquitinylated 

proteins were found in non-raft fractions of  HT29 cells (Fig. 23A).  However, treatment 

with UDCA, but not DCA, caused ubiquitinylated proteins to appear in the raft fractions 

and this was true for HT29 and HT29-cav-1 cells.  Furthermore, the presence of cav-1 

enhanced the appearance of ubiquitinylated proteins in the lipid raft fractions (Fig. 23B).  

In order to confirm that EGFR was ubiquitinylated, EGFR was immunoprecipitated from 

fraction 5 and probed for ubiquitin.  Both HT29 and HT29-cav-1 cells exhibited UDCA 

dependent ubiquitinylation of EGFR (Fig. 24A).  Consistent with the sucrose gradient 

results I found that ubiquitinylation was markedly increased in the HT29-cav-1 cells.   

Figure 24B provides a third measure of confirming the increased ubiquitinylation 

status of EGFR as a response to UDCA.  HT29-cav-1 cells were treated as previously 

described and crude membrane preparations were extracted from the cell lysates.  Whole 

cell and membrane lysates were immunoprecipitated with anti-EGFR antibody, and then 

immunoblotted for ubiquitin.  As expected, untreated HT29-cav-1 cells exhibit more 

ubiquitinylated EGFR in the membrane in comparison to whole cell lysate.  In DCA-

treated cells, the levels of ubiquitinylated EGFR in both lysates are less than the control, 

whereas in UDCA-treated cells, there is a pronounced level of ubiquitinylated EGFR in 

the membrane.  This further supports the conclusion that UDCA promotes the 

ubiquitinylation of EGFR, and this event is likely membrane and caveolae-associated.  
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Figure 22.  Internalization of EGFR.  Comparison of EGF and UDCA induced 
internalization of EGFR.  HT29-cav-1 cells were serum-starved overnight, and either left 
un-treated (top, left) or treated with either 100 ng/ml EGF (bottom, left) or 250 µM 
UDCA (bottom, right) for 60 minutes.  Cells were fixed and stained with anti-EGFR 
antibody.  Experiment was repeated three times, confocal images are shown and typical 
images shown.  (top, right) HT29-cav-1 cells were grown and treated with  250 µM DCA 
or UDCA overnight.  Surface proteins were biotinylated and biotin-labeled EGFR was 
immunoprecipitated and immunoblotted.  Typical results are shown. 
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Figure 23.  Proteins in raft fraction five are highly ubiquitinylated with UDCA treatment.  
Immunoblots from Figure 17. were stripped and then re-probed with anti-Ubiquitin 
antibody HT29 (A) and HT29-Cav-1 (B) cells).  
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Figure 24.  EGFR is highly ubiquitinylated in response to UDCA.  (A)  Fraction five 
from HT29 and HT29-cav-1, control and treated gradients as shown in figure 17 and 22, 
were immunoprecipitated with EGFR antibody and then immunoblotted with anti-
Ubiquitin antibody. (B) HT29-cav-1 cells were grown and treated overnight with or 
without 250 µM DCA or UDCA.  Whole cell (W) and crude membrane (M) lysates were 
prepared, normalized, and immunoprecipitated with EGFR antibody and then 
immunoblotted for anti-Ubiquitin antibody.  Typical results are shown, experiment was 
repeated at least twice. 
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UDCA facilitates recruitment of c-Cbl to caveolae-associated fractions 

In response to activation, EGFR induces it’s own negative feedback mechanism 

that leads to the receptor’s removal from the surface.  Receptor dimerization leads to the 

transphosphorylation of multiple tyrosine residues the cytoplasmic domain, one of which 

is a docking site for the E3 ubiquitin ligase, cbl.   Recruitment of c-cbl to the membrane 

occurs in response to phosphorylation of tyrosine 1045 [119, 120].  Cbl forms a physical 

complex with EGFR to facilitate attachment of ubiquitin moieties to the receptor, 

creating varying lengths of ubiquitin chains that act as potent signals for receptor sorting.  

It has been reported that high levels of ubiquitinylation (polyubiquitinylation) of the 

receptor can direct the receptor into caveolae, whereas low levels of ubiquitinylation 

(monoubiquitinylation) directs the receptor into clathrin coated pits, which, as discussed 

earlier lead to either degradation or recycling (respectively) [107, 119].  

Therefore, I sought to determine any changes in c-Cbl localization and whether c-

Cbl is found in raft or non-raft fractions of sucrose gradients shown in previous 

experiments.  Figure 25 shows c-Cbl is recruited to raft fractions when both HT29 and 

HT29-cav-1 cells were treated with UDCA, whereas concentration of c-Cbl in non-raft 

fractions occurs in untreated and DCA-treated cells.  Moreover, the intensity of the c-Cbl 

band in the HT29-cav-1 immunoblot was denser in comparison to the UDCA treated 

HT29 cells, suggestive of increased recruitment of c-Cbl proteins to the membrane in the 

presence of cav-1. 

 

 



 

 

134 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 25.  UDCA treatment causes recruitment of c-Cbl to raft fractions.  Cells were 
grown and treated as in previous experiments.  Membranes were isolated using a non-
detergent method of isopycnic ultracentrifugation.  Gradient fractions were separated on 
SDS-PAGE and western blot analysis was used to detect the c-Cbl ubiquitin ligase.  
Experiment was repeated twice.  Typical results are shown. 
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The previous experiments showed that UDCA promotes the recruitment  of c-Cbl 

to lipid raft fractions (membrane) and also leads to increased ubiquitinylation of EGFR.  

In order to confirm the involvement of c-Cbl in UDCA’s activities, I tested the 

phosphorylation status of EGFR at the c-Cbl docking site, tyrosine 1045.  Figure 26 

shows that in HT29-cav-1 cells treated with 250 µM UDCA, the levels of EGFR-Y1045 

were significantly increased with UDCA treatment, in both whole cell lysate preparations 

and crude membrane preparations in comparison to the untreated HT29-cav-1 cells.  

These tests confirmed the enhanced phosphorylation of EGFR at the cbl docking site and 

is consistent with previous experiments that indicate cbl’s involvement in UDCA-treated 

cells. 
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Figure 26.  UDCA induces phosphorylation of c-Cbl docking site and promotes EGFR 
interactions with c-Cbl.  Cells were grown and treated as in previous experiments.   
Membranes were isolated using the crude membrane fractionation protocol.  Whole cell 
(W) and membrane (M) lysates were equally loaded and separated on SDS-PAGE and 
western blot analysis was used to detect PY-1045 EGFR, which is the cbl docking site. 
Experiment was repeated twice, typical results are shown.  
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UDCA accelerates EGFR degradation 

In addition to the observations made above, other results from previous sections 

show that the ERK 1/2 activity is suppressed upon UDCA treatment and ~50% of cell 

surface receptors are lost from the cell surface.  Therefore I postulated that these events 

may be linked to the degradative process and possibly changes in degradation rates of 

EGFR.  To test the effect of bile acids on the half-life of EGFR I performed a pulse-chase 

analysis.  Studies report the normal metabolic turnover of EGFR in the absence of ligand, 

is a half-life ranging from 2-12 hours across various cell lines[93].  The addition of 

ligand, EGF, for example, causes a 5-10 fold increase in receptor internalization and 

degradation.  In these studies, the normal metabolic turnover of EGFR in both HT29 and 

HT29-cav-1 cells was 3 hours (Fig. 27A).  I found that UDCA exposure shortened the 

half-life of EGFR to 30 minutes in HT29-cav-1 cells and 1.5 hours in HT29 cells (Fig. 

27C).  This translates into a 6-fold reduction in EGFR half-life in the presence of cav-1 

and a 2-fold reduction when cav-1 is not present.  On the contrary, DCA had no 

measurable effect on EGFR half-life (Fig. 27B).  These results suggest UDCA accelerates 

EGFR degradation, and this effect is enhanced when cav-1 is present.  
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Figure 27.  UDCA accelerates EGFR degradation.  EGFR in Control (A), DCA (B), and 
UDCA (C) treated HT29 and HT29-Cav-1 cells was pulse-labeled with [35S] Methionine. 
Lysates were separated by SDS-PAGE and analyzed using a phosphorimager to 
quantitate radioactivity in the bands.  The graphs depict normalized quantity of EGFR. 
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Supplementary evidence that supports bile acids induce differential partitioning of EGFR  
 
 

UDCA enhances cav-1 phosphorylation: a requirement for caveolar endocytosis  

The clathrin-dependent and clathrin-independent endocytic pathways (CDE and 

CIE, respectively) are unique as they recruit specific mediators, undergo specific 

phosphorylation events, and alter signaling in different ways [104].  The events 

associated with clathrin-independent endocytosis are still unclear, however it is reported 

that phosphorylation of cav-1 at tyrosine 14 is a required step [121-124].  To test if 

UDCA had any effects on this  phosphorylation event, the levels of phosphorylated cav-1 

were measured after overnight exposure to 250 µM UDCA.  The results indicate that 

UDCA does enhance this phosphorylation event, observed by the expression of PY14-

cav-1, in comparison to non-treated HT29-cav-1 cells (Figure 28).  Interestingly, UDCA 

treatment also caused the appearance of a high-molecular weight band when 

immunoblotted for PY14-cav-1, which may be PY-14-cav-1 proteins complexed in a 

large oligimer of caveolins, or complexed to other proteins, thus increasing its molecular 

weight.  Nevertheless, UDCA induced increased phosphorylation of cav-1, and the 

phosphorylated form of cav-1 is reported to be essential for caveolar endocytosis; thus 

supporting a role for the preferential association of EGFR with caveolae-mediated 

endocytosis in response to UDCA. 
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Figure 28. Caveolin-1 phosphorylation status after UDCA treatment. HT29-cav-1 cells 
were either left un-induced or induced with IPTG for 24 hours.  Following  induction of 
Cav-1, cells were then incubated overnight with UDCA.  Cell lysates extracted and 
immunoblotted for PY14-cav-1.   Bottom panel is a loading control ( β-actin). 
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DCA enhances appearance of clathrin-associated complexes 

 Consistent with the notion that different bile acids exhibit distinct biological 

effects, DCA and UDCA have demonstrated differential effects on the endocytic sorting 

of EGFR.  Clathrin-mediated endocytosis is known as the conventional pathway for 

receptor down-regulation, however new research indicates that receptors can be regulated 

through caveolae-mediated endocytosis as well [107].  It is not completely known how or 

why a receptor segregates into clathrin-coated pits or caveolae, but doing so results in 

different outcomes.  It has been suggested that the clathrin-mediated pathway is 

associated with receptor recycling and continuation of signaling; whereas caveolae-

mediated endocytosis leads to rapid degradation and termination of signaling [106, 107].  

Thus far, I have presented evidence that supports the notion that UDCA promotes 

EGFR’s association with caveolae, thereby resulting in rapid degradation, termination of 

signaling, and suppression of growth.  DCA, on the other hand, has previously been 

shown to induce mitogenic signaling.  As demonstrated earlier, EGFR is efficiently 

internalized into the cell, however, this does not result in a shorter half life of the 

receptor.  Therefore, I proposed that DCA causes EGFR to preferentially partition into 

clathrin-coated pits. 

In order to confirm that DCA causes receptors to localize into clathrin coated pits, 

sucrose gradient fractionations were performed to determine the distribution of clathrin- 

coated pits in response to bile acids.  HT29-cav-1 cells were left untreated or treated with 

250 µM DCA or UDCA, overnight.  Cells were fractionated on sucrose gradients, and 

then proteins in each of the twelve fractions were separated by SDS-PAGE and 
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immunoblotted for clathrin light chain.  Figure 29 (top) demonstrates that in untreated 

HT29-cav-1 cells, the clathrin light chain co-localized to non-raft fractions at the bottom 

of the immunoblot, where the 30kD protein was expected.  In addition, an interesting 

observation was the appearance of a collection of high molecular weight bands in the 

heavy fractions of the gradient.  The same collection of bands also appeared in the bile 

acid-treated cells, but were most intense and occurred in more fractions in the DCA-

treated HT29-cav-1 cells.  In addition, the DCA-treated cells caused the clathrin light 

chain to distribute to raft fraction 5.  The recruitment of clathrin to fraction 5 also 

occurred in response to UDCA, however, the density of the band was less intense.  The 

clathrin light chain was chosen based on other reports indicating the light chain, due to its 

lower molecular weight, is easier to denature interactions between clathrin light chains 

with other proteins that form CCPs.   

Clathrin coated pits are comprised of clathrin heavy and light chains that 

oligimerize into large, cage-like structures that hold receptors [125].  The bands that 

appeared in the non-raft fractions at a high molecular weight, were likely clathrin light 

chains that did not denature, therefore, remained part of a large complex of other 

molecules including EGFR, therefore getting “stuck” at the top of the gel.  It would be 

expected that DCA treatment would induce more of these complexes due to it promoting 

partitioning of EGFR into CCPs.  In order to test if clathrin was present in these high 

molecular weight bands, I took lysates from the fractionation experiments from fractions 

that appeared to have a lot of protein at the high molecular weight bands.  Specifically, I 

chose fraction 12 from the control HT29-cav-1 cells, fractions 7, 9 and 10 from the DCA-
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treated HT29-cav-1 cells, and fractions 11 and 12 from the UDCA treated HT29-cav-1 

cells.  The lysates from these fractions were immunoprecipitated with clathrin and then 

immunoblotted for EGFR and results are shown in Figure 29 (bottom panel). 

In support of my previous findings, fraction 7 from DCA-treated cells was the 

only group that clathrin co-immunoprecipitated with EGFR.  This confirms that some of 

the bands that were initially observed at a high molecular weight, do contain EGFR and 

clathrin interactions, and this only occurred in the DCA-treated cells.  The other bands 

that were negative for clathrin-EGFR interactions, may be complexes of clathrin with 

other proteins.  Nevertheless, DCA treatment led to an accumulation of more clathrin-

associated complexes, some of which contained EGFR; thus is consistent with the idea 

that DCA promotes association of EGFR with CCPs. 
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Figure 29.  DCA induces immunoprecipitation of clathrin with EGFR.  HT29-cav-1 cells 
were either left un-treated or treated with 250 µM DCA or UDCA overnight.  Membranes 
were isolated on sucrose gradients and then fractionated.  Fractions were separated on 
SDS-PAGE and clathrin light chain was detected by immunoblotting.  The experiment 
was repeated twice.  In bottom panel, selected fractions were co-immunoprecipitated with 
clathrin and then immunoblotted for EGFR.  Typical results are shown. 
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Localization of EGFR and endocytic trafficking proteins in response to bile acids 

The latter steps of receptor-mediated endocytosis and receptor down-regulation 

include the maturation of early endosomes into late endosomes.  This is followed by the 

merging of several late endosomes into large multivesicular bodies that move along 

microtubules to deliver ubiquitinylated receptors to the lysosome for degradation [114].  

DCA and UDCA both induce the internalization of EGFR into the cell, but result in 

different effects on EGFR half-life.  This observation prompted me to determine at which 

stage of endocytosis, do the bile acids’ effects diverge.  Figure 30 shows the results from 

immunofluorescent studies performed to visualize the localization of markers for late 

endosomes using the Mannose-6-Phosphate receptor as a marker. 

Figure 30 provides evidence that there are differences in the appearance and  

trafficking of late endosomes in response to UDCA treatment.  Staining of unstimulated, 

serum-starved HT29-cav-1 cells with M6P receptor, demonstrates that late endosomes 

are localized throughout the cytoplasm and upon stimulation with EGF, the late 

endosomes cluster around the nucleus.  Similar to EGF-treated cells, UDCA-treated cells 

cause late endosomes cluster around the nucleus, however do so in equally-spaced 

positions.  In addition, UDCA treatment causes late endosomes to form large aggregates.  

I suspect these aggregates are endosomes that have fused together to form multivesicular 

bodies, which is the final step before fusing with the lysosome.  It is tempting to 

speculate that late endosomes are organized in such a way, because the receptors are 

internalized in a regulated, orderly fashion.   
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These experiments were performed in conjunction with staining for EGFR, in 

order to get an idea of whether the two proteins are co-localizing.  On the right panel of 

Figure 30, the exact same pattern of EGFR distribution is observed as in the late 

endosome distribution.  EGFR is localized throughout the cytoplasm in resting cells, 

EGFR collects in small cluster around the nucleus after stimulation with EGF, and EGFR 

clusters into large aggregates around the nucleus in response to UDCA.  The similar 

staining of the two proteins prompted me to perform double staining to determine if 

EGFR co-localized with the late endosome marker, M6P receptor. 

Exit from the early endosome and entry into the late endosome is clear indication 

that a receptor is destined for degradation [105].   Immunofluorescent microscopy was 

performed to confirm entry of EGFR into late endosomes, in response to UDCA 

treatment.  Fig. 31 shows untreated (top row, Panels A and B) and UDCA-treated 

(bottom row, Panels A and B) cells double-stained with anti-EGFR (left column) and 

anti-M6PR (middle column) antibodies.  The merged images (right column) show areas 

of co-localization in yellow/orange.  In untreated HT29 and HT29-cav-1 cells, I observed 

no areas of co-localization of EGFR and M6PR.  However, in UDCA-treated cells, large, 

perinuclear areas of co-localization were observed, indicating an accumulation of EGFR 

in late endosomes.  This confirms that there is increased trafficking of EGFR through the 

degradative pathway in response to UDCA which is consistent with the UDCA-induced 

decrease in EGFR half-life. 
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Figure 30.  Localization of late endosome marker Mannose 6 Phosphate Receptor and 
EGFR.  HT29-cav-1 cells were grown on coverslips and serum-starved.  Prior to fixation, 
cells were either left untreated or were incubated with 50 ng/ml EGF or with 250 µM 
UDCA for 30 minutes.  Cells were stained with M6P-R (green) or EGFR (red).  Large 
aggregates of M6P-R and EGF-R form in response to UDCA.  Magnification is 60X.  
The experiment was repeated three times and images shown are typical results. 
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Figure 31.  UDCA facilitates co-localization of EGFR with the Mannose 6 Phosphate 
Receptor.  HT29 (Panel A) and HT29-cav-1 (Panel B) cells were grown on coverslips, 
and serum-starved.  Prior to fixation, cells were incubated with 50 ng/ml EGF or 250 µM 
UDCA for 30 minutes.  Cells were stained with EGFR (red), M6PR (green).  Co-
localization is visualized as yellow staining in merged images.  Magnification is 60X.  
The experiment was repeated three times and images shown are typical results. 
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c-Cbl is essential for UDCA-induced growth suppression. 

Introduction 

It has been shown that c-Cbl plays an important role in initiating receptor- 

mediated endocytosis.  After recruitment to the membrane, the E3 ubiquitin ligase 

attaches ubiquitin to membrane-localized receptors which serves as a signal to internalize 

the receptor and begin its endocytic/degradative route [119, 126].  The experiments 

shown thus far implicate c-Cbl to have an essential role in many of the effects induced by 

UDCA.  Therefore, I sought to remove c-Cbl from the experimental system and 

determine if loss of c-Cbl’s function can disrupt UDCA-induced growth suppression. 

Results 

To test the role of c-Cbl in UDCA-induced growth suppression I utilized two 

approaches.  The first was stable transfection of a plasmid expressing a non-functional c-

Cbl mutant into HT29-cav-1 cells.  Seven clones were successfully sub-cultured and then 

selected for in the presence of G418.  Fig. 32 (top) shows the expression levels of HA-

C381A-c-Cbl.  Clones C381A_2 and C381A_3 were chosen since they expressed the 

highest levels of the HA-tagged c-Cbl.  To determine if loss of c-Cbl function inhibited 

UDCA-induced growth suppression, an MTT assay was performed.  The bars graphed in 

Fig. 32 (bottom) represent the cell growth of the dominant negative cells in the presence 

of UDCA, as a percentage of the cells not treated with UDCA.  The cells containing the 

vector only or wild-type c-Cbl, grew to 80% of the control cells. Therefore, UDCA 

decreased the growth in these cells by 20%.  In the transfected cells, however, C381A_2 
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and C381A_3 reversed these effects and showed the same cell growth as the controls. 

This suggests that c-Cbl plays an important role in UDCA-induced growth suppression. 
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Figure 32.  c-Cbl function is essential for UDCA induced growth suppression.  HT29-
cav-1 cells were transfected with pcDNA3-HA-C381A-c-Cbl.  After collection of 7 
stably transfected clones (A through 6), cell lysates were separated by SDS-PAGE and 
total c-Cbl (Top) and HA-tag (Top) were detected by immunoblotting.  (Bottom) Stably 
transfected HT29-cav-1 cells were chosen based on highest levels of HA-tag expression.  
Selected clones and control cells were plated onto 96 well plates and allowed to grow for 
24 hours and then treated with 250 µM UDCA for 24 hours.  Cells were then treated with 
100 µl MTT (5 mg/ml) for 4 hours, spent media removed by needle aspiration, and 200 
µl of DMSO was added to each well.  Plates were read for absorbance at 540 nm.  Bars 
represent growth of UDCA treated cells as a percentage of growth of untreated cells. 
Experiment was performed in triplicate and repeated twice.  Readings were averaged and 
error bars indicate standard deviation. 
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To confirm these results I used c-Cbl siRNA to knock down c-Cbl expression and 

then tested UDCA’s effects on cell growth using an MTT assay.  First, I confirmed that c-

Cbl siRNA could suppress c-Cbl expression.  Figure 33 shows that c-Cbl expression is 

reduced after 24 and up to 48 hours after transfection.  Consequently, I utilized this 24-48 

hour window for the UDCA treatment.  Figure 33 shows the effects of UDCA on HT29 

cells treated with c-Cbl siRNA.  When c-Cbl is present, as in the mock transfected, non-

transfected, non-targeted and non-functional controls, UDCA treatment suppresses cell 

growth by 10-20%.  However, the growth of HT29 cells treated with c-Cbl siRNA pool 

or either c-Cbl siRNA #5 or #6 was not affected by UDCA treatment.  siRNA-treated 

cells grew equivalently to the untreated cells.  I observed similar results in the HT29-cav-

1 cells shown in Fig. 33.  Growth of cells transfected with control siRNAs was 

suppressed by UDCA, but UDCA had no effect on proliferation of cells where expression 

of c-Cbl was knocked down.  Interestingly, UDCA-induced growth suppression was 

more pronounced in the HT29-cav-1 cells than in the HT29 cells, consistent with our 

results in Fig. 32. These results confirm that c-Cbl plays an important role in facilitating 

the growth suppressive effects of UDCA and also that cav-1 has a role. 
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Figure 33.  c-Cbl function is essential for UDCA induced growth suppression.  (Top) 
HT29-Cav-1 cells were plated onto a 6 well plate.  Cells were grown for 24 hours, and 
then treated with 20 µM c-Cbl siRNA.  Cell lysates were collected after 24, 48, and 96 
hours, separated by SDS-PAGE and c-Cbl expression was detected by immunoblotting.  
HT29 (bottom, left) and HT29-Cav-1 (bottom, right) cells were plated onto a 96 well 
plate and grown for 24 hours.  Cells were transfected with 20µM c-Cbl siRNA or control 
siRNA.  24 hours after transfection, cells were treated with 250 µM UDCA for 24 hours, 
and then treated with 100 µl of MTT (5mg/ml) and incubated for 4 hours, spent media 
removed by needle aspiration, followed by the addition of 200 µl DMSO.  Plates were 
read at 540 nm.  Bars represent cell growth as a percent of the control cells.  Readings 
were averaged and error bars represent standard deviation. 
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Resistance to UDCA is Multi-factorial 

Introduction 

 A major setback often encountered in treating cancer is the development of 

resistance to the therapy that is administered.  Regardless of the specificity of the target, 

cancer cells are in a state of genomic instability, and therefore can undergo genetic 

alterations that allow the cell to overcome the drug that is in their environment.  For 

example, the EGFR kinase inhibitor, gefitinib or Iressa, is very effective in patients with 

advanced non small-cell lung cancer.  Some of these patients relapse with progressive 

disease after two years of successful remission.  Researchers have found that cancer cells 

in these patients either acquire resistance through a single base-pair change in the 

catalytic cleft of the EGFR kinase domain or through defective ubiquitinylation.  The 

mutation led to steric hindrance of the drug binding to the kinase domain and altered 

down-regulation of EGFR, therefore there was a selection of cells with these mutations, 

leading to disease progression [127].   

Understanding the mechanism of drug resistance can lead to a better 

understanding of the pathway that was initially targeted by the drug.  Therefore, in this 

context, it is reasonable to study mechanisms of resistance to bile acids in order to 

understand molecular mechanisms involved in the cellular response to bile acids [128].  

This approach was taken to understand how UDCA promotes growth arrest, by 

generating a mutant cell line that is resistant to UDCA.  HCT116 cells were mutagenized 

with the DNA alkylating agent, ethyl methyl sulfonate, and selected for growth in the 
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presence of UDCA, creating the HOMUR (HCT116 odd morphology ursodeoxycholic 

acid resistant) cell line which is described previously [110].  

 For the purposes of my studies, I utilized HOMUR cells to try to identify and/or 

confirm pathways involved in the cellular response to UDCA.  The following illustrates 

this approach: my studies show the involvement of caveolin-1 and caveolae as important 

components of UDCA-induced growth suppression.  My research suggests that UDCA 

causes EGFR to localize in caveolae by binding to cav-1, and this association drives 

EGFR down-regulation through degradation.  If this is correct, then I may expect that 

HOMUR cells may have acquired alterations in the caveolae-mediated endocytic routing 

of EGFR, so that EGFR is no longer down-regulated.  For example this could be 

accomplished through mutation of the caveolin-scaffolding domain of the cav-1 protein, 

which would inhibit cav-1’s binding to EGFR.  In essence the following results are 

attempts to characterize how and why UDCA is no longer effective at suppressing growth 

in these cells. 

Results 

 HOMUR cells were previously characterized based on resistance to DCA-induced 

apoptosis.  Out of 42 clones, HOMUR 7 (H7), HOMUR 11 (H11) and HOMUR 17 (H17) 

were selected for these experiments since they represent the range of resistance to DCA-

induced apoptosis; H7’s are highly resistant, H17’s are highly sensitive and H11’s are 

moderately resistant. 
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UDCA resistance confers changes in morphology 

One of the first observations made when working with HOMUR cells, is they 

exhibited unusual morphology, hence the name “HCT116 odd morphology…” cells 

[110].  As shown in Fig. 34 the morphology of the parental HCT116 cells can be 

described as normal morphology for this cancer cell line.  The cells have a cuboidal 

shape, are multi-nucleated, and grow in small islands.  The most sensitive HOMUR cell, 

H17, exhibit the closest resemblance to the parental cells.  In contrast, the highly resistant 

H7 cells have an elongated morphology, with dendritic-like appendages that appear to 

grow outwards in the direction of other cells.  The H11 cells, which are moderately 

resistant to DCA, look similarly to H7s. 

 The H7 cell morphology had the most interesting characteristics.  The projections 

that grew out of H7 cells are reminiscent of dendritic and axonal cell appendages.  In 

neurons, the dendrite architecture is dependent on microtubules and actin cytoskeleton, 

and function to transmit electrical signals from one cell to the next [71].  The function of 

the projections in H7s is unknown, and the only conclusion that can be made is that H7s 

have adapted a complicated architectural morphology to resist the effects of UDCA. 

 

 

 

 

 



 

 

157 

 

 

 

Figure 34.  UDCA resistant cells exhibit odd morphology.  HCT116 (A)  and HOMUR 7 
(B), HOMUR 11 (C) and HOMUR 17 (D) cells were plated on 10 mm dishes and 
allowed to grow in the absence (A) or presence (B-D) of 250 µM UDCA.  After several 
days of growth, the cells begin extruding projections, at which time images were taken 
with a microscope.  (E) Neuronal cells exhibit dendrite-like projections which is 
presented for comparison to the projections formed in HOMUR 7s. 
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HOMUR cells exhibit changes in pro- and anti- apoptotic proteins 

 HCT116 respond to DCA in a dose-dependent manner.  The cells’ apoptotic rate 

increases with increasing concentrations of DCA [110].  Measuring the apoptotic rate 

induced by DCA is a simple approach to determine differences in these cells.  Fig. 35A 

illustrates the rates of apoptosis measured in response to increasing dose of UDCA.  As 

mentioned previously, 3 cell lines have been selected to represent the range of resistance 

exhibited by HOMUR cells.  H7s are chosen for their high resistance, H17s  for their high 

sensitivity and H11s were chosen for their moderate resistance to DCA. 

 It is unknown why some HOMUR clones became resistant to DCA-induced 

apoptosis, however it is likely due to the overlapping activities of the two bile acids.  In 

the presence of genetic instability, in this case a mutagenizing agent, there is more than 

one mechanism to overcome resistance.  The ability of a cell to undergo apoptosis 

depends on the balance of pro- and anti- apoptotic proteins.  Therefore, it was of interest 

to analyze the protein levels of the anti-apoptotic protein, Bcl-2, and levels of the pro-

apoptotic proteins, Bax and Bak [129].  Fig. 35B shows the immunoblots of apoptotic 

proteins analyzed, and interestingly, H7 the clone most resistant to apoptosis has an 

increased expression of Bcl-2 protein.  In addition, all of the HOMUR clones tested 

exhibited decreased levels of Bax and Bak expression in comparison to the levels in the 

parental cells.  These results exemplify differences in the way cells can respond to 

acquire resistance to the same agent.       

 

 



 

 

159 

A. 

 

B. 

 

 
Figure 35.  HOMUR cells exhibit changes in pro- and anti- apoptotic proteins. (A) Homur 
cells were pretreated with increasing concentrations of DCA overnight.  Cells were 
analyzed morphologically for apoptosis.  Figure depicts apoptotic indices.  (B) HCT116 
and HOMUR cells were grown until 80% confluent.  Whole cell lysates were analyzed 
for expression of anti- and pro- apoptotic proteins by immunoblotting.  Typical results are 
shown.  
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Resistance to DCA and UDCA confers anchorage independent growth 

 Acquiring resistance to apoptosis increases genetic instability.  Cells are at a 

higher risk for attaining mutations in critical cancer genes, promoting selection of cells 

that are capable of adapting to any environmental challenge.  Resistance to apoptosis is 

considered a major contributing factor during colon carcinogenesis.  Cells constantly 

exposed to cytotoxic, apoptosis-inducing DCA, become resistant to apoptosis in order to 

survive the environment [128, 129].  H7 cells have developed cross-resistance to DCA 

and UDCA; they resist apoptosis and have also have developed a mechanism to resist 

growth suppression induced by UDCA.  It was of interest to determine the tumorigenicity 

of H7s, which would confirm that resistance to both bile acids confers a more aggressive 

phenotype. 

 In order to determine tumorigenicity, HOMUR cells were tested for anchorage 

independent growth.  Normally, cells require a surface to attach, therefore this assay tests 

for the ability of cells to grow in suspension, a phenotype of a more aggressive cell type.  

HCT116, H7, H11 and H17 cells were seeded in soft agar and allowed to grow for 

several weeks, at which point the cells are stained with a dye and counted for colony 

formation.   The results in Fig. 36 show pictures taken of the colonies when the assay was 

stopped and colonies counted.  Number of colonies counted in three trials of the assay are 

summarized in the chart.  The results confirm that cross-resistance to both bile acids 

confers the cell type most capable of growing in suspension and therefore the most 

tumorigenic/aggressive.  
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Figure 36.  HOMUR 7 cells are tumorigenic.  HCT116, H7, H11 and H17 cells were 
grown in soft agar for several weeks.  Assay was stopped and colonies counted.  Assay 
was performed three times, and averaged counts are represented in the chart.  
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HOMUR 7 cells inhibit UDCA-induced re-distribution of Cav-1  

 HCT116 cells are susceptible to UDCA-induced growth suppression and are cav-

1 expressing cells (data not shown), so it was of interest to measure changes in cav-1 

distribution after UDCA treatment and compare the response induced in H7 cells.  Fig. 

37A shows the response of HCT116 and H7 cells to UDCA. After fractionation, the 

lysates were separated on SDS-PAGE and immunoblotted for cav-1.  The density of 

bands of cav-1 were measured and expressed as % total cav-1 in raft fractions or % total 

cav-1 in non-raft fractions.  In un-treated HCT116 cells, 65% of total cav-1 is present in 

raft fractions and upon treatment with UDCA, the cav-1 re-distributes more heavily in the 

raft fractions, accounting for 78% of total cav-1.  In UDCA-treated H7 cells, the 

movement of cav-1 into raft fractions is inhibited.  H7 cells, therefore, resist UDCA’s 

ability to concentrate cav-1 into lipid raft fractions, a critical step for the caveolae 

mediated endocytosis and EGFR degradation described in my studies.   

To confirm resistance to cav-1 re-distribution, H7 cells were evaluated by 

immunofluorescence microscopy.  The anticipated results are that there are no changes in 

cav-1 in H7 cells’ response to UDCA.  Therefore, visually, there should be no changes in 

cav-1 fluorescence.  Fig 37B. shows that the localization of cav-1 in untreated H7 cells is 

mostly concentrated in the membrane (similar to the parental cells, data not shown).  

After overnight UDCA treatment, the localization of cav-1 is sustained in the membrane.  

These results confirm that H7 cells have acquired intracellular changes that inhibit cav-1 

re-distribution.  In addition, these studies confirm that cav-1 localization is important for 

UDCA’s biological effects. 
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A. 

B. 

 

Figure 37.  HOMUR 7 cells have acquired resistance to UDCA-induced re-distribution of 
Caveolin-1.  (A) HCT116 and HOMUR 7 cells were grown in the absence or presence of 
250 µM UDCA overnight.  Lysates were fractionated, and proteins separated by SDS-
PAGE, and immunoblotted for Cav-1.  Density of the bands were measured and are 
displayed as a percent of total cav-1 in non-raft (black bars) or raft fractions (gray bars). 
(B) HOMUR 7 cells were grown on coverslips and either left un-treated or treated with 
250 µM UDCA overnight.  Cells were stained for cav-1 shown in red and nuclei are blue. 
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HOMUR 7 cells have altered expression levels of cav-1 

 The previous experiment demonstrated the importance of cav-1 for UDCA’s 

effects.  Further examination of the images in Fig. 37B, prompted me to measure the 

levels of cav-1 protein in HOMUR cells since, HOMUR 7 cells appeared to have less 

cav-1 in comparison to normal HCT116 cells (data not shown) and also HT29 cells 

(example, page 88).  Direct comparison between HT29 and HCT116 cells should be 

avoided, but the H7 cells looked drastically different from the cells in previous sections, 

they are both colorectal cancer cell lines, so it was worth the inquiry.  Fig. 38 confirms 

these predictions, as there is a loss of cav-1 expression in HOMUR cells.  In addition, the 

amounts of cav-1 in HCT116 cells is far less than what is typically seen in immunoblots 

using HT29 cells which illustrates why comparing non-isogenic cell lines is discouraged.  

In summary, a variety of changes have occurred with regard to cav-1, including 

differences in cellular distribution and total protein levels, which suggests the importance 

of altering cav-1 as a mechanism to overcome UDCA growth suppression. 

 

 

 

 

 

 

 



 

 

165 

 

 

 

 
 
 
 
Figure 38.  Cav-1 protein levels in UDCA-resistant cells.  HCT116, HOMUR 7, 
HOMUR 11 and HOMUR 17 cells were grown in 10 mm dishes to confluency.  Cells 
were lysed, normalized, separated by SDS-PAGE and immunoblotted for total cav-1.  
After first 5 minute exposure, bands were hardly visible, so a second exposure of 30 
minutes was performed yielding the results in the middle panel. 
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DISCUSSION 

Overview 

 The research presented in this dissertation was aimed to understand the molecular 

mechanisms of UDCA-induced growth suppression.  The experiments provide insight 

into the relationship between bile acids, membrane microdomains, and mitogenic 

signaling.  The microdomain, caveolae, and it’s structural component, Caveolin-1, are not 

required for UDCA’s effects, but do increase the effectiveness.  These results propose a 

novel mechanism for UDCA-induced growth suppression which involves a series of 

events, including enhanced recruitment of c-Cbl ubiquitin ligase to the membrane and 

highly efficient ubiquitinylation of EGFR, both of which are essential for UDCA’s 

effects.  Ubiquitinylation functions as a signal for the cell to rapidly down-regulate EGFR 

through caveolae-mediated endocytosis.  This involves inducing the internalization of 

EGFR and targeting receptors for lysosomal degradation [105] .  The resulting biological 

effect is accelerated EGFR turnover, inhibition of mitogenic signaling and growth 

suppression.   

 

Figure 39.  Updated Model of UDCA-induced growth suppression 
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Relationship between bile acids, caveolin-1 and mitogenic signaling 

 The relationship between bile acids, caveolin-1 and mitogenic signaling that has 

been described here is unique.  The resemblance to cholesterol implicates interactions 

with the plasma membrane.  Bile acids have long been studied for their roles in altering 

intracellular signaling, particularly mitogenic signaling.  Mitogenic signaling, such as the 

MAP-K signaling pathway has reported to be regulated by membrane microdomains, and 

specifically by cav-1 proteins.  Therefore, the purpose of this study was to try to connect 

the dots between these elements.   

 We previously reported that the hydrophobicity of bile acids imparts different 

effects on the cell membrane [64].  Specifically DCA disrupts the plasma membrane by 

altering cholesterol content, thereby resulting in the rearrangement of membrane 

microdomains, which we hypothesize is essential for DCA-induced activation of EGFR 

[65].   Our studies indicate that these effects are specific to DCA.  Therefore the state of 

membrane microdomains appears to be an important role in the bile acids’ biological 

effects.  My approach to understand the underlying mechanism of UDCA’s biological 

effect was to use a model system with and without the caveolin-1 protein, which is 

essential for caveolae-mediated regulation of signal transduction. 

These findings suggest that cav-1 has an important role in mediating UDCA-

induced growth suppression.  Growth suppression is greatly enhanced when cav-1 is 

ectopically expressed and suppression by UDCA of EGF-induced ERK activation was 

augmented in cav-1 expressing cells.  This enhancement may be attributed to direct 

protein interactions between cav-1 and EGFR.  Several studies from Lisanti’s group 
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report that a scaffolding domain in the cytoplasmic terminus of cav-1 has a functional 

role in inhibiting the kinase activity of EGFR, thereby mediating its negative regulation 

of the Ras-p42/44 MAP kinase pathway [85].  They report the scaffolding domain is 

specific for binding to EGFR in an inactive conformation, in such a way that its kinase 

domains are sterically hindered by this binding interaction [85].  In addition there is 

precedence for the role of cav-1 in regulating MAP-kinase activity and cell proliferation 

as demonstrated in cav-1 knockout studies, where cav-1 null mouse embryonic 

fibroblasts (MEFs) exhibited increased growth rates [130] and cav-1 knockout 

keratinocytes exhibited hyper-activated ERK-1/2 protein [131].  

Since UDCA does not disrupt the membrane like DCA, but rather stabilizes and 

maintains microdomain organization, as well as concentrates EGFR in lipid raft fractions 

(Fig. 2), this may impart an enhanced regulation of EGFR through caveolae and cav-1.  

This hypothesis is supported by the finding that interactions between cav-1 and EGFR are 

increased in the membrane of UDCA-treated cells. 

The growth suppressive effects may also be explained by UDCA’s inability to 

induce cholesterol alterations, such as the alterations induced by DCA.  For comparison, 

Pike and co-workers showed that modulating cholesterol levels results in a 2-fold 

increase in EGFR tyrosine kinase activity in NIH-3T3 cells.  Thus, disturbing cholesterol 

levels led to the displacement of EGFR from membrane microdomains, which they assert 

makes the receptor accessible for activation [66].  In these studies, UDCA preserves the 

association of EGFR with caveolae, whereas DCA induces a re-distribution of receptors.  

In addition, the general consensus is that EGFR function is suppressed when localized to 
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caveolae, and migration out of microdomains is associated with an activated receptor 

[115].  Therefore, UDCA, may be inhibiting the migration of EGFR out of caveolae 

thereby facilitating suppression of mitogenic signaling, by virtue of preserving the 

membrane and upholding cav-1’s interactions with EGFR. 

 

UDCA enhances EGFR down-regulation through caveolae 

Termination or suppression of cell signaling is a normal mechanism used to 

regulate activated receptor-ligand complexes that stimulate mitogenic pathways from the 

cell surface [93].  The mechanisms that enable receptor down-regulation occur through a 

series of events including recruitment of c-cbl ubiquitin ligase to the membrane, receptor 

ubiquitinylation, internalization, and targeting to the lysosome for degradation [97].  

Several studies attribute aberrant receptor-mediated endocytosis to prolonged mitogenic 

signaling.  Defective trafficking of EGFR can be mediated by defective auto- and trans- 

phosphorylation of EGFR at various phosphorylation sites, which leads to reduced 

internalization or diversion from the degradative pathway to recycling endosome [132].  

Roth and coworkers show that EGFR in some non-small cell lung cancers acquire 

tyrosine kinase domain mutations that enhance hetero-dimerization of EGFR with HER2, 

a tyrosine kinase receptor of the same family, which is internalization-defective, allowing 

for the receptor to remain on the cell surface for persistent stimulation [127, 133].  

Similarly, since UDCA stabilizes membrane microdomains, the receptors remain tightly 

associated with these domains, whereas, DCA alters their organization, and is associated 

with increased mitogenic signaling.  In addition, our laboratory previously reported that 
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DCA, but not UDCA, activates PKC, which is important for DCA induced changes in 

intracellular signaling and gene expression.  Interestingly, Yarden et al. reported that 

activated PKC phosphorylates EGFR at Threonine 654, which diverts internalized 

receptors from the degradative pathway to the recycling endosome [118, 134].  This may 

explain the immunofluorescent micrographs that show EGFR internalization occurs with 

DCA treatment, but the half-life is unaffected.  

Until recently, the most widely recognized route for trafficking of cell surface 

receptors was via clathrin-coated pits.  However, recent studies demonstrate that two 

different pathways regulate TGF-β signaling.  The canonical endocytic pathway that 

occurs through clathrin-dependent internalization is associated with persistent TGF-β 

signaling, whereas association of TGF-β with caveolae-mediated internalization leads to 

negative regulation of the receptor [103].  Similar studies by Bonaccorsi  et. al. 

demonstrate that EGFR can also utilize both pathways.  They found that a more 

tumorigenic and invasive phenotype of androgen receptor positive prostate cancer cells 

was mediated by the preferential segregation of EGFR into clathrin-coated pits which 

mediated persistent mitogenic signaling [135].  

Receptor down-regulation through alternative pathways may explain the 

differences in EGFR down-regulation between DCA and UDCA treated colon cancer 

cells, as well as the differences in biological effects.  This mechanism is likely to be 

important for UDCA’s tumor suppressing effects.  In fact, Weinstein and co-workers 

report that (-)-Epigallocatechin Gallate, the biologically active ingredient in green tea, 

promotes the down-regulation of EGFR by altering membrane organization leading to 
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inhibition of EGFR activation[136].  In addition, others have shown that the presence of 

cav-1 down-regulates inducible nitric oxide synthase by reducing iNOS protein levels 

through accelerated degradation via the proteasome pathway[108].  

I have provided evidence that EGFR segregates into both clathrin coated pits and 

caveolae, however, in DCA-treated cells, EGFR preferences the clathrin coated pit, and 

UDCA-treated cells, EGFR concentrates in caveolae.  Despite this, DCA and UDCA 

treatments have long exhibited differential effects on cells, which is also true under the 

conditions tested here.  There are two possibilities of why EGFR goes into different 

domains in response to the bile acids.  First, it could be attributed to differences in the 

extent of ubiquitinylation.  UDCA caused large smearing of EGFR in raft fractions, 

whereas DCA did not.  Another possibility is that DCA causes activation of different 

signaling pathways of which UDCA has no effect on, in particular PKC [46, 48, 49].  

There is evidence that activated PKC has a role in the transregulation of EGFR [135] and 

is also shown to inhibit caveolar endocytosis.  It is unclear why the receptors partition 

into one domain or the other but it may be attributed to membrane interactions, disruption 

of membrane structures, or activation of signaling pathways.  

These studies emphasize the importance of receptor down-regulation via 

endocytic pathways in various cell types and under variable conditions.  Further 

understanding of pathways that promote down-regulation of receptors as well as 

mechanisms that regulate these pathways, would likely provide more details that explain 

the mechanism of growth suppressive reagents, like UDCA, that could have powerful 
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effects on the progression of not only cancer, but also other diseases that exploit 

uncontrolled growth.  

It has been stated that the most effective means of treating colon cancer is to 

prevent it. Since colon cancer is a disease that usually progresses over a long period of 

time, we are presented with an excellent window of opportunity to halt tumor formation 

through the administration of chemopreventive agents.  These results propose a novel 

mechanism for UDCA’s chemopreventive effects that lead to the inhibition of cell 

growth.  I have found that this occurs through down-regulation of receptor tyrosine 

kinases and subsequent suppression of mitogenic signaling.  Growth suppression induced 

by UDCA seems like a desirable approach to inhibit tumor formation, which is, in 

essence the “over-growth” of cells. 

On a final note, we previously reported that UDCA induced cellular senescence, 

and this effect was accompanied by the up-regulation of HDAC6 as shown by microarray 

analysis [60].  The role of HDAC6 in UDCA-mediated growth suppression is unknown, 

however, the following are two possibilities of why the up-regulation occurs.   

Until recently, histone deacetylases like HDAC6, and histone acetylases or HATs, 

were reported to function as regulators of chromatin structure and function, thus 

regulating gene expression [137].  There is new evidence suggesting acetylation of 

cytosolic proteins as a new way of regulating protein stability. Specifically, acetylation of 

lysine residues on cytosolic proteins prevents further modifications like ubiquitinylation, 

at this residue, implicating acetylation of protein lysines to increased protein stability.  

Histone deacetylases, on the other hand, remove acetyl groups from the lysine residues, 
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allowing ubiquitinylation to occur and ultimately leading to accelerated protein 

degradation [138].   

The other possible explanation for up-regulation of HDAC 6 may be to 

accommodate the increased utilization of caveolae-mediated endocytosis for EGFR 

down-regulation.  Once a caveolar vesicle is released into the cytoplasm, the “cavicle” 

travels along microtubules towards endocytic machinery.  Interestingly, HDAC 6 has a 

role in stabilizing microtubules, therefore, suggesting a possible need for the up-

regulation of HDAC6 to facilitate increased caveolar endocytosis in UDCA-treated cells.  

These two new relationships between protein ubiquitinylation and acetylation, and 

microtubule stabilization offer two possible explanations of how UDCA is able to 

accelerate EGFR degradation.  

 

c-Cbl is essential for UDCA-induced growth suppression 

 These studies utilized two genetic approaches to determine whether cbl has a 

central role in mediating UDCA’s biological effects.  The first was the stable transfection 

of a mutant c-cbl with a single cysteine to alanine mutation in the ring finger domain 

which mediates the ligation of ubiquitin to the receptor.  The defective cbl can still bind 

EGFR, but it can not attach ubiquitin, thus facilitating its dominant negative function and 

inability to inhibit signaling downstream of EGFR.  Loss of cbl, therefore, mediates the 

loss of ubiquitinylation of receptor, which was important for these studies since the 

ubiquitinylation of EGFR in DCA and UDCA treated cells, was significantly different. 
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 The analysis of proliferation in cells containing the mutant cbl, showed that 

UDCA-treated cells grew 20% less than non-treated HT29 and HT29-cav-1 cells.  The 

presence of a defective cbl reversed this effect, mediating cell growth to equal that of 

non-treated normal cells.  Similarly, the second set of experiments that inhibited the 

function of cbl by siRNA, showed that loss of cbl led to normal growth rates in the 

presence of UDCA.  This clearly indicates the function of cbl is essential to UDCA’s 

growth suppressive effects. 

 The essential role of cbl in UDCA’s effects is confirmed in these experiments, 

however the mechanism by which cbl mediates UDCA’s effect is also worth 

investigating.  In order to define this role, it is important to establish where the 

differences begin to occur between the two treatment groups.  An important observation 

is that EGFR internalizes in both UDCA- and DCA-treated cells (Fig. 20) albeit at 

different rates that lead to different effects on receptor half-life.  A common 

misconception is that receptor internalization corresponds to degradation, however, this is 

not the case.  Rather, internalized receptors can follow a recycling pathway [118, 132], or 

under some conditions signal from within endosomes as well [139].  Moreover, it has 

been shown that cbl does not have a required role in the internalization step, therefore 

internalization is independent of cbl.  This is illustrated by the finding that overexpression 

of cbl has no effect on the internalization rates of EGFR.  Thus, reiterating that the (cbl-

independent) internalization step of endocytosis is not the defining difference between 

UDCA- and DCA-treated cells.  
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A distinguishing difference between the treatment groups is that cbl is efficiently 

recruited to the membrane in UDCA-treated cells, but not in DCA-treated cells (Fig. 23 

and 24).  Recruitment of cbl could explain differences in ubiquitinylation levels of EGFR 

(Fig. 21).  After internalization, EGFR enters the endocytic sorting process, which is the 

step at which UDCA’s and DCA’s effects diverge and the point at which the function of 

cbl is required.  Cbl is essential at this stage because endocytic sorting depends largely on 

the ubiquitinylation status of the receptor.   

Ubiquitin regulates receptor sorting in a variety of ways.  First, ubiquitin has 

recently been described as a potent endocytic signal, controlling the entry of receptors 

into different endocytic compartments, thus resulting in different fates [107].  The sorting 

is dictated by the extent of ubiquitinylation, i.e. poly-ubiquitinylation or attachment of 

ubiquitin in chains, is a strong signal for the receptor to be sorted into late endosomes, 

whereas mono-ubiquitinylation, or attachment of single ubiquitin moieties, leads to 

further signaling.  Moreover, researchers have shown that ubiquitin is required for exit of 

receptors from the early endosome [140].  It is postulated that additional sites of 

ubiquitinylation on the receptor are binding sites for proteins with ubiquitin-interacting 

motifs (UIMs; Hrs, Tsg101, ESCRT) that are recruited to endosomes to form large 

sorting complexes which aid in the transfer of the receptor between vesicular 

compartments.  The implications for poor ubiquitinylation, therefore, are that receptors 

become trapped in early endosomes and recycled rapidly to the cell surface.  This may 

explain, why in the immunofluorescent studies, it appears as though EGFR is 

internalized, yet receptors remain on the cell surface. 
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Ubiquitinylation status of receptors has also been shown to differentiate the 

sorting of receptors into clathrin-dependent or clathrin-independent pathways of receptor 

processing.  Mono-ubiquitinylation directs receptors to clathrin coated pits, for continued 

signaling, and poly-ubiquitinylation directs receptors to caveolae-mediated endocytosis 

which leads to rapid degradation [135].  This supports the finding that DCA increases the 

formation of clathrin complexes, some of which are associated with EGFR, and 

consequently the reason for DCA’s mitogenic signaling.  In contrast, UDCA causes 

EGFR to co-localize into caveolae, rapid degradation and inhibition of mitogenic 

signaling, subsequently leading to growth suppression. 

It is also possible that the endocytic sorting of EGFR can be influenced by other 

pathways that are known to transregulate EGF-Receptor down-regulation, such as 

activated PKC.  Yarden et al. demonstrates that activation of PKC with phorbol myristol 

acetate, induces the phosphorylation of EGFR at threonine 654 [132].  This 

phosphorylation event is shown to divert internalized receptors from the degradative 

pathway to the recycling pathway.  Interestingly, the PKC pathway is classically known 

to be activated by DCA.  Therefore, DCA treatment may lead to PKC activation and 

subsequent phosphorylation of EGFR at threonine 654, which is important for sustaining 

EGFR’s stability by causing internalized EGFRs to be recycled rather than degraded.  

Another interesting observation is that PKC activation is thought to inhibit caveolar 

endocytosis, which supports the role of caveolae in promoting receptor degradation,  

Thus far I have presented evidence that implicates cbl as having a major role in 

facilitating UDCA’s effects.  The requirement of cbl is attributed to its function in 
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attaching ubiquitin to receptors, regulating whether a receptor is targeted for lysosomal 

degradation, endosomal signaling or recycling back to the plasma membrane.  Therefore, 

it may be accurate to conclude that ubiquitinylation of receptors by cbl is required for 

UDCA’s effects. 

If the mechanism of UDCA involves accelerating the rate of receptor degradation, 

then presumably DCA’s induction of mitogenic signaling may be attributed to stabilizing 

the receptor and/or slowing degradation by promoting the recycling pathway.  Therefore, 

it may be interesting to determine if drugs that accelerate protein degradation could 

reverse DCA’s effects.  Furthermore, inducing receptor degradation to reverse oncogenic 

signaling in tumor cells is currently under investigation.  Klapper et al. reports that 

tumor-inhibitory antibodies against degradation-defective HER2/ErbB2  may act by 

recruiting cbl and enhancing ubiquitinylation of the receptor [141].   

The differential recruitment of cbl to the membrane is also important to 

understand since cbl-mediated ubiquitinylation is key for enhancing receptor sorting into 

the degradative pathway.  Although equally important to cbl’s function, much less is 

known about the dynamics of cbl recruitment.  Under normal conditions, ligand binding 

initiates receptor dimerization and transphosphorylation events on the cytoplasmic tail of 

neighboring receptors.  Phosphorylation of the cbl docking site, Y1045 is a strong 

stimulus for cbl recruitment.  Defects in phosphorylation of Y1045, such as abrogated 

phosphorylation events induced by oxidative stress, inhibits cbl binding and receptor 

down-regulation [105].  Interestingly, DCA has been shown to induce oxidative stress, 
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therefore, altered phosphorylation at the cbl docking site in DCA-treated cells may 

contribute to the stable half-life of EGFR that is observed in these cells.   

Once recruited to the receptor, cbl binds the docking site and must form a 

physical complex with the receptor.  Cbl also interacts with the receptor indirectly 

through interactions with other signaling mediators recruited to active receptors, like the 

SH3 domain of Grb2.  Likewise, if there is defective recruitment of adaptors like Grb2, 

then cbl interactions with EGFR may be compromised, thus another opportunity for 

defective cbl recruitment and weak ubiquitinylation.   

Once cbl is successfully recruited to the membrane, cbl’s ubiquitin ligase activity 

is stimulated through EGFR-mediated phosphorylation.  The rate of ubiquitinylation is 

gauged by the intrinsic kinase activity of the receptor.  For example weak auto-

phosphorylation would lead to conjugation of a few ubiquitin monomers, and very active 

kinase activity would yield  strong ubiquitinylation of the receptor.   As mentioned 

before, the extent of ubiquitinylation plays a role in where the receptor is sorted.  

The last possible way that cbl’s function can be altered is through regulation 

mediated by other signaling proteins.  For example, the non-receptor tyrosine kinase, c-

src, potentiates EGFR- mediated mitogenesis by binding to and phosphorylating EGFR.  

Src also negatively regulates cbl by phosphorylating it, which demarcates the protein for 

ubiquitinylation by other cbl molecules.  This leads to less available cbl molecules to 

negatively regulate EGFR, thus leading to increased mitogenic signaling.  Two other 

proteins are shown to be involved in regulating cbl as well.  Cdc42 and Spry2 function by 

preventing cbl binding to EGFR and sequestering Grb2, which provides indirect binding 
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sites for cbl and EGFR interactions.  Alterations to these signaling proteins by bile acids 

could also contribute to differential cbl activities and ubiquitinylation. 

In summary, cbl mediates ubiquitinylation of EGFR, providing instructions to 

endocytic machinery to target the receptor into the late endosome for degradation or to 

stay in the early endosome and become recycled.  The essential role that cbl plays, 

therefore, is regulating the sorting of receptors.  It remains unknown how UDCA 

enhances recruitment of cbl to the membrane, however it may be the result of UDCA 

concentrating receptors in caveolae.  Perhaps the close proximity of the receptors 

mediates extensive transphosphorylation and rapid recruitment of cbl.  In this setting,  

internalization and degradation would ideally occur faster than the stimulus can be 

transmitted downstream since UDCA does not promote MAP-K signaling. 

 

HOMUR cells:  alternative approach to understand UDCA’s effects  

 The generation of the HOMUR cell line was intended for use as a tool to define 

the signal transduction pathways activated by bile acids.  The goal was to characterize 

these cells and understand what genetic alterations allowed these cells to become resistant 

to UDCA-induced growth arrest..  One key observation made during the characterization 

process, was that some HOMUR cells exhibited cross-resistance to DCA.  This 

demonstrates that bile acids have overlapping biological effects and that by studying both 

tumorigenic and anti-tumorigenic bile acids, we can learn about the interactions of bile 

acids, in general, with colon cancer cells. 
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 After analyzing differences in susceptibility to DCA-induced apoptosis, it became 

apparent that HOMUR cells altered themselves in different ways to accommodate 

resistance to UDCA.  This is illustrated in Fig. 35 that shows the variability in cross-

resistance to DCA; H7 cells are highly resistant, whereas H17 are very sensitive.  Despite 

these variabilities, H7 and H17 cells both can grow in the presence of UDCA.  Therefore, 

unique intracellular changes occurred in these cells to account for these differences.    

Resistance to apoptosis is a phenotype conducive to tumorigenesis, therefore 

HOMUR cells’ resistance to DCA also correlated with tumorigenicity as demonstrated in 

Figure 36, H7 cells which are most resistant to DCA, exhibited the most growth in soft 

agar.  Resistance to apoptosis may arise from an imbalance of pro- and anti-apoptotic 

proteins, and the variations in genetic alterations in HOMUR cells is demonstrated in Fig. 

35B which shows H7 cells have increased levels of the anti-apoptotic protein, Bcl-2, 

which may facilitate (in part) its’ strong resistance to DCA.  The over-expression of bcl-2 

was only observed in H7 cells, thus this genetic alteration is specific to the H7 clone; 

which supports the notion that the each of the HOMUR clones acquired unique genetic 

alterations.  This shows the incapacity to predict how a cell will respond and that there 

are multiple ways of inhibiting UDCA’s effects.  This especially emphasizes the idea that 

bile acids’ effects are pleiotropic. 

The studies that I have presented demonstrate that UDCA promotes degradation of EGFR 

by causing receptors to concentrate within caveolae domains.  The association with 

caveolae and cav-1 therefore are key to UDCA’s effects.  If this is important for UDCA’s 

mechanism, then it could be hypothesized that HOMUR cells may have acquired changes 
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in their caveolar membrane system.  This was tested first by determining the ability of 

UDCA to concentrate cav-1 in raft fractions, which was observed in my experiments 

using HT29-cav-1 cells.  As demonstrated in Figure 37, H7 cells are resistant to UDCA’s 

effect on concentrating cav-1 in raft fractions.  The movement of cav-1 from non-raft 

fractions into raft fractions is shown in UDCA-treated HCT116 cells, however, the H7 

cells are now resistant to this re-distribution.  This is also analyzed by immunofluorescent 

microscopy.  Treatment of HT29-cav-1 cells with UDCA caused cav-1 to internalize and 

co-localize with EGFR.  The H7 cells have altered their membrane integrity to facilitate 

resistance to the UDCA-induced localization of  cav-1 (Figure 37B). 

 Measuring cav-1 distribution in HCT116 and H7 cells was useful in confirming 

that these elements are important for UCDA-induced growth suppression.  The alterations 

that H7 cells adapted to resist cav-1 distribution in response to UDCA, indicates that H7 

cells altered their caveolae membrane system, allowing for growth in the presence of 

UDCA.  This is further confirmed in the analysis of cav-1 protein levels in HOMUR 

cells, which all showed a down-regulation of the cav-1 protein shown in Figure 38.  This 

is strong evidence that confirms my findings that cav-1 and caveolae are integral to 

UDCA induced growth suppression.   The experiments performed in the HT29 and 

HT29-cav-1 model system could be confirmed by performing these same experiments 

using H7 cells.  For example, I would expect that H7 cells have less caveolae, do not 

concentrate receptors in caveolae, and extend the half life of EGFR.  However, due to 

variability in genetic alterations acquired by HOMUR cells, results should be interpreted 

with caution. 
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 Further analysis of HOMUR cells could also be useful in predicting how tumor 

cells may respond physiologically to long-term use of UDCA.  The mechanisms of 

resistance provides the opportunity to develop therapeutics that counteract cellular 

compensatory effects.  For example, if UDCA induces changes in caveolae, then one 

might administer genetic therapy that sustains expression of cav-1 in conjunction with 

UDCA.  In conclusion, by studying UDCA-resistant cells, we can learn about how cells 

adapt to their environment  and help clarify or confirm proposed mechanisms of UDCA. 

 

Conclusions 

 More than half of all colorectal cancers that are diagnosed are sporadic, or 

develop in people with no genetic links to the disease.  The risk for development of 

colorectal cancer is highly influenced by environmental factors.  Diet, specifically, the 

“western-style diet” has been implicated in having a role in the etiology of CRC.  A 

“western-style diet” is generally described as a diet high in fat and red meat, and low in 

fiber, and if adopted for many years, has pathological effects on the colonic epithelium. 

 Clinical evidence first linking a high fat diet to CRC, came from studies that 

found patients with colorectal adenomas had very high concentrations of bile acids in 

their serum and feces.  After many years of research, the “Bile Acid Hypothesis” 

emerged.  The concept describes that when an individual consumes excess amounts of 

fat, during the course of a lifetime, this can have deleterious effects in the colon.  The 

complex physiological conditions in the lumen of the colon, specifically the microbiota, 

facilitates the conversion of bile acids into cytotoxic secondary bile acids, like DCA that 
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have been shown to promote tumorigenesis.  Thus, the tumorigenic properties of bile 

acids contribute to the development of colorectal adenomas, such as in the individuals 

described in the clinical studies. 

 The mechanistic role of DCA in the etiology of CRC has been investigated for 

many years.  Since these studies were first initiated, other bile acids have also been 

investigated for their possible cytotoxic effects in the colon.  One bile acid, however, is in 

a category of it’s own, recognized as having anti-tumorigenic properties.  UDCA has 

been studied for its potential use as a chemopreventive agent for CRC.  Understanding 

the mechanisms of both the tumorigenic and anti-tumorigenic bile acids are important for 

understanding the etiology of CRC, and also for developing new CRC prevention 

approaches.   

The research presented here investigates the molecular mechanism of the anti-

tumorigenic bile acid, UDCA, and proposes a novel mechanism for UDCA-induced 

growth suppression. The anti-proliferative effect is attributed to accelerating the down-

regulation of receptor tyrosine kinases in colon cells.  This is facilitated by concentrating 

receptors in caveolae domains, promoting the internalization of receptor-loaded caveolae 

and targeting these receptors to a degradative pathway.  By accelerating receptor tyrosine 

kinase turnover, there is an inhibition of mitogenic signaling, thus leading to growth 

suppression as the observed biological effect. 

The ubiquitin ligase, c-cbl plays an essential role in promoting receptor-tyrosine 

kinase degradation, and these studies present evidence that c-cbl is required for UDCA’s 

effects.  UDCA-treated cells are highly efficient in recruiting c-cbl to the membrane, 
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where the key regulatory event, ubiquitinylation of the receptors, takes place.  As a 

consequence of UDCA treatment, receptors are dramatically ubiquitinylated, and in these 

cells ubiquitin acts a strong endocytic signal for targeting receptors for degradation.  By 

accelerating receptor turnover, cells lose mitogenic potential and have suppressed growth.  

Additional studies are needed to understand how UDCA treatment recruits c-cbl to the 

membrane and promotes high rates of ubiquitinylation.  Nevertheless, results from these 

studies can be applied in the development of new therapeutics and chemopreventive 

agents to treat cancer. 
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