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ABSTRACT 
	  
 Primary bile acids are a group of cholesterol metabolites that are synthesized 

in the liver and stored in the gallbladder. The main role of bile acids is to aid in the 

digestion of dietary fats and lipids. More recently, a signaling role for bile acids has 

been characterized. Secondary bile acids are formed when the bacteria of the colon 

metabolize primary bile acids. Secondary bile acids that escape enterohepatic re-

uptake to the liver can have a deleterious effect in the colon. Deoxycholic acid (DCA) 

and ursodeoxycholic acid (UDCA) are two secondary bile acids that have been 

studied for their biological effects in the colon. More recently, these bile acids have 

been found to induce intracellular signaling in the colon. Although much is known 

about bile acids and their link to tumorigenesis or chemoprevention, there is very 

little known about how they induce the intracellular signaling of cells. In short, it is 

our goal to understand the mechanism of how bile acids like DCA and UDCA induce 

the activation of signaling pathways. For several years, bile acids have slowly been 

characterized as hormonal molecules due to their ability to naturally bind to the 

farnesoid x receptor (FXR) and pregnane x receptor (PXR). Moreover, DCA and 

UDCA have also been researched for their gender specific role. In animal models, 

UDCA was found to be a chemopreventive agent in males, but a tumor-promoting 

agent in females. In our studies, we identified a novel nuclear receptor that bile acids 

exert their effect on. Estrogen receptor β (ERβ) is highly predominant in the colon 

and a regulator of colorectal cancer. Using human colorectal adenocarcinoma cell 

lines, we identified a key serine residue (Serine-87) on ERβ that is highly regulated 

by the MAPK pathway. We found that DCA and UDCA induce the phosphorylation 

and subsequent up-regulation of estrogen receptor regulated genes. Moreover, we 
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found that phosphorylation was occurring mainly in the nucleus of our cells, 

indicative of activation of ERβ. Remarkably, we also identified a tumorigenic role for 

UDCA. UDCA-treated cells showed increased migration, which was blocked when 

the MAPK and ERβ pathways were inhibited. Collectively, this data reveals a novel 

signaling mechanism for bile acids in colorectal cancer and uncovers an adverse role 

for UDCA. 
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CHAPTER I: INTRODUCTION 
 

I.  The Normal Lower Gastrointestinal Tract 
 
 The digestion of chemicals and nutrient absorption takes place in the small 

intestine. The major class of nutrients that are absorbed in the small intestine include 

carbohydrates, proteins, and lipids [1]. In order to execute these roles proficiently, the 

small intestine is the largest part of the digestive tract, about 2.7 to 2.5 m long. It is 

further coiled into a mass that takes up a large area of the abdominal cavity, and is 

divided into three regions: the duodenum, jejunum, and ileum [1].  

 The large intestine is roughly 1.5 m long and functions to absorb water and 

salts from indigestible food. The cecum marks the beginning of the large intestine and 

is connected to the colon. The colon is further divided into 4 regions (Fig. 1.1), the 

ascending, transverse, descending, and sigmoid regions [1]. The large intestine 

contains roughly 800 species of bacteria, which aids in the digestion of cellulose, 

pectin, and various other plant polysaccharides [1]. With the help of bacteria, we are 

able to digest a large amount of nutrients.  

 Anatomically, the colon and the rectum make up two key segments of the 

gastrointestinal tract (Fig. 1.2). The large intestine includes both the colon and the 

rectum. The colon is a muscular tube, measuring about 5 feet long and aids in the 

absorption of water and salt from the remaining nutrient matter after its transportation 

from the small intestine. Waste matter that is left over from the colon is then passed 

onto the rectum, where it is collected until it is eliminated from the body.  
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Figure 1.1. Anatomy of the Colon 
 

 

 

 

 

Figure 1.1. Anatomy of the Colon. The colon is divided into 4 
sections; the ascending colon, transverse colon, descending 
colon, and the sigmoid colon. Image was adapted from Mosby’s 
Medical Dictionary, 9th edition. © 2009, Elsevier. 
Figure 1.1. Anatomy of the Colon. The colon is divided into 4 
sections; the ascending colon, transverse colon, descending colon, 
and the sigmoid colon. Image was adapted from Mosby’s Medical 
Dictionary, 9th edition. © 2009, Elsevier. 
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Figure 1.2. Lower Anatomy of the GI Tract  
 

Figure 1.2. Lower Anatomy of the GI Tract. The lower 
gastrointestinal tract is composed of two major segments; the 
colon and the rectum. The colon absorbs nutrients, and matter is 
passed to the rectum for elimination. Image was adapted from the 
National Cancer Institute at the National Institutes of Health.  
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II.  Epidemiology 

a.  Colorectal Cancer 
 
 Including both men and women, colorectal cancer is the third most commonly 

diagnosed cancer. The overall lifetime risk of acquiring colorectal cancer, according 

to the American Cancer Society, is about 1 in 21 for men and 1 in 23 for women [2]. 

In addition to colorectal cancer being the third most commonly diagnosed cancer, it is 

also the third leading cause of cancer-related deaths in the United States, when both 

men and women are categorized separately. However, it drastically increases to the 

second leading cause of cancer related deaths when the sexes are combined. In 2016, 

it was estimated that colorectal cancer will be the cause of 49,190 deaths [2]. Despite 

the overwhelming number of deaths associated with colorectal cancer, the number has 

been dropping due to several key factors. Early detection and removal of pre-

cancerous polyps as well as improving treatment methods has kept the number of 

colorectal cancer deaths from rising over the last few decades.  

 One important aspect worth noting in gut physiology is endocrine metabolism. 

In established Western cultures, the female rate of colon cancer at a premenopausal 

age exceeds male incidence rates, while at older ages, there is a shift of dominance to 

the male sex [3]. The greater risk of colon cancer in premenopausal women could be 

due to the composition of bile that enters the intestine. An increase in estrogen during 

pregnancy as well as a decrease in total bile acid concentration might account for the 

lower risk of colon cancer in parous women [4].  
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b.  Polyps  
 

Colon cancer most commonly originates as a growth on the inner lining of the 

colon, known as a polyp [2]. About two-thirds of polyps formed in the colon or 

rectum are adenomas and sometimes have the potential to transform into cancer. 

Therefore, adenomatous polyps are usually pre-cancerous (Fig. 1.3).  

Roughly one third of polyps and one half of colorectal cancers occur proximal 

to the splenic flexure [5]. Proximal lesions, however, convey a poorer prognosis than 

distal cancers, due in part to delayed diagnosis. The average latency from onset of 

polyp to carcinoma is 10 to 15 years. However, latency varies by the location of the 

polyp, denoting that it takes longer in the distal end of the colon compared to the 

proximal end of the colon [6] . 

Hyperplastic polyps, also known as inflammatory polyps, are more common 

than adenomas, but they are generally not pre-cancerous. Hyperplastic polyps appear 

either flat or sessile and do not usually exceed 5 mm. They are also located near the 

ends of folds of the rectal mucosa [7]. These polyps mature in younger patients, but 

their significance does not shift after the age of 50.  

Serrated polyps are the second most diagnosed subset of polyps, after 

established adenomas [8]. Serrated lesions are most commonly found within the 

proximal colon and usually measure more than 5 mm. Other characteristics of 

serrated polyps include the presence of mature goblet cells that sit at the base of 

colonic crypts, however, dysplasia is absent [9, 10].  

 Pedunculated polyps expand from the mucosa of the colon through a 

fibrovascular stalk [11]. Tubular adenomas are generally pedunculated, whereas 

villous adenomatous polyps are much larger and contain wide bases. Pedunculated 
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polyps contain villous projections that extend from its free ends. These polyps do not 

have the potential to transform into villous polyps [12].  
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Figure 1.3. Polyp Characteristics 
	  
	  
	  
	  

Figure 1.3. Polyp Characteristics. Colon polyps can be detected 
early with a colonoscopy. Polyps that are found in the early stages 
are removed and prevented from becoming cancer. Image was 
adapted from the Mayo Clinic. Foundation for Medical Education 
and Research.  
 

There are characteristic shapes of polyps that doctors 
may identify as precancerous: 
  
1. Flat polyps do not protrude from the inner lining 
surface, and some can even be depressed in the 
surface. Doctors can use special dyes to locate them. 
 
2. Sessile polyps sit right on the surface of the mucous 
membrane. They are elevated but do not have a stalk. 
 
3. Pedunculated polyps are mushroom-like tissue 
growths that are attached to the surface of the mucous 
membrane by a long, thin stalk, or peduncle. 
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III.  Etiology 

a.  Vogelstein model of Colon Cancer 
 
 Colon cancer is now well known as a heterogeneous disease. This has led 

researchers and clinicians to make discoveries about the genetic and molecular 

characteristics that will aid in a more personalized and targeted form of therapy. CRC 

has been characterized as a chromosomal instable cancer, in which there is an 

accumulation of mutations in specific oncogenes and tumor suppressor genes [13]. 

CRC originates as a benign adenomatous polyp and develops into an advanced 

adenoma, eventually progressing toward an invasive phenotype (Fig. 1.4). 

 One key change in the development of CRC is the activation of the Wnt 

signaling pathway, which is also regarded as the initiation event [14-16]. The 

adenomatous polyposis coli (APC) protein negatively regulates beta-catenin, 

preventing cellular division and overgrowth. Mutations in the APC gene often lead to 

the development of familial adenomatous polyposis (FAP). Lack of APC 

constitutively activates the Wnt signaling pathway. The next step of colorectal 

tumorigenesis involves the activation of oncogenic pathways. A mutation in the RAS 

and BRAF oncogenes constitutively activates the mitogen-activated protein kinase 

(MAPK) pathway. RAS and BRAF are mutated in 37% and 13% of colorectal cancers, 

respectively [17-19]. BRAF mutations can be identified in smaller polyps when 

compared to RAS mutations, which are more common in hyperplastic polyps, serrated 

adenomas, and proximal colon cancers [19]. A third key genetic step in colorectal 

tumorigenesis is the inactivation of p53 through mutations in the TP53 gene. Most 

tumors acquire TP53 silencing of both alleles by a combination of transcriptional 

inactivation of p53 and deletion of the 17p allele [14, 18-21]. Activation of p53 is 
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associated with many stressors, including DNA damage, ROS-induced damage, and 

deregulation of oncogenes. When p53 becomes inactivated, tumor suppression 

becomes compromised and apoptosis becomes down regulated. Inactivating p53 

allows the shift of colorectal adenomas to invasive carcinomas.  
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Figure 1.4. Vogelstein Model of Cancer 
 

Figure 1.4. Vogelstein Model of Cancer. Genetic changes and 
alterations drive tumorigenesis. Mutations cause normal cells to lose 
control of its normal growth, and slowly become more threatening 
when additional mutations arise. New mutations in the genome can 
also accelerate the development of extra mutations. Figure adapted 
from Knudson et al., Nature Reviews Cancer 2001;1:157-162.  
 



	   22	  

b.  Hereditary Cancer Syndromes 

1.  MAP 
 
 MYH-associated polyposis (MAP) accounts for approximately 1% of all 

colorectal cancer cases [22, 23]. The MYH gene encodes a protein that is involved in 

base excision repair (BER), which is activated upon ROS-induced DNA damage. 

Inherited biallelic mutations of MYH have been shown to predispose individuals to 

multiple adenomas and carcinomas [24-26]. The most common missense mutations in 

MYH seem to be Y165C and G382D, particularly in Caucasians [25, 26]. MYH 

screening should be measured in patients with risk of early-onset colorectal cancer. 

Screening should also be personalized by taking the ethnic background of the 

individual into account. More commonly, Y90X is seen in Pakistanis, E466X in 

Indians, and nt1395delGGA in people from the Mediterranean [23, 25, 27].  

 

2.  Peutz-Jeghers syndrome 
 
 Peutz-jeghers syndrome (PJS) is caused by germline mutations in the 

serine/threonine kinase gene LKB1. Patients affected by PJS acquire harmatomatous 

polyps in the gastrointestinal tract and are at an increased risk for other cancers, 

especially breast cancer [13, 28]. LKB1 has been shown to be involved in a number 

of pathways, including mTOR, Wnt, COX2, NF-κB, VEGF, and p53 [29-32]. There 

is ongoing research as to whether a second locus exists, because LKB1 mutations 

cannot be identified in 30-80% of patients with PJS [28]. Due to the significance of 

cancer risk associated with PJS, there is a need for surveillance in patients with this 

disease for the early detection of tumors [33].  



	   23	  

3.  FAP/HNPCC 
 
 Approximately 5 to 10 percent of people who advance to colorectal cancer 

have inherited gene defects. The most common inherited colon cancer syndromes are 

familial adenomatous polyposis (FAP) and Lynch syndrome (hereditary non-

polyposis colorectal cancer (HNPCC) [2]. Mutations in the APC tumor suppressor 

gene are associated with FAP, in which polyps are produced in the epithelium of the 

large intestine [33]. HNPCC is initiated when defective DNA mismatch repair genes 

(MLH1, MSH2, PMS2, and MSH6) are inherited [28].  

 The prevalence of FAP is approximately 1 in 8000 individuals and is the 

easiest identified form of hereditary colorectal cancer [34]. It is most commonly 

identified by the formation of multiple adenomatous polyps that appear in the colon 

and rectum. Without diagnosis and treatment, FAP leads to a near 100 percent risk of 

colorectal cancer, that primarily affects individuals at a mean age of 39 [34]. 

 

c.  Environmental Factors 
 
 A large number of colorectal cancers are theoretically preventable [35] . There 

are some geographical risk factors associated with colorectal cancer. One major factor 

is the migration of a population between countries. Trends in colon cancer tend to 

either decrease or increase dependent upon the host country. For example, the 

migration of people from Southern Europe to Australia and Japan to Hawaii, 

increased the risk of CRC in people of the host country compared to that of the 

country of origin [36]. Incidence of Japanese migrants who live in the United States is 

3 to 4 times higher compared to the Japanese who live in Japan [35]. Other 
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geographical risk factors include residences in urban locations. The incidence of CRC 

is much higher in urban populations and could serve as a strong predictor for risk 

[36]. In addition, males who reside in urban residences are likely to have increased 

risk compared to females.  

 

d.  Diet 
 

The type of nutritional diet that an individual follows is a strong indicator for 

risk. A diet that is high in red or processed meats, such as beef and luncheon meats, 

has the potential to raise your risk of CRC. The strong consumption of fat has been 

linked to the concept of a typical “Western Diet,” which has led to the evolution of 

gut microbiota capable of digesting bile salts to carcinogenic compounds [37]. Some 

meats are also cooked at high temperatures, which results in the production of 

carcinogens known as polycyclic aromatic hydrocarbons [38, 39].  

 

e.  Physical Activity  
 
 Another modifiable risk factor that has been connected to colorectal cancer is 

physical inactivity and excess body weight. These factors have contributed to 

approximately one-third of all cases of colon cancer. A number of studies have linked 

physical activity to cancer, including that of a dose-response effect, that had shown 

frequency and intensity of physical activity was inversely associated with risk [35, 40, 

41]. The mechanism of how physical activity reduced the overall risk of colorectal 

cancer is still being revealed. However, what is known is that long term activity 

increases metabolic efficiency, reduces blood pressure, insulin resistance, and 
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increases gut motility [41]. Current studies have shown that individuals who 

efficiently use energy have a decreased risk of CRC [35]. 

 

f. Smoking and Alcohol Consumption 
 
 Evidence has shown that smoking accounts for 12% of colorectal cancer 

deaths [42]. Carcinogens in cigarette smoke allow for the formation and growth of 

polyps, which has the potential to lead to cancer [43]. Larger polyps have been found 

in the colon and rectum in patients who were classified as long-term smokers. There 

is also evidence that supports that colorectal cancer begins to onset at an earlier age 

for men and women who smoke [42, 44].  

 The regular consumption of alcohol has also been associated with an 

increased risk of CRC. Compared to non-alcohol consumers, the onset of colorectal 

cancer is linked to individuals at a younger age. There is also a higher risk in those 

who smoke and consume alcohol in combination. The carcinogens in cigarette smoke 

may produce mutations in DNA that are inappropriately repaired in the presence of 

alcohol [45]. One of the main potential carcinogens in alcohol is acetaldehyde. Not 

only is the colon exposed to acetaldehyde, but the effects of alcohol may also lead to 

the production of prostaglandins, lipid peroxidation, and the generation of free 

radicals [45].  

 The vast majority of colorectal cancer cases are theoretically avoidable. 

Presently, CRC is very well understood at the epidemiological level. For example, 

there is a clear link between risk and a Western diet. Implementing the appropriate 

measures of prevention, including dietary changes, regular physical activity, and 
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maintaining a healthy weight would significantly reduce the morbidity and mortality 

related to CRC. 

  

g.  Prevention Strategies 
 
 The primary prevention method to reduce the risk of colorectal cancer is the 

regular use of aspirin and other nonsteroidal anti-inflammatory drugs (NSAIDs) [46, 

47]. In addition to the regular use of NSAIDs, increasing the intake of dietary fiber 

along with the regular consumption of fruits and vegetables is useful for the 

prevention of colorectal cancer [50]. 

 According to the American Gastroenterological Association (AGA), a 

colonoscopy test would significantly reduce the incidence of colorectal cancer from 

4,988 to 1,418, along with reducing deaths from 2,390 to 627 [5]. Therefore, 

colonoscopies have been labeled the gold standard for the diagnosis of colorectal 

cancer allowing for the treatment of adenomatous polyps [12].  

 

IV.  Bile Acids  
 

a.  Synthesis 
 
 Bile acids are cholesterol metabolites that have been categorized into two 

groups; primary and secondary bile acids. Primary bile acids are synthesized in the 

liver, while secondary bile acids are the result of bacterial emulsification of primary 

bile acids. Cholesterol is the primary molecule that is used for the synthesis of bile 

acids, involving 17 different enzymes. As indicated in Fig. 1.5, bile acids share the 

distinct cholesterol backbone molecular structure. The two central bile acids 
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synthesized from cholesterol are cholic acid (CA) and chenodeoxycholic acid 

(CDCA). In the intestine, CA and CDCA are deconjugated and dehydroxylated, 

leading to the synthesis of deoxycholic acid (DCA) and lithocholic acid (LCA) 

respectively [48]. The enzymes involved in this step are CYP7A1, CYP8B1, 

CYP27A1, and CYP7B1 as indicated in Fig. 1.6. The basic steps of primary bile acid 

synthesis includes the initiation of synthesis by 7α-hydroxycholesterol, modification 

of the ring structure, and conjugation of the bile acid with an amino acid [49]. The 

synthesis provides a means of converting cholesterol, which is both a hydrophobic 

and insoluble molecule, to a water-soluble bile acid. 
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Figure 1.5. Molecular Structure of Primary and Secondary Bile Acids  
 

 

 

Figure 1.5 Molecular Structure of Primary and Secondary Bile Acids. 
Primary bile acids are synthesized from cholesterol in the liver. In the 
intestine, bacteria metabolize primary bile acids to secondary bile acids 
through dehydroxylation. Figure adapted from Hylemon et al, 2009. 
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Figure 1.6. Regulation of Bile Acid Synthesis  

 
 

Figure 1.6. Regulation of Bile Acid Synthesis. The CYP enzymes are the 
key regulators of the bile acid biosynthetic pathway. CYP7A1 initiates the 
conversion of cholesterol to glycine and taurine conjugated cholic acid 
(CA) and chenodeoxycholic acid (CDCA). In the intestine, conjugated bile 
acids are deconjugated and dehydroxylated to the secondary bile acids 
deoxycholic acid (DCA) and lithocholic acid (LCA). Figure adapted from 
Chiang et al, 2009.  
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b.  Digestion of Lipids  
 
 Following a meal, bile acids are secreted into the duodenum of the small 

intestine to aid in the digestion and absorption of fats and liposoluable vitamins (Fig. 

1.7). In the ileum, 95% of bile acids are reabsorbed and transported back to the liver. 

Neo-synthesized bile acids can be excreted for digestion and recycled 20-40 times 

[50]. The digestion and recycling of bile acids is known as enterohepatic circulation. 

Enterohepatic circulation involves a tightly regulated system of transporters that helps 

maintain the balance of metabolism and cholesterol homeostasis [51].  
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Figure 1.7. The Physiological Role of Bile Acids  
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Figure 1.7. The Physiological Role of Bile Acids. 1o and 3o bile acids are 
synthesized in the liver and stored in the gallbladder. The main role of bile 
acids is to aid in digestion. However, some bile acids can have a deleterious 
role in the colon. 
 



	   32	  

c.  Bile Acids as Signaling Molecules  
	  

1. CYP7A1 and BARE 
 

 The main biosynthetic pathway of bile acids in the liver is the initiation of 

CYP7A1, a cytochrome P450 enzyme and the rate-limiting enzyme of bile acid 

synthesis. The gene that encodes CYP7A1 is highly controlled by bile acids, 

glucagon, cytokines, IL-1, and FGF 15/19 [52]. It has been shown that bile acids have 

the potential to reduce the stability of CYP7A1 mRNA through bile acid response 

elements (BARE) [53, 54].  

 Two bile acid response elements, BARE-I and BARE-II, are located in the -73 

to -55 and -149 to -118 respectively; of the rat CYP7A1 promoter regions. BARE-I 

and BARE-II have been shown to be targets for nuclear receptor transcription factors. 

BARE-I, a DR4 (direct repeat) sequence, was shown to confer bile acid inhibition 

[58]. The BARE-I sequence contains a binding site for the liver X receptor (LXRα). 

The function of LXRα and bile acid inhibition was confirmed in mice. When put on a 

high cholesterol diet, bile acid synthesis increased in WT mice, but not in LXRinnull 

mice, which had produced a high level of cholesterol in the liver [59].  

 The second bile acid response element, BARE-II, is conserved in many 

species and contains a DR1 motif. BARE-II binds hepatocyte nuclear factor 4α 

(HNF4α) and activates CYP7A1 activity by interacting with peroxisome proliferator-

activated receptor co-activator [60]. Studies have shown that when the DR1 motif is 

mutated in BARE-II, CYP7A1 promoter activity is reduced due to bile acid inhibition 

[61].  
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2. Receptor Signaling 

 A lot has been learned about bile acids over the past few decades. They were 

first characterized as detergent molecules involved in digestion. Now, they are 

regarded as signaling molecules that induce the activation of various signaling 

pathways. They have been now been shown to activate specific nuclear receptors 

(FXR, PXR, and VDR); TGR5 (G-protein coupled receptor), and the cell signaling 

pathways AKT and MAPK [55].  

 The hypothesis that bile acids were hormones was not apparent until three 

separate labs [56] [57, 58]  found that bile acids were natural ligands for the nuclear 

receptor farnesoid X receptor-α (FXR-α). 

 

3. FXR 

 The idea that bile acids could regulate cellular signaling became apparent 

when a few labs began to identify them as natural ligands for the FXR nuclear 

receptor. FXR was an orphan nuclear receptor before bile acids were identified as a 

natural ligand. An orphan receptor is regarded as a receptor that has been identified 

but has no known endogenous ligand. Bile acids became an ideal candidate for FXR 

binding because the receptor was shown to be highly expressed in tissues where the 

digestive molecules were also present [56]. The tissues in which both of these seemed 

to be highly expressed were the liver, kidney, and the gastrointestinal tract.  

 In vivo, CDCA, DCA, and LCA had bound strongly to FXR, even when 

compared to other cholesterol metabolites [56]. Bile acids were also shown to 

regulate gene expression via FXR. The regulation of I-BABP and Cyp7a genes were 

consistent with bile acid-induced activation of FXR. Fig. 1.8, adapted from 
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Makishima et al., shows the role of FXR as a bile acid receptor. The model states that 

increased concentration of bile acids leads to the regulation of their synthesis and 

transport through FXR. Furthermore, this research was the start of implicating that 

bile acids have a role in nuclear receptor pathways as well as homeostasis. This bile 

acid homeostasis is very important in the discovery of novel drugs that could 

potentially target orphan receptors, such as FXR. 
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Figure 1.8. Bile Acid Homeostasis  
 

 

 

Figure 1.8. Bile Acid Homeostasis. Bile acids are a natural ligand for 
the nuclear receptor FXR. Bile acids regulate their synthesis in a 
negative feedback mechanism through FXR. Figure adapted from 
Makishima et al., Science 1999; 284:1362-1365.  
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4.  PXR 
 

The pregnane X receptor (PXR) is another nuclear receptor that was shown to 

be activated by bile acids, mainly lithocholic acid (LCA). PXR is responsible for up-

regulating proteins that aid in the detoxification of foreign toxic material from the 

body. PXR binds to xenobiotic response elements on chromatin, where CYP3A 

promoters are present. The regulation of CYP3A by PXR was linked to bile acids 

because LCA is catalyzed by members of the CYP3A subfamily [59]. Elevated levels 

of LCA are found in patients who have been diagnosed with cholestatic liver disease, 

making it a very toxic bile acid. By linking PXR and LCA, Stadudinger et al. 

hypothesized that PXR had a mechanistic role in protecting the body from toxic bile 

acids like LCA [60].  

 

d.  Bile Acids and Colon Cancer 
 
 Bile acids have been greatly studied over the last few decades in regards to 

colorectal cancer. Several studies have found that secondary bile acids could have 

tumor promoting potential. The serum of patients with colonic adenomas have been 

shown to have much higher levels of deoxycholic acid when compared to healthy 

patients [61]. Diet studies have also found that the consumption of fats increases the 

fecal concentration of bile acids [62]. More surprisingly, epidemiological studies have 

shown that populations that have a large intake of high fat and animal protein, excrete 

approximately twice the amount of secondary bile acids [63].  

 Several animal studies have reinforced the hypothesis that secondary bile 

acids have tumor promoting potential. Rodents that were induced with the formation 
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of colonic tumors, and subsequently fed a high fat diet, had a higher tumor yield and 

an increased concentration of fecal bile acids [69]. In a separate study, mice that were 

given DCA, led to the destruction of colonic mucosa, which increased cell turnover 

[70]. This observation may have been the first step to studying the mechanisms in 

which bile acids increased cellular proliferation. There is some direct evidence that 

bile acids increase the proliferation of the epithelial mucosa. DCA has been shown to 

induce the discharge of prostaglandin E2 (PGE2), an important hormone that controls 

cell cycle [64]. Another explanation for bile acids and their link to cell cycle is their 

regulation of protein kinase C. This protein plays a very important role in the 

regulation of tumor promotion, and bile acids have been shown to stimulate these 

classes of enzymes [65]. The role of bile acids and PKC will be discussed later. 

  

e. Deoxycholic Acid and Ursodeoxycholic Acid 
 
 Deocycholic acid (DCA) and ursodeoxycholic acid (UDCA) are structurally 

similar, and differ only by the position of a hydroxyl group at carbons 12 and 7, 

respectively (Fig. 1.9). In order to understand the mechanisms of bile acids, our lab 

has done extensive work on determining the importance of bile acids in colon cancer. 

As previously described, there has been a strong correlation between elevated fecal 

bile acids and increased risk of colon cancer. In addition to this, patients that have 

been diagnosed with colon cancer tend to have higher levels of fecal bile acid 

concentrations [66]. These results have also been recapitulated in animal models. Rats 

that were treated with carcinogens, and then fed a diet supplemented with DCA, had 

shown a higher incidence of tumor formation compared to rats that were only given 
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the carcinogens [67, 68]. Most notably, there was higher tumor formation in 

combination with a carcinogen, indicating that DCA is a tumor promoter rather than a 

carcinogen.  

 Along with the ability to act as a tumor promoter, bile acids have also been 

shown to regulate cell cycle through protein kinase C (PKC) [65]. Previous studies 

have found that DCA could act more like the tumor promoter TPA, which stimulates 

PKC activation. PKC is a protein kinase that has many roles in growth, 

differentiation, and apoptosis. This observation has been compared with the fact that 

PKC protein levels are higher in colonic tumors when compared to normal 

epithelium. Therefore, our lab became interested in testing DCA’s ability to induce 

the activation of the PKC pathway.  

 Our lab has shown that DCA acts like a tumor promoter by inducing apoptosis 

that is PKC-dependent [69]. Human colon cells that were incubated with DCA had 

shown characteristics of apoptosis, including disintegration of the nucleus and the 

formation of membrane blebs. Whether or not PKC was required for the induction of 

apoptosis was answered through the use of calphostin C (cp-c), a potent PKC 

inhibitor. HCT-116 cells were incubated with cp-c, and subsequently treated with 

DCA. We had found that the percent of apoptosis was lower when using cp-c 

compared to DCA alone, which had significantly increased apoptosis [69].  

 These results were compared to UDCA. As previously mentioned, DCA and 

UDCA are structurally similar. However, these molecules exhibit different 

characteristics in colorectal cancer. UDCA was shown to have no effect on inducing 

apoptosis so the next step was to measure proliferation rates. The doubling time of 

HCT-116 cells was measured. UDCA was found to increase the doubling rate of this 
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cell line from 10 hours to >39 hours [69]. The observation that UDCA inhibited cell 

proliferation was further examined by looking at the G1 phase of cells. Through the 

use of flow cytometry, our lab had shown that cells incubated with UDCA for 24 

hours had spent a longer time period in the G1 phase and had a decreased population 

in the S phase. This data had shown that some cells, when treated with UDCA, 

became delayed in the G1 phase of the cell cycle.  

 Despite having similar structures and being derived from cholesterol, these 

two bile acids exhibit different characteristics, which has important implications in 

colorectal cancer. Extensive animal models have shown that DCA is a potent tumor 

promoter, while UDCA is a chemopreventive agent [70].  
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Figure 1.9. Chemical Structure of DCA and UDCA 
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Figure 1.9. Chemical Structure of DCA and UDCA. DCA 
(hydrophobic) and UDCA (hydrophilic) are structurally similar. 
They differ by one hydroxyl group at carbon 12 on DCA and carbon 
7 on UDCA. 
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1. DCA is a tumor promoter 
 
 DCA, in combination with carcinogens, was shown to increase overall tumor 

formation in rats [67]. Kitrosski et al. believed that the formation of free radicals 

could be used for the early detection of colon cancer [71]. By using MNNG, a direct 

carcinogen, and by promoting with DCA, this lab had shown that there was a 

significant increase in the concentration of free radicals in rat serum. This observation 

also occurred in parallel with the formation of neoplastic tumors in the rat colon.  

 Several labs had shown that free radicals are involved in both the initiation 

and promotion of multistep carcinogenesis, inducing DNA damage, and changing the 

pathway of antioxidant defenses [72, 73]. Adding DCA to the diet of rats with 

MNNG-induced colon tumors led to the initial stages of precancerous conditions of 

colon cancer. Collectively, these studies further validated that DCA is a tumor 

promoter.  

  

2. Ursodeoxycholic Acid 
 
 UDCA exhibits different biological properties when compared to DCA. For 

example, UDCA is non-cytotoxic in colorectal cancer cells. In addition to DCA, the 

exact mechanism of how UDCA exerts its biological effect is poorly understood. Our 

lab has studied the mechanism of UDCA extensively, and found that this particular 

bile acid exhibits an anti-apoptotic effect by inactivating DCA-induced stimulation of 

the EGFR/Raf-1/ERK signaling pathway [74].  

 In HCT-116 colorectal cancer cells, pre-treatment with UDCA reduced DCA-

induced cell death [74]. Previous studies have also shown that DCA induces AP-1 
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DNA binding and activation through the ERK pathway [75]. It has been further 

determined that UDCA can suppress DCA-induced activation of AP-1 in addition to 

the EGFR pathway [74]. UDCA seems to work by interfering with initial MAPK 

receptor signaling. However, it is still unknown where in this pathway interference 

occurs.  

  The mechanisms of DCA tumor promotion, and even the anticarcinogenic 

effects of UDCA remain unclear. It has been previously noted that UDCA decreases 

cholic acid, which in turn lowers the concentration of DCA. Theoretically, it is 

possible that UDCA prevents AOM-induced colonic carcinogenesis via a reduction of 

DCA [76]. UDCA is non-cytotoxic in human cell lines as well as in animal models. 

This bile acid works by protecting against the cytotoxic effects of DCA in vitro and 

AOM-induced colorectal carcinogenesis in vivo. Therefore, UDCA may protect 

against the risk of colorectal cancer in some patients after a cholesystectomy [70].  

 

3. UDCA for the treatment of primary biliary cirrhosis 
 
 Ursodeoxycholic acid is currently FDA approved for the treatment of primary 

biliary cirrhosis and even used to dissolved cholesterol gallstones in patients. Primary 

biliary cirrhosis is an autoimmune disease affecting the liver, in which a several 

factors could activate an immune response that is harmful to the patient [77].The 

mechanism by which UDCA works in treating PBC is currently unknown. However, 

current observations show that once UDCA enters the terminal ileum, it competes 

with other endogenous bile acids for absorption [78]. UDCA eventually increases in 

concentration, becoming the predominant bile acid in the gut, making up around 40-
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50% of total bile acids [79]. Overall, treatment with UDCA has proven beneficial for 

patients with PBC.  

 

4. Ursodeoxycholic Acid as a Chemopreventive Agent 
 
 As previously mentioned, UDCA has been shown to be non-cytotoxic to the 

colonic epithelium [80]. It has also been reported that UDCA protects against DCA 

and CDCA cell cytotoxicity [81, 82]. It was those studies that had set up the 

foundation for UDCA as a potential chemopreventive agent. In 1994, collaboration 

between the University of Arizona and University of Chicago set out to test the 

efficacy of UDCAs ability to prevent tumorigenesis [70].  Male Fischer-344 rats were 

either injected with AOM or AOM vehicle for 2 weeks. Azoxymethane (AOM) is a 

highly potent carcinogen that is used to induce the formation of colorectal tumors in 

rats and mice. Following AOM injection, rats were put on either a 0.4% UDCA 

supplemented diet or a standard diet for 28 weeks. Once the mice had been sacrificed, 

colons were harvested and tumors were counted. Significantly, mice that were put on 

a 0.4% UDCA diet had shown a protective effect and even had smaller AOM-induced 

tumors. Interestingly, there was no indication of malignancy in mice that were fed 

UDCA. This protective effect of UDCA was seen at both the University of Arizona 

and the University of Chicago.  

 Prior to this study, bile acids had only been researched for their role as tumor 

promoters in colorectal carcinogenesis. The UDCA diet study had shown that there 

are distinct differences between secondary bile acids in regards to colon 

tumorigenesis. However, the exact mechanism of how exactly UDCA becomes 
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protective remains elusive in cancer biology. One theory suggests that UDCA was 

able to reduce the amount of DCA in AOM-induced tumorigenesis [70]. Since UDCA 

is cytoprotective, it is also quite possible that it takes on this preventive role in the 

colonic epithelium [70]. From here, UDCA was seen as a possible chemopreventive 

agent that had the potential to reduce the risk in patients that had developed colon 

cancer. 

 Following the UDCA diet study, Narisawa et al. began to look at the effect of 

lower doses of the bile acid in rats [83]. In replace of AOM, N-methylnitrosourea 

(MNU) was used to induce colon tumorigenesis in F344 rats. Following the induction 

of colon tumorigenesis, rats were separated into two groups of UDCA, consisting of a 

concentration of 0.08% and 0.4%.  

 The conclusions gathered were as predicted. UDCA was able to inhibit the 

development of MNU-induced colon tumors. In fact, the low dose 0.08% UDCA was 

enough to induce a significant anti-tumorigenic effect. Notably, in a separate study, 

UDCA did not increase mucosal ornithine decarboxylase, which is a biomarker for 

proliferation [84]. However, treatment with DCA had increased this biomarker. Once 

again, the biological properties of DCA and UDCA were shown to have differing 

effects. Based on the animal model observations, UDCA revealed itself to have 

chemopreventive properties, even at low doses. Although the mechanism is not 

completely understood, UDCA was clearly mediating protection of the colonic 

epithelium. 

 

 



	   45	  

V.  Estrogen Receptor β  
 
  The activation of estrogen receptor β is a complex multistep process that 

involves the binding of a ligand, dimerization with a second receptor, cross-talk with 

cofactors, and finally DNA binding [85]. The existence of ERβ was not recognized 

until 1996, when it was discovered in the rat prostate [86].  ERβ works with the 

binding of an agonist to the ligand-binding domain. Upon the binding of a ligand, 

ERβ undergoes a conformational change that allows it to become transcriptionally 

active [87]. There are specific phosphorylation sites on ERβ that are regulated in a 

ligand-dependent or ligand-independent manner. It is strongly predicted that specific 

phosphorylation sites regulate different functions of ERβ upon ligand binding, 

including its transcriptional activity. It is strongly predicted that specific 

phosphorylation sites regulate different functions of ERβ upon ligand binding, 

including its transcriptional activity[85]. 

 

a. EGF-Induced Phosphorylation of Estrogen Receptor β  
 
 Fig. 1.10 represents a schematic of phosphorylation sites on the human ERβ. 

The EGFR/MAPK pathway can induce the ligand-independent activation of ERβ 

[85]. Within the N-terminal domain, there are amino acid residueswhose 

phosphorylation can be regulated by growth receptor pathways. This was first 

discovered in the early 1900s when mice that were treated with EGF led to the 

nuclear translocation of ER and subsequent transcriptional activation [88]. It is now 

currently recognized that the activation of the EGFR pathway can induce steroid-like 

responses.  
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Figure 1.10. Schematic of Modified Amino Acids in Human ERβ 

 
	  

Figure 1.10.Schematic of Modified Amino Acids in Human ERβ.  
Estrogen receptor β is linked through several domains; AF-1, DNA 
binding domain (DBD), the hinge region, and the ligand binding 
domain (LBD). Serine-87 is highly regulated by the MAPK/ERK 
pathway. Other amino acid residues represent functional domains that 
allow for the recruitment of co-regulators (AF-1 domain) or are there 
for ligand-dependent interactions (AF-2 domain). Figure adapted from 
Sanchez et al., Trends in Endocrinology & Metabolism 2010; 21: 104-
110. 
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b. Estrogen Receptor β (An asset or a threat) 
 
 The clinical importance of ERβ is currently still being unraveled. 

Observational studies have shown that the ERβ protein can be associated with an 

invasive phenotype in certain breast cancers [89]and that there is a strong possibility 

that ERβ is correlated with tumorigenesis [90, 91]. Following the idea that ERβ is 

linked to tumorigenesis, there are preclinical and clinical studies that have shown that 

when ERK is up-regulated, endocrine therapies tend to fail [92]. The mechanism by 

which ER-positive tumors overcome anti-estrogen therapy is still unknown. One 

possible mechanism of resistance is that there is coupling between ERβ and ERK-

regulated pathways that might still function despite the presence of therapy [85]. The 

possibility that ERβ may play a role in tumorigenesis could be a valuable focus of 

research. Using ERβ expression and looking at site-specific phosphorylation of amino 

acid residues could be a valuable biomarker in tumor screening that could one day 

predict both therapeutic responses and disease outcome for cancer patients [85].  

 

VI. A phase III clinical trial for UDCA to prevent adenoma recurrence  
 
 As previously indicated, UDCA contains the potential to be an efficacious 

chemoprevention agent. This bile acid underwent a phase III, double-blind placebo-

controlled study to test its efficacy to decrease the risk of colorectal adenoma 

recurrence [93]. Reevaluation of the data from this clinical study had revealed 

something interesting. UDCA had been shown to act as a chemopreventative agent in 

men while increasing the odds of advanced lesion development in women with 

previously removed colorectal adenomas [94]. The significantly higher odds of 
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adenoma in women who were exposed to UDCA, especially in those with a high 

dietary fat intake, suggests that UDCA treatment may have a protumorigenic effect in 

women. Further investigation is needed to elucidate the mechanism by which UDCA 

may have protumorigenic effects on the colonic epithelium, especially between 

genders. As Thompson et al. explained, female patients prescribed UDCA for primary 

biliary cirrhosis may have unwarranted and harmful side effects. 

 

VII. Tissue Distribution of the Estrogen Receptor 
 
 ERβ has important biological functions, especially in the context of cancer. 

ERβ is differentially regulated in certain tissue types. However, as shown in Fig. 

1.11, the ERβ protein is highly expressed in colonic tissue [95]. As previously stated, 

ERβ may have a deleterious role in tissue types that also have an overexpression of 

the MAPK pathway [85]. It is also clear that certain signaling and receptor pairs may 

contribute to the progression and even metastasis of cancer cells. In regards to lung 

adenocarcinoma, premenopausal women exhibited higher levels of ERβ compared to 

postmenopausal women and even men [96]. It is highly likely that communication 

between bile acids, the MAPK pathway, and ERβ contribute to tumorigenesis 

especially in premenopausal females. 
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Figure 1.11. Estrogen Receptor Distribution in Normal Tissue  
 

Figure 1.11. Estrogen Receptor Distribution in Normal Tissue. 
Estrogen receptor β is found throughout different organs in normal tissue. 
ERβ is predominantly expressed in the colon. Figure adapted from 
Gustafsson, Journal of Endocrinology 1999; 163: 379-83. 
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VIII.  Statement of the Problem 
 
 Colorectal cancer is the third leading cause of cancer related deaths in the 

United States among men and women. However, when the two sexes are grouped 

together, colon cancer quickly becomes the second leading cause of cancer related 

deaths. One key method for combating this disease is prevention. Over the past few 

decades, bile acids have been implicated in the pathophysiology of colon cancer. 

Secondary bile acids are now considered a major risk factor in colon cancer. These 

bile acids escape enterohepatic re-circulation and make their way into the colon, 

coming into contact with the colonic epithelium. Delineating the cellular mechanisms 

by which these bile acids act is important in providing insight into how colonic 

cancers progress and eventually become resistant to therapy. 

 Bile acids have been studied for their roles as signaling molecules and it is 

well established that bile acids act on mitogenic pathways, membrane receptors, and 

nuclear receptors [48]. DCA and UDCA, although structurally similar, have varying 

drug kinetics. DCA has been linked to colon cancer promotion in vitro and in vivo. 

Patients diagnosed with colorectal cancer also have a high concentration of fecal 

DCA [108]. Opposite of DCA, UDCA is a chemopreventive agent that, in animal 

models, significantly reduces the amount of AOM-induced colorectal tumors [70]. 

However, in a recent Phase III clinical trial conducted at the University of Arizona, 

UDCA was shown to have an adverse effect in females, but kept its chemopreventive 

properties in males. Because UDCA was not linked to tumorigenesis before this 

clinical trial, we compared our results to that of DCA, an important tumor promoting 

control. Therefore, the overall key question that was formed was do DCA and UDCA 

regulate the nuclear receptor estrogen receptor β (ERβ)? Our hypothesis then 
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became, DCA and UDCA induce the activation of estrogen receptor β through a 

ligand-independent mechanism, consequently leading to tumor promotion.  

 To study the importance of bile acids and ERβ, we conducted our experiments 

in the HT-29 female colorectal adenocarcinoma cell line. This cell line also has many 

of the characteristics significant to our studies, including overexpression of H-Ras 

and basal level expression of ERβ. Additionally, HT-29 cells were a good fit for our 

in vitro studies because our lab has previously published data that shows that bile 

acids induce the activation of the EGFR/MAPK mitogenic pathway in this cell line 

[97]. A concentration of 250 µMDCA and UDCA were used for our studies to match 

that of physiological relevance. At normal levels, DCA and UDCA are present 

between 200 µM and 300 µM in the colon.  

The hypothesis was addressed by asking the following fundamental questions: 

• Do DCA and UDCA bind directly to ERβ through a ligand-dependent 

mechanism? 

• Do DCA and UDCA induce the phosphorylation of ERβ and gene activation 

through a ligand-independent mechanism? 

• Where is phosphorylation of ERβ localized within the cell? 

• Is UDCA having a potential tumorigenic effect by inducing migration in 

vitro? 

In order to answer these questions, we used a variety of methods. To answer the first 

question, we conducted ligand-receptor binding in a computer model to gain a 

docking score on how well our bile acids would bind to the ligand-binding domain of 

ERβ. Secondly, we used TR-FRET to measure actual binding to a purified ERβ 
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protein. Additionally, to adequately answer the remaining questions, we used a wide 

range of biochemical assays to detect the interaction between bile acids and ERβ.   
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CHAPTER II: UDCA INDUCES THE MIGRATION OF HT-29 

CELLS THROUGH NON-CANONICAL ACTIVATION OF 

ESTROGEN RECEPTOR β 

I. Abstract 
 
 Bile acids have recently been classified as signaling molecules. It has now 

become well established that bile acids act on many cell-signaling pathways including 

nuclear receptor and mitogenic pathways. Through the years, bile acids have been 

studied for their roles as tumor promoters and tumor suppressors. Ursodeoxycholic 

acid (UDCA) has particularly become of great interest because of its 

chemopreventive potential. In animal models, UDCA was shown to decrease the 

number of azoxymethane-induced colorectal tumors. We decided to examine the 

mechanistic role by which UDCA could regulate ERβ through a ligand-independent 

manner. Previous studies have found ERβ to be present in normal colonic tissue and 

further down regulated in colon cancer progression, giving the receptor a role in colon 

carcinogenesis. It was our goal to establish a mechanistic relationship between UDCA 

and ERβ and learn how these two may work in synergy to prevent tumorigenesis. 

Unexpectedly, our results exhibited a pro-tumorigenic role for UDCA-induced 

activation of ERβ. UDCA treated HT-29 colorectal cancer cells induced the 

phosphorylation of ERβ and subsequent expression of estrogen receptor regulated 

genes. Interestingly, pre-treatment with the MEK 1/2 inhibitor, PD98059, established 

that induction of activation was occurring through the mitogenic MAPK pathway. 

Lastly, we show that UDCA induces the migration of HT-29 cells through the MAPK 
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and ERβ pathways. Our data essentially establishes a novel pro-tumorigenic 

mechanism between UDCA and ERβ that was previously unknown.  

 

II. Introduction 
 
 Bile acids are collectively a group of steroids that are produced in the liver, 

stored in the gallbladder, and aid in the digestion of fats and lipids in the intestine. 

Bile acids have long been studied in regards to their role in colorectal cancer. Many 

studies have shown that bile acids play a role in gastrointestinal cancer, intestinal 

inflammation, and intestinal ionic transport [98]. However, some bile acids have 

recently been studied for their role in chemoprevention.  

 UDCA is non-cytotoxic to the colonic epithelium. Earlier investigations have 

also reported that UDCA is a chemopreventive agent, being able to prevent other 

harmful bile acids from inflicting tumor-promoting effects on the colon. However, the 

exact mechanism of how UDCA exerts its biological effect is poorly understood. 

Earlier investigations in collaboration between the University of Arizona and 

University of Chicago tested the efficacy of UDCA using azoxymethane (AOM) as a 

model of colonic carcinogenesis [70]. The results of this study concluded that by 

adding 0.2% UDCA to a rats’ diet prevented tumor promotion. Additionally, adding a 

higher concentration of UDCA (0.4%) to the diet significantly reduced the number of 

AOM-induced tumors. This study was one of the first to highlight the fact that UDCA 

is a chemopreventive agent.  

 In addition to UDCA being a tumor preventive agent, it is also FDA approved 

for the treatment of primary biliary cirrhosis (PBC) and even prescribed to aid in the 
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dissolution of cholesterol gallstones in the gallbladder. The mechanism of how 

UDCA works in treating these diseases is currently unknown. Current observations, 

however, show that once UDCA enters the terminal ileum, it competes with other 

endogenous bile acids for absorption [78]. Eventually, UDCA increases in enough 

concentration to become the predominant bile acid in the gut, making up 40-50% of 

total bile acids [79]. Overall, PBC patients prescribed UDCA show a significant 

improvement in their liver biochemical values.  

 Bile acids have also been studied for their ability to work as signaling 

molecules. They have been discovered to activate specific nuclear receptors (FXR, 

PXR, and VDR) as well as the ERK 1/2 pathway [55]. It has become clear that bile 

acids can exert a hormonal role in the digestive system [99]. The hypothesis that bile 

acids could act as hormones was not apparent until three separate labs [56-58] 

discovered that bile acids were natural ligands for the farnesoid X receptor-α (FXR-

α). In addition to acting on hormonal pathways, bile acids have also been found to act 

as signaling molecules. Bile acids have previously been shown to induce the 

activation of the TGR-5 G-protein couple receptor as well as activation of the EGFR-

MAPK pathway [97]. Our lab has previously shown that UDCA induces the 

phosphorylation of ERK 1/2 in HCT-116 colon adenocarcinoma cells [100]. In fact, 

numerous studies have found that bile acids have the ability to interact with cell 

membranes and cause activation of downstream mitogenic pathways. Recently, bile 

acids have been shown to have some endocrine functions, activating specific nuclear 

receptors, cell signaling pathways, leading to altered gene expression in the 

gastrointestinal tract [55, 99]. Since the discovery of steroid receptors, it was accepted 

that activation absolutely required ligand binding. That idea has since been reformed 
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and it is now known that steroid receptors have the potential to mediate extracellular 

signals in the absence of a natural ligand [101]. Activation of the ER pathway, in the 

absence of estrogen, was proposed by Nelson et al. in the early 1990s, where mice 

treated with epidermal growth factor (EGF) led to the nuclear translocation of ER and 

transcriptional activation of genes [88]. Over the years, it has become recognized that 

activation of growth receptor pathways could lead to hormone-like responses [85]. 

Certain mitogenic pathways, such as the EGF/EGFR pathway could initiate the 

phosphorylation of downstream protein kinases (MAPK/ERK), leading to site-

directed phosphorylation of ERβ [85, 101]. Phosphorylation of ERβ by the Ras-MAP 

kinase (MAPK) pathway is mediated by Ser-87 within the A/B region of the receptor 

[85, 102]. ERK-regulation of ERβ could lead to sustained activation of the receptor. 

Protein expression and site-specific phosphorylation may have the capacity to become 

a valuable biomarker to help clinicians predict therapeutic responses and predict 

outcomes for ER-positive patients [85]. The mechanism of bile acid-induced 

signaling is poorly understood. Here, we present data suggesting that UDCA-induced 

activation of estrogen receptor β (ERβ) is occurring via the non-canonical MAPK 

pathway. Revealing the molecular mechanism of how ERβ is regulated is vital to 

understanding its biological importance [85]. This data could be the initial steps to 

elucidating the mechanistic role that UDCA plays. 
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III. Results 

 

a. UDCA induces activation of ERβ in a ligand-independent manner  
 
 ERβ can be activated genomically or non-genomically [85, 101, 103]. The 

genomic activation of ERβ involves ligand-receptor binding [103]. Ligand-receptor 

binding was originally predicted to be the mechanism of UDCA-induced activation of 

ERβ because bile acids have already been shown to physically bind to the nuclear 

receptor FXR [57, 58]. Structurally, the natural ligand (17β-Estradiol) and UDCA are 

similar. Both molecules are cholesterol derivatives and contain the cholesterol back-

bone ring [104]. However, through the use of a TR-FRET assay (Fig. 2.1), we were 

able to determine that UDCA does not bind to a purified ERβ protein.  

 In order to understand the mechanism of how UDCA could regulate the 

activation of ERβ through the MAPK pathway, we treated HT-29 cells with UDCA in 

the presence or absence of PD98059, a strong MEK 1/2 inhibitor. Immunoblotting 

revealed that UDCA treatment has the capability of inducing phosphorylation of ERβ, 

weakly at 12 hours but stronger at 24 hours (Fig. 2.2). Interestingly, in the presence of 

PD98059, UDCA-induced ERβ phosphorylation is abrogated, suggesting that 

UDCA’s mechanism of action is occurring through the MAPK pathway.  

Upon phosphorylation, ERs bind to specific sequences on DNA, 

transactivating gene expression [105]. Next, we aimed to confirm that UDCA could 

induce the expression of ER regulated genes. Upon stimulation, phosphorylation of 

ER increases ER-ERE binding in vitro [106-108]. The most interesting evidence for 

crosstalk between mitogenic pathways and steroid hormone receptors is their ability 

to activate downstream transcriptional responses in absence of their associated 
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ligands [107]. Many reports have observed ER phosphorylation involving MAPK 

kinases [109, 110] resulting in enhanced ER-ERE binding. We examined two 

estrogen receptor regulated genes including pS2 and PgR (progesterone receptor). 

The increase in pS2 mRNA is a primary transcriptional event that is controlled by the 

estrogen receptor in response to activation [111]. PgR is a common estrogen receptor 

target gene and has been used as a functional marker to monitor ER activity 

pathologically [112]. HT-29 cells were treated with UDCA, with and without 

PD98059 pre-treatment, and compared to a no-treatment control. Our observations 

confirmed that UDCA induced up-regulation of pS2 and PgR significantly at 24 

hours. Remarkably, PgR had a 10-fold increase in gene expression (Fig. 2.3A) and 

pS2 had a near 8-fold increase (Fig. 2.3B). Again, we wanted to confirm that the 

observed increase in mRNA levels was ligand-independent. Cells that were pre-

treated with PD98059 inhibited UDCA-induced ER regulated gene transcription. This 

observation is consistent with our phosphorylation data, where maximum 

phosphorylation occurred at 24 hours and was blocked with PD98059. The data 

further demonstrated that UDCA-treated HT-29 cells results in increased ERβ 

phosphorylation and increased gene transcription. The importance of these results 

demonstrates that UDCA is using cross talk between the MAPK and ERβ pathway, 

which could contribute to tumorigenicity.  
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Figure 2.1. UDCA TR-FRET Assay  

 
 

  

Figure 2.1. UDCA TR-FRET Assay. UDCA does not bind to a 
purified ERβ protein even at the physiological concentration of 
250 µM. 
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Fig. 2.1 UDCA TR-FRET assay. UDCA does not bind to a purified ERβ protein 
even at the physiological concentration of 250 uM. 
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Figure 2.2. Effect of PD98059 on UDCA-Induced Phosphorylation of ERβ 
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Fig. 2.2 Effect of PD98059 on UDCA-induced phosphorylation of ERβ. Cells were harvested and lysates 
probed for using anti-total ERβ and p-ERβ antibodies. Cells were pre-treated for 1 hour with 100 uM PD98059 (+) 
or left untreated (-) and subsequently treated with 250 uM UDCA for times shown. 100 nM EGF was used as a 
positive control. Western blot analysis was performed twice and a typical result was shown.  
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Figure 2.2. Effect of PD98059 on UDCA-Induced 
Phosphorylation of ERβ. Cells were harvested and lysates probed 
for using anti-total ERβ and p-ERβ antibodies. Cells were pre-
treated for 1 hour with 100 µM PD98059 (+) or left untreated (-) 
and subsequently treated with 250 µM UDCA for times shown. 100 
nM EGF was used as a positive control. Western blot analysis was 
performed twice and a typical result was shown.  
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Figure 2.3. Effect of PD98059 on UDCA-Induced Activation of ER Regulated Gene 
Transcription 
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Figure 2.3. Effect of PD98059 on UDCA-Induced Activation of ER 
Regulated Genes.  Cells were pre-treated for 1 hour with 100 µM PD98059 
and subsequently with 250 µM UDCA for times shown. RNA was extracted 
from cells and quantified using a nanodrop.  mRNA levels of 2 ER regulated 
genes, PgR (A) and pS2 (B), were analyzed using qRT-PCR. Fold change 
was calculated using the 2-(ΔΔCt) method, and normalized to the endogenous 
housekeeping gene, GAPDH. The graph is represented as the mean ± 
standard deviation. Replicates, n=3.  
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b. UDCA induced phosphorylated ERβ is occurring in the nucleus 
 

The location of ERs has been extensively studied. Estrogen receptors can exist 

at the plasma membrane, cytoplasm, and the nucleus. Non-genomic actions of 

estrogen receptor ligands could be mediated through classical activation of ER in the 

plasma membrane [113, 114]. These membrane-associated ERs could then lead to 

altered functions of the protein in the cytoplasm, further controlling gene expression. 

Estrogen receptors also exist in the nucleus and classical activation includes ligand 

binding to receptors in the nucleus and binding to estrogen response elements [103]. 

We further studied the mechanism of ligand-independent activation of ERβ by cell 

fractionation of HT-29 cells. Protein from the membrane, cytoplasm, and nucleus 

were separated using subcellular fractionation. By separating the different 

components of HT-29 cells, after a 24 hour UDCA treatment and with or without 

PD98059, we observed phosphorylation occurring in the nuclear fraction of HT-29 

cells (Fig. 2.4). 
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Figure 2.4. Cellular Fractionation of UDCA-Treated Cells  
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Fig. 2.4 Cellular fractionation of UDCA-treated cells. HT-29s were treated with or without UDCA for 24 hours and with 
or without PD98059. Cells were harvested and lysates fractionated. Total ERβ and phospho-ERβ antibodies were used 
for protein detection. The control proteins Rb (nucleus), E-cadherin (membrane), and GAPDH (cytoplasm) were detected 
by western blot using relevant antibodies.    

Figure 2.4. Cellular Fractionation of UDCA-Treated Cells. HT-29s 
were treated with or without UDCA for 24 hours and with or without 
PD98059. Cells were harvested and lysates fractionated. Total ERβ and 
phospho-ERβ antibodies were used for protein detection. The control 
proteins Rb (nucleus), E-cadherin (membrane), and GAPDH 
(cytoplasm) were detected by western blot using relevant antibodies.    
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c. UDCA increases cell migration through the MAPK and ERβ pathway 
 

The mechanistic role of ERβ in tumorigenesis remains unclear. Some reports 

state that ERβ has a positive association with the proliferative marker Ki-67, giving 

ERβ a role in tumor proliferation [115-117]. Overexpression and downstream 

activation of MAPK pathways has been associated with tumorigenesis in a wide 

variety of cancers. Ser-87 is an ERK-regulated site-specific phosphorylation site on 

ERβ. Overexpression and subsequent downstream activation of ERβ could lead to a 

more invasive phenotype [85]. It was our goal to demonstrate that UDCA induces 

migration of HT-29 cells through the MAPK and ERβ pathway. Our first goal was to 

make this observation in a wound-healing assay. We predicted that UDCA would 

cause cells to fill in a wound and that this could be blocked using our MEK 1/2 

inhibitor and ERβ inhibitor. Fig. 2.5A and Fig. 2.5B demonstrated this prediction. 

UDCA-treated HT-29s, when compared to the vehicle control, shows a statistically 

significant increase in the percent of cells that filled in the scratch area (Fig. 2.5C). 

Remarkably, it seems that this UDCA-induced cell migration is occurring via the 

MAPK and ERβ pathways. Fig. 2.5D shows that the inhibitors significantly blocked 

UDCA-induced “cell migration.” 

We had shown that UDCA-induced the HT-29 cells to fill in the wound in a 

serum-starved environment. Conversely, we wanted to show that UDCA, in 

combination with FBS, would allow the wound to close much quicker than if FBS 

were used alone. Cells were either treated with 5% Charcoal-Stripped FBS with and 

without the inhibitors (Fig. 2.6A) or UDCA in combination with 5% CS-FBS with 

and without the inhibitors (Fig. 2.6B). As was expected, CS-FBS in combination with 
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UDCA had significantly closed the wound compared to CS-FBS treatment alone (Fig. 

2.6C), which was significantly blocked using PD98059 and PHTPP (Fig. 2.6D).  

 However, the wound-healing assay only revealed that cells were filling in the 

scratch area when UDCA was added. We next, needed to know if this was truly due 

to migration or due to increased cellular proliferation. By using a BrdU cell 

proliferation assay, we were able to indicate that UDCA does not induce cell 

proliferation (Fig. 2.7A). In fact, in the same time course representative in that of the 

scratch assay, we found that UDCA had a time-dependent decrease in the amount of 

BrdU incorporated within the cells, indicating that the cells did not increase their 

proliferation rate when compared to the PBS vehicle control and even the FBS 

control. Our next goal was to verify that what we saw in the wound-healing assay was 

representative of migration.  

 Using a cell migration assay, HT-29 cells were seeded on a coated membrane 

in order to observe how UDCA effects actual migration. Fig. 2.8 shows each 

treatment group and what type of chemoattractant was placed at the bottom chamber. 

Unexpectedly, when UDCA was placed at the bottom chamber, the cells did not 

exhibit a migratory phenotype. Unexpectedly, when compared to the CS-FBS positive 

control, when cells were treated with UDCA, they had migrated toward CS-FBS at a 

significantly higher rate. And again, this UDCA-induced cell migration was inhibited 

when the MAPK and ERβ pathways were blocked.  

 To represent a process that is similar to the formation of the scratch assay. We 

had created a cell lysate to test its ability to migrate cells. Using a dounce 

homogenizer, a lysate was created and placed at the bottom chamber. Just like that of 

the scratch assay, when cells were treated with UDCA, there was a significant 



	   66	  

increase of migration toward the lysate when compared to the no treatment control. 

Furthermore, the inhibitors were able to stop this cell migration from occurring. Fig. 

2.8 was able to answer many questions that had not been previously observed. Cells 

that were treated with UDCA increased their migration toward chemoattractants. In 

addition, UDCA did not exhibit natural chemoattractant properties. This data supports 

that UDCA is inducing the activation of ERβ through the MAPK pathway. Fig. 2.9 

shows a possible mechanism in which UDCA acts on the membrane causing EGFR to 

become phosphorylated and signal downstream to ERβ. Further investigation is 

needed to indicate if UDCA induces the translocation of ERβ to the nucleus or if the 

majority of ERβ is located in the nucleus and being phosphorylated by upstream 

effectors when UDCA is added. Taken together, these findings had significantly 

shown that UDCA is responsible for the migration of HT-29 cells through the MAPK 

and ERβ pathways.  
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Figure 2.5. UDCA Induces Wound Healing  
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Figure 2.5. UDCA Induces Wound Healing. Scratches were made in 
confluent HT-29 cells and observed for wound healing. PD98059 and PHTPP 
blocked normal wound healing (A) and UDCA induced healing as a single 
treatment and was blocked with PD98059 and PHTPP (B). Compared to the 
vehicle, UDCA significantly closed the surface area of the wound (C) and the 
inhibitors significantly blocked UDCA-induced wound healing (D). Graphs 
are represented as the mean ± standard error. *p<0.05, **p<0.01, ***p<0.001 
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Figure 2.6. UDCA Co-Treatment With FBS Rapidly Induces Wound Healing 
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Figure 2.6. UDCA Co-Treatment With FBS Rapidly Induces 
Wound Healing. The FBS positive control induces the closure of the 
wound, which is can be inhibited using PD98059 and PHTPP (A). 
UDCA co-treatment with FBS rapidly closes the wound and is even 
blocked when the inhibitors are used. Statistically, the UDCA/FBS 
combination significantly closes the wound compared to FBS alone 
(C). The co-treatments are also significantly inhibited when PD98059 
and PHTPP are used (D). Graphs are represented as the mean ± 
standard error. *p<0.05, **p<0.01, ***p<0.001 
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With FBS Rapidly Induces Wound Healing  

Figure 2.7. UDCA-Induced Wound Closure Is Not Due to Proliferation  
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Figure 2.7. UDCA-Induced Wound Closure Is Not Due to Proliferation. 
UDCA had a decreased amount of BrdU incorporation in a time-dependent 
manner. The controls, vehicle and CS-FBS, also show that BrdU does not 
significantly increase up to 48 hours. Treatments were ran in triplicates and 
the graphs are represented as the mean ± standard deviation. 
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Figure 2.8. Cultrex Cell Migration Assay 
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Figure 2.8. Cultrex Cell Migration Assay. Cells that were treated 
with UDCA significantly migrated toward FBS compared to the non-
treatment control. Cells also did not migrate to UDCA as a 
chemoattractant. However, cells treated with UDCA significantly 
migrated to a cell lysate. More importantly, blocking the MAPK and 
ERβ pathways significantly inhibited all migratory groups. Statistical 
significance was achieved by running 3 plates in triplicates. Using the 
t-test method, significance is represented as p<0.001.  Error bars are 
represented as the standard error of the mean (SEM). 
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Figure 2.9. Theoretical Model of UDCA-Induced Activation of ERβ 
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Fig. 2.9 Theoretical Model of UDCA-Induced Activation of ERβ. There is evidence that UDCA acts at the membrane 
level of cells. The UDCA-membrane interaction is likely causing induction of activation of an EGF Receptor (EGFR), 
which induces downstream phosphorylation of ERβ and increased expression of EREs. Through this pathway, UDCA is 
also inducing the migration of HT-29 cells.   
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Figure 2.9. Theoretical Model of UDCA-Induced Activation of 
ERβ. There is evidence that UDCA acts at the membrane level of 
cells. The UDCA-membrane interaction is likely causing induction 
of activation of an EGF Receptor (EGFR), which induces 
downstream phosphorylation of ERβ and increased expression of ER 
regulated genes. Through this pathway, UDCA is also inducing the 
migration of HT-29 cells.   
 



	   72	  

IV. Discussion  
 

 In this study, we aimed to understand how UDCA could be regulating 

ERβ in a female colorectal adenocarcinoma cell line. Treatment with 250 µM UDCA 

resulted in the phosphorylation of ERβ at S-87. By further studying the role of S-87 

on ERβ, we found that phosphorylation was ligand-independent when cells were pre-

treated with the MEK 1/2 inhibitor, PD98059. When cells were pre-treated with 

PD98059, UDCA–induced phosphorylation was blocked. Furthermore, while looking 

downstream at estrogen receptor gene regulation, we found that UDCA induced the 

up-regulation of pS2 and PgR, both of which are well-known estrogen regulated 

genes. Cells that were pre-treated with PD98059 did not show any UDCA-induced 

mRNA gene up-regulation. Most interestingly, the phosphorylation data and qRT-

PCR data had the greatest increase in protein and gene expression at the 24-hour 

time-point. This observation demonstrated that UDCA-induced phosphorylation of 

ERβ leads to an increase in gene expression, which is dependent on the MAPK 

pathway. This ligand-independent action establishes a novel mechanism of bile acid-

induced activation of ERβ via the mitogenic MAPK pathway.  

Ligand-independent activation via the MAPK pathway could be important in 

understanding mechanisms of resistance that colorectal cancer may acquire. ERβ 

positive NSCLC has been found to overcome TKI treatment depending on the 

localization of the receptor. Cytoplasmic and nuclear localized ERβ predicted poor 

survival in patients that received TKI treatment [118]. Additionally, in breast cancer, 

ER expression is localized to the nucleus and/or cell membrane and a poorer 

prognosis is highly associated with expression in the cytoplasm/membrane [119]. By 

separating the cellular fractions of HT-29 cells, we had found that UDCA treatment 
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for 24 hours had led to an increase of phosphorylated ERβ in the cell nucleus. ER 

protein expression between membrane, cytoplasm, and nucleus is important to 

understanding the mechanism of this pathway. When PD98059 was used to pre-treat 

cells, nuclear phosphorylated ERβ was abrogated. Again, we had confirmed that the 

MAPK pathway is an important part of regulating UDCA-induced activation of ERβ.  

Understanding the tumorigenic potential of UDCA was also an important part 

of this study. It is well accepted that overexpression of the MAPK mitogenic pathway 

leads to tumorigenesis [17, 120, 121]. It has also been shown that overexpression of 

mitogenic pathways could lead to a more invasive phenotype [85]. However, we 

showed that UDCA increases cell migration, which can be blocked when we inhibit 

the MAPK and ERβ pathway. We clearly show that UDCA could add to the tumor 

potential of colon cancer cells by increasing their migration. Under UDCA treatment, 

we have shown that ERβ is phosphorylated at Ser-87 and that phosphorylation is 

occurring primarily in the nucleus. While in the nucleus, ERβ is also leading to an 

increase of estrogen responsive gene expression. More importantly, the induction of 

activation is occurring through the MAPK pathway. UDCA also led to an increase in 

cell migration, occurring through the MAPK and ERβ pathways. UDCA had been 

considered a tumor preventive agent and is already FDA approved for the treatment 

of primary biliary cirrhosis [79, 122, 123]. Our data has shown that UDCA increases 

colorectal cancer cell migration, which could lead to tumorigenesis. Furthermore, 

patients receiving UDCA as an alternative treatment could experience an increased 

risk of CRC. Additionally, the induction of ERβ by UDCA could prove to be more 

harmful to female patients, a risk that was previously shown by Thompson et al. at the 

University of Arizona [94].  
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In this study, we had found that UDCA might have a negative effect in colon 

epithelium or even with patients at risk for colorectal cancer. Taken together, this data 

suggest that UDCA and ERβ may have pro-tumorigenic potential. 
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CHAPTER III: DCA INDUCES ACTIVATION OF ESTROGEN 

RECEPTOR β THROUGH THE MAPK PATHWAY 

 

I. Abstract 
 
 Deoxycholic acid, a secondary bile acid, has long been associated with the 

promotion of colorectal cancer. In this study, we examined a novel mechanism by 

which DCA can induce the activation of estrogen receptor β (ERβ) through the 

MAPK non-canonical pathway. We examined several phosphorylated amino acid 

residues on ERβ. However, the most prominent induction of phosphorylation by DCA 

was at Serine-87, a target site of ERK 1/2. Furthermore, we found that DCA 

increased the expression of pS2 and PgR, estrogen receptor regulated genes that are 

induced by the activation of the estrogen receptor. Both phosphorylation and 

induction of gene transcription were inhibited using PD98059, a MEK 1/2 inhibitor. 

In addition, cellular fractionation of DCA-treated cells revealed that DCA 

significantly increased the amount of phosphorylated ERβ bound to chromatin, 

indicative of activation of the receptor. Thus, it appears that DCA induces the 

activation of ERβ via the MAPK pathway, a novel mechanism by which bile acids 

regulate nuclear receptors.  
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II. Introduction 
 
 The primary role of bile acids is to aid in the digestion of fats and lipids. Bile 

acids are the end product of cholesterol metabolism, after which they are stored in the 

liver. Primarily, bile acids serve the role of digestive molecules by forming micelles 

around lipids within the small intestine [61]. In addition to aiding in the transportation 

of lipids, these bile acid micelles also serve to move vitamins to the GI tract. Primary 

bile acids, such as cholic acid are dehydroxylated from deoxycholic acid (DCA). 

These secondary bile acids then pass into the portal vein to gain access to the liver, 

where they become reconjugated to glycine or taurine in the canaliculi of the liver, 

and are further stored in the gallbladder [135]. This is known as enterohepatic 

circulation and occurs approximately 10 times a day.  

 There have been consistent reports that bile acids can induce the activation of 

EGFR [136], and even serve as a natural ligand for the nuclear receptor FXR [58]. In 

addition, there are numerous studies that have shown that bile acids can regulate the 

activity of intracellular signaling and this activation is a key step for mitogenesis 

[137].  

 Estrogen receptor β (ERβ) is the dominant estrogen receptor in the colon. ERβ 

has also recently been detected in human colorectal cancer cell lines. Recent reports 

have shown that a significant number of colorectal cancers are positive for ERβ [138]. 

In the same study, Witte et al. had also shown the importance of the localization of 

ERβ, where normal colon was highly expressed in the nucleus and CRC had higher 

expression in the cytoplasm as well as the nucleus. Over the past few decades, the 

importance of ERβ in colorectal cancer has been revealed. Studies have also indicated 

there is a greater risk of colon cancer incidence in premenopausal women than men 
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[139]. Interestingly, diet is also a major factor, where there is increased odds of 

adenomas in women who have a high fat diet [94].  

 The aim of this study was to determine if DCA has a role in regulating ERβ. 

Diets high in fat, also known as the western diet, produce much more DCA compared 

to diets low in fat. Previous studies have reported that DCA, as well as ERβ, are 

important in colon tumorigenesis, but the mechanistic link is still unclear.  

 

III. Results  
 

a. DCA induces phosphorylation of ERβ in a ligand-independent manner 
 
 The canonical activation of the estrogen receptor, also known as the genomic 

mechanism, involves the direct binding of a ligand to the receptor, which then binds 

to DNA sequences known as estrogen response elements (EREs) [105]. To determine 

if DCA acted as a natural ligand for ERβ, we collaborated with Life Technologies in 

order to complete a TR-FRET assay. The TR-FRET assay allowed us to determine 

whether DCA could bind to a purified ERβ. At various concentrations up to 250 µM, 

DCA did not bind to ERβ in a TR-FRET assay, and there was no percentage of 

activation at any of the concentrations used (Fig. 3.1).  

 However, there are several mechanisms in which ERβ could be activated. 

Physical binding of a ligand to the receptor, also known as ligand-dependent 

activation, is just one of two possible instances in which ERβ could become activated. 

We next wanted to observe if DCA could induce the activation of ERβ in a ligand-

independent manner. Various signaling pathways could lead to the activation of ERβ, 
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including the MAPK pathway. Our lab has already established a relationship between 

DCA and the MAPK pathway [97].  

 In response to activation of the MAPK pathway, the amino acid residue 

Serine-87 becomes phosphorylated by ERK 1/2. We next wanted to observe DCAs 

ability to induce the phosphorylation of ERβ at Ser-87. To do this, we used PD98059, 

a potent MEK 1/2 inhibitor. Our working hypothesis was that if DCA could induce 

the phosphorylation of ERβ at Ser-87, then that phosphorylation could be blocked 

with PD98059. HT-29 cells were treated with DCA for the times shown, and in the 

presence or absence of PD98059 (Fig. 3.2). Maximum phosphorylation of ERβ at S-

87 was observed at 60 minutes, and was abrogated when the cells were pre-treated 

with PD98059. The induction of activation of the MAPK pathway by DCA led to the 

phosphorylation of ERβ. We next wanted to see if this phosphorylation could induce 

the expression of ER regulated genes.  
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Figure 3.1. DCA TR-FRET Assay  
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Fig. 3.1 DCA TR-FRET assay. DCA does not bind to a purified ERβ protein even at the 
physiological concentration of 250 uM. 

Figure 3.1. DCA TR-FRET Assay. DCA does not bind to a 
purified ERβ protein even at the physiological concentration of 250 
µM. 
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Figure 3.2. Effect of PD98059 on DCA-Induced Phosphorylation of ERβ 
 

Figure 3.2. Effect of PD98059 on DCA-Induced Phosphorylation 
of ERβ. Cells were harvested and lysates probed for using anti-total 
ERβ and p-ERβ antibodies. Cells were pre-treated for 1 hour with 
100 µM PD98059 (+) or left untreated (-) and subsequently treated 
with 250 µM DCA for times shown. 100 nM EGF was used as a 
positive control. Western blot analysis was performed twice and a 
typical result was shown.  
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Fig. 3.2 Effect of PD98059 on DCA-induced phosphorylation of ERβ. Cells were harvested 
and lysates probed for using anti-total ERβ and p-ERβ antibodies. Cells were pre-treated for 1 
hour with 100 uM PD98059 (+) or left untreated (-) and subsequently treated with 250 uM DCA 
for times shown. 100 nM EGF was used as a positive control. Western blot analysis was 
performed twice and a typical result was shown.  
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b. DCA induces the up-regulation of estrogen responsive genes 
 
 The regulation of estrogen receptor target genes is much more complicated 

than predicted. The mechanism of how estrogen receptor genes are expressed has 

become an emerging field of interest between membrane and nuclear receptor 

signaling [140]. In order to understand how estrogen regulated genes are expressed, it 

is important to look at many of the tissue types and cells in which the receptor is 

present.  

 Using qRT-PCR, the first ER target gene that we had looked at was PgR 

progesterone receptor). This was done in concert with the western blots so that the 

phosphorylation data and gene data were from the exact same set of cells. DCA 

treatment had induced the up-regulation of PgR almost immediately at 5 minutes 

(Fig. 3.3A). The immediate increase of gene expression could be due to the instant 

reaction of transcription factors or the presence of ERβ already bound to DNA. 

Remarkably, this instant increase in gene expression is blocked when PD98059 is 

present. At 60 minutes, PgR had a significant 3.5-fold increase in expression, which 

was decreased to basal levels when PD98059 was used.  

 The second ER target gene that was observed was pS2. The same instant 

increase in expression was observed, but maximum expression occurred at 1 hour, 

which was also inhibited when PD98059 was used (Fig. 3.3B).Comparing our 

phosphorylation data to our gene expression data, we were able to show that 

phosphorylation contributes to the increased expression of ER target genes. Overall, 

this data revealed that DCA is regulating ERβ, by the induction of phosphorylation 

and subsequent up-regulation of EREs.  
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Figure 3.3. Effect of PD98059 on DCA-Induced Activation of ER Regulated Gene 
Transcription  
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Figure 3.3. Effect of PD98059 on DCA-Induced Activation of ER 
Regulated Gene Transcription. Cells were pre-treated for 1 hour with 
100 µM PD98059 and subsequently with 250 µM DCA for times shown. 
RNA was extracted from cells and quantified using a nanodrop. mRNA 
levels of ER regulated genes, PGR (A) and pS2 (B), were analyzed using 
qRT-PCR. Fold change was calculated using the 2-(ΔΔCt) method, and 
normalized to the endogenous housekeeping gene, GAPDH. Graph is 
represented as the mean ± standard deviation. Replicates, n=3.  
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c. DCA-induced phosphorylated ERβ is found in the nucleus of HT-29 cells  
  

 The location of the estrogen receptor in cells is very dynamic. In the classical 

model of estrogen receptor signaling, the receptor binds to 17β-estradiol, 

homodimerizes with a second receptor and undergoes alternations, including the 

release of chaperone proteins and the induction of a conformational change to bind 

the ligand. [140]. Plasma membrane-associated ERs have also been shown to be 

regulated by the non-genomic pathway [103], which in turn leads to alterations in the 

cytoplasm and subsequent gene expression [124, 125].  

 DCA was shown to induce the phosphorylation of ERβ as well as increase 

gene expression of ER regulated transcripts. By fractionating and separating the 

cellular compartments of DCA-treated HT-29 cells, we were able to further validate 

what we were observing. HT-29 cells treated with DCA for1 hour had shown a 

significant amount of phosphorylated ERβ in the nucleus (Fig. 3.4). Interestingly, a 

great deal of the phosphorylated receptor was found bound to chromatin, indicative of 

activation. Moreover, the phosphorylated receptor was not present when PD98059 

was used, showing that non-genomic activation was occurring.  
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Figure 3.4. Cellular Fractionation of DCA-Treated Cells  
 

 

Figure 3.4. Cellular Fractionation of DCA-Treated Cells. HT-
29s were treated with or without DCA for 1 hour and with or 
without PD98059. Cells were harvested and lysates fractionated. 
Total ERβ and phospho-ERβ antibodies were used for protein 
detection. The control proteins Rb (nucleus), E-cadherin 
(membrane), and GAPDH (cytoplasm) were detected by western 
blot using relevant antibodies.    
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Fig. 3.4 Cellular fractionation of DCA-treated cells. HT-29s were treated with or without DCA for 1 hour and with or 
without PD98059. Cells were harvested and lysates fractionated. Total ERβ and phospho-ERβ antibodies were used for 
protein detection. The control proteins Rb (nucleus), E-cadherin (membrane), and GAPDH (cytoplasm) were detected by 
western blot using relevant antibodies.    
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d. A mechanism for DCA induced activation of ERβ 
 
 Previous studies have shown that bile acids can regulate cell surface receptors. 

Our lab has even shown that DCA can perturb the membranes of cells and 

subsequently induce tyrosine phosphorylation of the epidermal growth factor receptor 

(EGFR) [100].  By putting together our pieces of data, we have shown that DCA 

induces phosphorylation of ERβ and increases the expression of ER regulated genes. 

Furthermore, by fractionating cell compartments, we found a significant amount of 

phosphorylated ERβ in the nucleus and even bound to chromatin. Above all, these 

processes were inhibited when PD98059 was used. This piece of data has given us an 

indication of how DCA regulates ERβ in vitro. Additional experiments are needed to 

further elucidate this mechanism, but Fig. 3.6 shows a theoretical model of how DCA 

may induce the activation of ERβ.  

 Since ERβ exists in multiple cellular compartments, including the membrane, 

cytoplasm, and nucleus, further studies are needed to determine exactly where ERβ is 

being acted upon by DCA. The induction of phosphorylation of ERβ through the 

MAPK pathway could be occurring in multiple places within the cell. However, ERβ 

eventually ends up in the nucleus and bound to chromatin.   
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Figure 3.5. Theoretical Model of DCA-Induced Activation of ERβ 
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Fig. 3.5 Theoretical Model of DCA-Induced Activation of ERβ. It is likely that DCA is having an affect at the 
membrane level of cells, causing the activation of an EGF Recetpor. Activation of the receptor induces activation of ERβ 
downstream and increased expression of EREs.   
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Figure 3.5. Theoretical Model of DCA-Induced Activation of 
ERβ. It is likely that DCA is having an affect at the membrane 
level of cells, causing the activation of an EGF Receptor. 
Activation of the receptor induces activation of ERβ downstream 
and increased expression of ER target genes.   
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IV. Discussion  

 
 In these experiments, we set out to elucidate the mechanism of DCA-induced 

activation of ERβ. Our goal was to gain insight and knowledge about how bile acids 

like DCA could elicit hormone-like responses in cancer. By examining the 

phosphorylation of ERβ at Ser-87, we were able to determine that DCA increased the 

activity of ERβ through the MAPK pathway. Furthermore, we were able to support 

this by looking downstream at ER target genes. Not only did we find that DCA was 

able to increase phosphorylation of ERβ and increase expression of target genes, but 

we had also shown that much of the activated receptor was in the nucleus and even 

bound to chromatin.  

 DCA has long been considered a tumor promoter involved in colon 

carcinogenesis [69, 124]. Until recently, ERβ has been seen as a tumor suppressor in 

colon tumorigenesis. However, the role of ERβ has been scrutinized very carefully 

especially in tissue that has an overexpression of the Ras proteins. A recent review 

stated that ERβ may be involved in tumorigenesis if it is being regulated by the 

MAPK pathway [85]. Given the fact that DCA is a well-known tumor promoter and 

is causing ERβ to become activated could open a novel way of researching bile acids 

and nuclear receptors.  

 Based on our findings, it appears that DCA is inducing activation through the 

mitogenic MAPK pathway.  Estrogen receptors are well known to play a diverse role 

in cell signaling. Their role has also been further expanded when looking into the 

tissue type. Other key regulators known to interact with ERβ are the PI3K pathway, 

co-activator proteins, co-repressor proteins, chaperone complexes, and even 
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transcription factors [87]. Further experiments are essential to determine what other 

key players DCA is recruiting to induce the activation, and maybe in some instances, 

the repression of ERβ. It is our future goal to use a fluorescently tagged ERβ and 

observe how DCA treatment affects the translocation of the receptor between cellular 

compartments. In addition, we would like to use a TR-FRET co-repression assay to 

determine if DCA plays a repressive role in ERβ activity. 

 Our results show that DCA is inducing the activation of ERβ, in what might 

be a phosphorylation dependent manner. We do know that activation is ligand-

independent and not ligand-dependent based on our TR-FRET analysis. In fact, our 

lab showed that DCA induces intracellular signaling by altering the plasma 

membrane of cells [100]. DCAs regulation of ERβ may be causing membrane 

perturbations, which causes the EGFR pathway to become activated. These reports 

are important for explaining how and why bile acids activate intracellular signaling, 

especially in colorectal cancer. Additionally, identifying and characterizing the 

different cellular signaling processes could help us understand how bile acids act as 

tumor promoters and induce the tumorigenic processes of colorectal cancer.   
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CHAPTER IV: CONCLUSIONS 
 
 Secondary bile acids have long been studied for their role in tumorigenesis. 

These molecules are essential for the digestion of fats and lipids but an excess of 

“bad” bile acids brought about by a diet high in fat and low in fiber begins to trigger 

damaging effects in colonic epithelium. More importantly, these damaging effects can 

induce the activation of deleterious cell signaling pathways. Therefore, defining the 

mechanisms of bile acid-inducted activation of mitogenic pathways is important in 

chemoprevention. Previous studies have only established bile acids as either tumor 

promoters (DCA) or tumor suppressors (UDCA). There is very little evidence out 

there that has characterized the mechanism of how bile acids either promote or 

suppress cancer. Our studies focused on defining a mechanism of bile acid induced 

activation of estrogen receptor β.  

 First, our lab has previously demonstrated that DCA and UDCA have the 

ability to induce the activation of ERK 1/2, a key enzyme in the MAPK mitogenic 

pathway. As previously reported by many labs, the MAPK signaling pathway 

converts extracellular signals into cellular responses that causes a downstream effect 

of cascading phosphorylation events [120]. More importantly, the deregulation of the 

MAPK pathway is an early event in many colon cancers. Mutations in KRAS and 

BRAF leads to overexpression of the ERK 1/2 cascade, increasing the potential for 

proliferation, epithelial to mesencymal transitions (EMT), and even migration and 

invasion [120]. Secondly, we had the fortune of being able to test our hypothesis 

through several outlets. This is because the estrogen receptor is very “promiscuous” 

and can be activated either canonically (ligand-dependent) or non-canonically 
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(ligand-independent). Additionally, the estrogen receptor exists in several cellular 

compartments including the membrane, cytoplasm, and the nucleus.  

  To begin testing our hypothesis, we had looked at UDCAs and DCAs ability 

to bind to ERβ. Since bile acids are cholesterol derivatives like that of hormones 

including estrogen, we hypothesized that these molecules could naturally bind to 

ERβ. This was rather important because ERβ is naturally regulated by estradiol when 

it binds to the receptor and begins its downstream effect. We initially began testing 

ligand binding with the aid of computer modeling (Data shown in Appendix B and 

C). In collaboration with Vijay Gokhale (Bio5, University of Arizona), we were able 

to analyze how well UDCA fit into the ligand-binding domain of ERβ. We obtained a 

docking score, which was the ΔG value. The more negative the docking score, the 

better fit of a molecule into the ligand-binding domain. Our results had shown that 

UDCA had a better fit within the ligand-binding domain of ERβ compared to 17-β 

estradiol, the natural ligand. This data had revealed one important aspect of bile acid 

physiology. It had opened the idea that we had found a novel, natural ligand for ERβ. 

This was not outside the realm of possibilities because bile acids are already natural 

ligands to the nuclear receptor FXR.  

 To confirm what we had seen in the computer model, we took advantage of 

TR-FRET analysis. This assay took a purified ERβ and is used to test a wide variety 

of ligands of interest. However, our TR-FRET analysis did not corroborate what we 

had seen in our molecular modeling. DCA and UDCA did not prove to be natural 

ligands for ERβ. Despite the negative result, our data had revealed that our bile acids 

may have an alternative mechanism for their role in ERβ regulation. Upon further 

examination of ERβ, we were able to find that many other mitogenic pathways 
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regulate ERβ, especially the MAPK pathway. The MAPK pathway plays a key role in 

the regulation of ERβ. However, this pathway does not exist alone in the number of 

signaling pathways that converge on ERβ. First of all, ERβ is classically activated by 

its natural ligand, 17β-Estradiol, Secondly, in addition to the MAPK pathway, ERβ 

can be controlled by AKT [125], p38 [126]and G-protein coupled receptors [127].   

Previous studies in our laboratory now suggested that DCA and UDCA could act 

upon the MAPK intracellular signaling pathway and induce the activation of ERβ. 

We further hypothesized that UDCA and DCA induce the activation of ERβ, non-

canonically, through the MAPK pathway. Initially, we set out to test this hypothesis 

by looking at how UDCA and DCA affect phosphorylation of ERβ. We tested several 

ERβ phosphorylation sites that are regulated by ERK 1/2. We had found that 

significant phosphorylation occurred at Serine-87, which became our main focus for 

the remainder of the studies. 

 Looking specifically at UDCA, we had set out to suggest something novel. 

These UDCA studies have established a tumorigenic role for both UDCA and ERβ. 

In previous studies, both UDCA and ERβ have been shown to be involved in tumor 

suppression. However, with the help of the MAPK pathway, ERβ could turn 

dangerous when it works alongside an overexpressed RAS pathway [85]. In regards 

to UDCA, there is evidence that this molecule is acting as a tumor promoter. The 

phase III clinical trial completed at the University of Arizona concluded that there 

was a sex-specific difference. Simply put, UDCA was shown to be a tumor 

suppressor in males, but a tumor promoter in females. Furthermore, our lab was able 

to reproduce these results in an animal model (data not shown). Male and female 

mice were induced with the formation of colon tumors and then subsequently put on a 
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UDCA diet. At the end of the study, colon tumors were counted, and the data 

revealed that male mice on the UDCA diet had significantly fewer tumors compared 

to the male mice that were not on the UDCA diet. In female mice, those on the 

UDCA diet had significantly higher tumor counts compared to the control diet. 

Therefore, UDCA may be stimulating its harmful effect in females through the 

estrogen receptor.  

 Our results had shown that UDCA is promoting the phosphorylation of ERβ 

through the MAPK pathway and increasing the up-regulation of estrogen response 

elements. To further examine this observation, we used PD98059, a potent MEK 1/2 

inhibitor and found that phosphorylation and gene upregulation was suppressed. Thus 

we concluded that UDCA is regulating ERβ activity via the MAPK pathway, a novel 

mechanism for this bile acid. As previously noted, estrogen receptors exist throughout 

many cellular compartments. Our next goal was to find out if phosphorylation of ERβ 

is occurring in the nucleus upon UDCA treatment. Our hypothesis was that we would 

find phosphorylated ERβ in the nucleus, which would be indicative if activation. This 

was especially important for our studies because it would further validate that 

activation is happening upon phosphorylation, just like what we were seeing with our 

qRT-PCR data. Nuclear estrogen receptors are also important in the way genes are 

regulated and could define characteristics important in the pathophysiology of the 

receptor [138]. We took our HT-29 cells and treated them with UDCA for 24 hours, 

the time point where max phosphorylation was occurring, and fractionated the cell 

compartments to isolate the membrane, cytoplasm, soluble nucleus, and chromatin 

bound proteins. Although we did not see any phosphorylated receptor bound to 

chromatin, we did find a significant amount in the nucleus. There is also some faint 
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receptor found in the cytoplasm. In both cases of phosphorylation, PD98059 had 

blocked the response. This key piece of data had strengthened our argument that 

activation is following phosphorylation. Although our results had indicated that 

UDCA did indeed play a role in regulating ERβ, we were still uncertain of how it 

may be contributing to tumorigenesis.  

 The EGFR/MAPK pathway plays a major role in tumorigenesis. As many 

researchers know, overexpression of this pathway leads to deregulated proliferation, 

EMT, invasion, and metastasis. Previous observations told us that UDCA has little to 

no role in epithelial to mesenchymal transitions and most certainly does not increase 

the proliferation rates of colorectal cancer cell lines, which we validated in a BrdU 

assay. Thus, we considered the possibility that UDCA could induce HT-29 cells to 

migrate, and that this migration is being stimulated through the MAPK and ERβ 

pathway. Initially, we tested this hypothesis with a simple wound-healing assay. Not 

only did we see UDCA induce cellular migration on its own, but we also observed 

that this migration is rapidly increased in the presence of FBS. In both cases, 

PD98059 and PHTPP significantly blocked or slowed down this perceived migration. 

Moreover, this observation was, once again, validated in our cell migration assay. 

Although UDCA was not shown to be a chemoattractant on its own, treatment with 

UDCA led to increase of migration toward FBS and even a cell lysate. These results 

became of great significance because it further established a novel tumorigenic role 

for both UDCA and ERβ. In addition, this could add ERβ to a list of potentially 

useful targets for treatment in patients at risk for colorectal cancer.  

 Taken together, our results have shown that UDCA, the MAPK and ERβ 

pathways are working in synergy to promote the tumorigenic potential of HT-29 
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cells. This data is also helping our lab gain insight into how bile acids and nuclear 

receptors work in a sex-specific manner to induce a harmful affect in females. 

Moreover, elucidating this mechanism is of great importance because it helps us to 

better understand the pathogenesis and behavior of colorectal cancer.  

 

 Our second set of studies involved the elucidation of DCA-induced activation 

of ERβ. Up to this point, our lab has shown that DCA can exert different biological 

effects in colorectal cancer cells from activation of the MAPK pathway [74], 

induction of apoptosis [69], and even activation of the AP-1 transcription factor [75]. 

We also know that bile acids act as natural ligands for the nuclear receptor FXR. 

These wide variety of biological processes from bile acids reveals that they do more 

than just play a simple role in the digestion of fats and lipids. Since ERβ is the 

predominant estrogen receptor in the colon and we know that UDCA is exerting a 

tumorigenic role through ERβ, we decided to test DCAs ability to induce the 

activation of ERβ. Our hypothesis was that DCA was inducing activation of ERβ 

through the non-canonical MAPK pathway.  

 As previously described, we had established that DCA did not physically bind 

to ERβ in our TR-FRET analysis. This analysis determined that DCA was not 

exerting its affect through a ligand-dependent mechanism. Again, we had gone to the 

observation of a ligand-independent mechanism by looking at several 

phosphorylation sites. As we did with UDCA, we decided to look at Ser-87, a target 

for ERK 1/2 phosphorylation.  

 Initially, our hypothesis was tested by treating HT-29 cells with the 

physiological concentration of DCA at 250 µM. Our time-points did not exceed 1 
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hour because of the toxicity that DCA induces in the cells. After 1 hour, many of the 

cells become apoptotic, which has previously been observed [69]. Our results 

revealed that DCA was inducing phosphorylation of ERβ through the MAPK 

pathway. When we pre-treated our cells with PD98059, DCA-induced 

phosphorylation was blocked. Furthermore, by using the same set of cells, we were 

able to look at the expression levels of two estrogen receptor regulated genes, PgR 

and pS2. Through qRT-PCR, we were able to match our phosphorylation data with 

gene expression data. At 1 hour, we had observed a significant increase in ERE gene 

expression for both PgR and pS2. Furthermore, when PD98059 was present, the 

expression was brought back down to basal levels.  

 These results illustrated that DCA is inducing the activation of ERβ through 

the MAPK pathway. In fact, DCA was inducing phosphorylation and increasing gene 

expression in a manner much quicker than that of UDCA. The biochemical structure 

of DCA and UDCA may have something to do with the rapid induction of activation. 

DCA is hydrophobic, just like that of 17β-Estradiol, the natural ligand for ERβ. 

Whereas, UDCA is hydrophilic so it may take longer to induce the activation of ERβ. 

Alongside the biochemical properties of DCA, it also has been shown to mediate a 

rapid response of signal transduction of the MAPK pathway [100].  

 Secondly, we wanted to validate our DCA findings with the use of subcellular 

fractionation. We had wanted to view protein translocation, specifically the location 

of phosphorylated ERβ upon DCA treatment. If our hypothesis were correct, we 

would find phosphorylated ERβ within the nucleus of HT-29 cells. After completion 

of subcellular fractionation, our results had remarkably revealed that not only was 

ERβ found in the soluble nucleus portion, but bound to chromatin as well. Thus, we 
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were able to validate our previous findings in that DCA was, in fact, inducing the 

activation of ERβ through the MAPK pathway. Collectively, we had determined that 

this mechanism of activation is indeed ligand-independent.  Our results had 

established a novel mechanism that linked DCA to ERβ. DCA, a known tumor 

promoter, has been shown to induce the activation of several mitogenic pathways. In 

addition, the role of ERβ is not completely understood. However, there is some 

evidence that if ERβ is regulated by overexpression of the MAPK pathway, then there 

could be some tumor promoting potential involved with the receptor [85]. Again, 

along with UDCA, we had linked DCA with ERβ with a possible tumor-promoting 

role.  

 Thus far, we have given substantial evidence that UDCA and DCA induce the 

activation of ERβ through the MAPK pathway. Furthermore, UDCA is inducing the 

migration of HT-29 cells via the MAPK and ERβ pathway. Additionally, DCA is 

inducing activation through the same pathway. However, more studies are required to 

determine the tumor promoting phenotype that DCA gives rise to in vitro. One 

possible role is that DCA could be inducing apoptosis through the ERβ pathway. This 

induction of apoptosis could be leading the normal cells to die, and the cells that 

survive DCAs cytotoxicity gather the mutations required to promote tumorigenesis.  

 Our evidence collectively suggests both UDCA and DCA are tumor-

promoting molecules. Our studies are remarkably novel in two ways. First, UDCA 

was always seen as a tumor suppressing molecule, even suppressing the effects of 

DCA [74]. UDCA is even clinically used in the treatment of primary biliary cirrhosis. 

It wasn’t until the University of Arizona clinical trial [94] that UDCA was labeled as 

a possible tumor promoter, particularly in females. This had only been an observation 
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and no mechanism had been established in which UDCA could induce the activation 

of mitogenic pathways. Secondly, we had revealed that ERβ could have a second role 

in the colon, which is that of an oncoprotein. Our evidence that validates this notion is 

that; 1) inhibiting ERβ also inhibits UDCA-induced cellular migration, and 2) DCA, a 

well-studied tumor promoter, is inducing the activation of ERβ. However, more 

studies are also needed to determine if ERβ is only tumor promoting in the presence 

of overexpression of the MAPK pathway.  

 Furthermore, there could also be several other mechanisms in which UDCA 

and DCA could be controlling that lead to the activation of ERβ. At least, in our 

studies, we have established a foundation for observing bile acids and their ability to 

induce the activation of cell signaling pathways, especially the activation of nuclear 

receptors. Since there is a large number of non-canonical signaling occurring in 

tumors, UDCA and DCA may also be inducing up-regulation or even down-

regulation of several other pathways. Finally, by elucidating this novel mechanism, 

we hope that it aids future researchers in understanding the biochemical and 

molecular importance of the actions of bile acids and estrogen receptor β, eventually 

leading to new chemoprevention methods and treatments for colon cancer.  

 

An Alternative Hypothesis for Bile Acid-Induced Activation of ERβ 

 These studies have shown that DCA and UDCA treatments induce the 

phosphorylation and subsequent ER target gene expression in HT-29 cells. We were 

also able to show that much of these processes are occurring through the MAPK 

pathway. Upon close examination of the data, we can observe that ERβ is not being 

completely regulated by the MAPK pathway. Fig. 2.2 and Fig. 2.3 could be telling a 
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different story. When cells are treated with UDCA, there is increased phosphorylation 

of ERβ, but not until 24 hours. Even more unusual is that EGF, our positive control, 

induces little to no phosphorylation of ERβ at Ser-87. Now looking at our ER target 

gene expression data, we see that UDCA induces expression much more rapidly in as 

little as 5 minutes. How can it be that expression of ER target genes is occurring 

much earlier than phosphorylation? This data is telling us that regulation of ERβ is 

not MAPK dependent. The regulation of ERβ is very complicated and there could be 

several factors being influenced within the cells when they are treated with bile acids. 

We know that ERβ is controlled by many pathways including the PI3K/AKT pathway 

[85], p38 [126], and G-protein coupled receptors [127]. In addition to the many 

pathways that influence the activity of ERβ, there are also many other co-activators, 

co-repressors, and transcription factors that tightly regulate ERβ. Interaction with 

ERβ could induce the recruitment of steroid receptor co-activators (SRC-1) [128], 

disruption of the CBP/p300 complex to repress ER target gene expression [85], or 

recruitment of the ubiquitin ligase E6-AP [129].  

 Taking a closer look at bile acids, we know that they don’t act solely on the 

MAPK pathway. In fact, the pathways that act on ERβ are also influenced by bile 

acids. These pathways include the MAPK pathway [97], GPCR pathway [130], 

PI3K/AKT pathway [55], and induction of AP-1 activation [69]. Knowing that bile 

acids induce the activation of many pathways that lead to the regulation of ERβ, 

the following alternative hypothesis was formed; DCA and UDCA elicit a 

myriad of cell signaling processes that increase the interaction of ERβ with co-

activators or co-repressors. 
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 One key avenue that could be pursued would be to identify the role that 

CXCL12/CXCR4 has in the progression of colorectal adenocarcinoma. CXCL12, 

also known as stromal-derived factor-1 (SDF-1), is a chemokine that binds to its 

cognate receptor, CXCR4, and regulates the trafficking of normal and malignant cells 

[131]. The CXCL12/CXCR4 has been shown to facilitate metastasis, angiogenesis, 

proliferation, and the activation of many mitogenic pathways including 

EGFR/MAPK, AKT/PI3K, and the JAK/STAT pathways [132-134]. More 

importantly, a study conducted by Rodriguez et al., had shown that lung 

adenocarcinomas from premenopausal women had high expression of ERβ, CXCL12, 

and CXCR4, compared to both post-menopausal women and men [96]. Furthermore, 

this data had a strong correlation with sex and hormonal status, but not with the stage 

of the tumor or whether the individual was a smoker or not. The data shown from this 

study had presented strong evidence that ERβ works in synergy with 

CXCR4/CXCL12 and that high expression is more prevalent based on both sex and 

hormonal differences in lung cancer [96]. This is an avenue worth pursuing or at least 

forming an alternative hypothesis against. Bile acids may be exerting their effects 

through the CXCR4/CXCL12 pathway in colon cancer. However, bile acids may be a 

strong indicator for risk depending on the sex and hormonal status. Therefore, the 

hypothesis may be that bile acids are working in synergy with ERβ/CXCR4/CXCL12 

to promote colorectal adenocarcinoma in pre-menopausal women.  

 There are multiple routes that bile acids could be taking in order to promote 

tumorigenesis in both males and females. Many hypotheses could be formed linking 

bile acids to ERβ. Nevertheless, we have shown that both DCA and UDCA have the 

ability to induce the activation of ERβ, and further promoting tumorigenesis. 
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Understanding the significance of sex and hormonal conditions in patients with 

cancer may be able to explain how aggressive a tumor will behave, which could 

influence potential treatment options.  

 Taken together, UDCA does not seem to be an adequate chemopreventive 

agent, especially for patients with pre-cancerous polyps or patients diagnosed with 

colon cancer. This may not be limited to colon cancer, but for many other cancers as 

well. Circulating bile acids could be increasing the risk of cancer in many other 

tissues. However, this is not to say that bile acids, like UDCA, are having a positive 

effect in normal tissues. The activation of ERβ in normal tissues may have an effect 

similar to its anti-tumor function in breast tissue. In fact, the female gender, without 

any previous cancer risks, could have a higher propensity for UDCAs 

chemproventive effect through the activation of ERβ. However, the over-expression 

or mutation of oncogenes, such as Ras, could cause UDCA to promote tumorigenesis 

through ERβ.  

 My findings show that bile acids induce the activation of ERβ through the 

MAPK pathway. In fact, UDCA was found to be a potential tumor promoter in colon 

cancer. These findings also indicate that there is a need to study the differences 

between genders. It is highly likely that many chemopreventive agents are supporting 

anti-tumor properties in one sex but not the other. Knowing how bile acids are 

affecting males and females at the molecular level could lead to promising new ways 

of preventing the onset of colon cancer or other cancers for that matter. If DCA and 

UDCA are working through oncogenic pathways to induce the activation of nuclear 

receptors, there may be other bile acids that could have high tumor preventing, or 
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tumor promoting potential. However, until we look at the gender specific differences, 

we will not fully understand the true potential of natural bile acids.  
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CHAPTER V: MATERIALS AND METHODS 
	  
	  

I. Reagents 
 

	   a. Bile Acids 
  
 Ursodeoxycholic acid was obtained from Santa Cruz biotechnology (Santa 

Cruz, CA). Deoxycholic acid was obtained from Sigma-Aldrich (St. Louis, MO). 

Stock solutions were prepared at 5mg/mL. 5 mg of either DCA or UDCA was 

weighed out and re-suspended in 1 mL of sterile PBS.  

 b. Antibodies and other Reagents 
	  
 β-actin was used at a 1:15000 dilution and was obtained from Sigma-Aldrich 

(St. Louis, Mo). Phospho- ERβ (Ser-87) was obtained from Santa Cruz biotechnology 

(Santa Cruz, CA). Total ERβ and Rb was purchased from Abcam (Cambridge, MA). 

Phosphor-ERK 1/2, Total ERK 1/2, E-cadherin, and GAPDH were purchased from 

Cell Signaling Technology (Danvers, MA). The epidermal growth factor reagent 

(EGF) was used at a concentration of 100ng and was obtained from Corning 

Incorporated (Corning, NY).  

 c. Drugs and Inhibitors 
	  
 PD98059 was purchased from Cell Signaling Technology (Danvers, MA). 5 

mg of the inhibitor was re-suspended in 373.3 µl of DMSO to create a final stock 

concentration of 50 mM. Cells were pre-treated for 1 hour in 100 µM of the inhibitor 

before addition of EGF or bile acids. The ERβ antagonist, PHTPP, was purchased 

from Tocris biosciences (United Kingdom). PHTPP was re-suspended in 1mg/1mL in 
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DMSO to create a stock concentration of 10 mM. Cells were pre-treated for 1 hour in 

20 µM of the inhibitor before addition of the bile acids.  

 

II. Cell Lines 
	  
 The human colon adenocarcinoma cell line HT-29 was purchased from the 

American Tissue Type Culture Collection (Rockville, MD). The cell line was 

maintained in Dulbecco’s modified eagle medium (Corning Inc., Corning, NY) 

supplemented with 10% fetal bovine serum (FBS) (Peak Serum, Colorado, USA), 5 

mL 100X Penicillin/Streptomycin (Corning Inc., Corning, NY), and incubated in a 

5% CO2 atmosphere at 37oC and passaged using 0.25% Trypsin-EDTA. 

 

III. Maintaining cell lines in Charcoal-Stripped Media 
	  
 1L of charcoal stripped media was made with 15.6 g of DMEM/Nutrient F-12 

Ham (Sigma, St. Louis, MO), 2g sodium bicarbonate, and 10 mL Penicillin-

Streptomycin, and then added to 1L diH2O. After mixture, the media was sterile-

filtered and supplemented with 5% charcoal dextran fetal bovine serum (Omega 

Scientific, Tarzana, CA).  

 24 hours following adherence of cells in DMEM, the cell line was washed 

with PBS and replaced with charcoal stripped media supplemented with 5% charcoal 

dextran FBS. Cells were left in the media for 48 hours. Following the 48 hours of 

incubation, cell media was replaced with charcoal stripped media without FBS, and 

incubated for 18 hours. 
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	  IV. Western Blot (Ligand-Independent Assay) 
 
 Cells were seeded at 2.0X106 cells per 10 cm tissue culture dish. Following 

the charcoal-stripped media protocol as previously described, cells were treated with 

250 µM DCA or UDCA and with or without inhibitors. Cells were then separated for 

use in either western blot or qRT-PCR. For western blot analysis, cells were 

harvested and lysed with RIPA buffer containing 100 µl of HALT 

protease/phosphatase inhibitors. Cells were subsequently sonicated, centrifuged at 

10,000 rpm, and the supernatant was collected. Protein concentration was determined 

using the Pierce BCA Protein Kit (ThermoFisher). Western blot analysis was 

performed using 15-20 µg of protein. Protein samples were boiled for 5 minutes with 

1X Laemmli sample buffer (BioRad, Hercules, CA) containing 2-mercaptoethanol 

(Sigma-Aldrich). Samples were cooled to room temperature and separated on a 10% 

SDS-PAGE Tris Glycine Gel (Life Technologies) at 125 volts for 1 h and 45 min 

using the Novex Mini cell system (Life Technologies). The pre-cast gel was then 

transferred onto a PVDF membrane (Millipore, Billerica, Ma) using the same Novex 

Mini cell system, at 25 volts for 1 h 30 min. Bound primary antibodies were detected 

with HRP-conjugated secondary antibodies (Jackson Immunoresearch, West Grove, 

PA), followed by chemiluminesence detection using SuperSignal West Pico 

chemiluminescent substrate (ThermoFisher Scientific).  

 

V. Time-Resolved Fluorescence Energy Transfer (TR-FRET) 
	  
 The agonist activity of DCA and UDCA was tested against ERβ in 

collaboration with Life Technologies (Madison, WI). 75 µl of DCA and UDCA in 
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100% DMSO at 100X the top screening concentration was mailed to Life 

Technologies. The compounds were serially diluted 3X from the top desired testing 

concentration (250 µM) to obtain 9 other testing concentrations. These concentrations 

were then ran in agonist mode using the TR-FRET ERβ assay. A model of how the 

assay works is shown in Fig. 5.1.  
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Figure 5.1. TR-FRET Diagram  
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Figure 5.1 TR-FRET. A nuclear receptor is labeled with a fluorescent antibody. 
Upon the binding of an agonist, the nuclear receptor changes its conformation to 
bind a fluorescent peptide (Fl peptide). The signal is then measured with a 520 
nm filter. 

Figure 5.1. TR-FRET Diagram. A nuclear receptor is labeled with a 
fluorescent antibody. Upon the binding of an agonist, the nuclear receptor 
changes its conformation to bind a fluorescent peptide (Fl peptide). The 
signal is then measured with a 520 nm filter.   
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VI. RT-PCR and quantitative Real-Time PCR 
	  
 RNA was purified from HT-29 cells using the quickRNA miniPrep (Zymo 

Research) according to the manufacturer’s protocol. First strand cDNA was 

synthesized using the qScript cDNA synthesis kit (Quanta Biosciences) and incubated 

using the SimpliAmp thermal cycler (Applied Biosystems) following the 

manufacturer’s guidelines PCR was performed using PerfeCTa SYBR Green 

Fastmix, Rox (Quanta Biosciences). qRT-PCR analysis was completed using the 

StepOne Plus real time PCR system (Applied Biosystems). GAPDH was used as the 

normalizing control and each reaction was performed in triplicates. The qRT-PCR 

primers were purchased from Sigma Aldrich and the sequences were: GAPDH F 5’-

ACCCACTCCTCCACCTTT-3’, and R 5’-CTCTTGTGCTCTTGCTGGG-3’; pS2 F 

5’-CATCGACGTCCCTCCAGAAGAG, and pS2 R 5’-

CTCTGGGACTAATCACCGTGCTG-3’; PgR F 5’-CGCGCTCTACCCTGCACTC-

3’, and PgR R 5’-TGAATCCGGCCTCAGGTAGTT-3’.  

 

VII. Sub-cellular protein fractionation 
	  
 Protein fractionation was performed using the subcellular protein fractionation 

kit for cultured cells purchased from ThermoFisher Scientific. Cells were cultured to 

80% confluency and harvested with trypsin-EDTA and centrifuged at 500 x g for 5 

min. Cell fractions were separated and obtained per manufacturer’s protocol (Fig. 

5.2). Western blot analysis was then performed on the fractioned protein lysates 

following the protocol previously described. Control antibodies used were E-cadherin 

(membrane), GAPDH (cytoplasm), and Rb (Nucleus).  



	   108	  

 

 

 

 

 

Figure 5.2. Subcellular Protein Fractionation Overview 

 
 

Figure 5.2 Subcellular Protein Fractionation. The cellular compartments are 
separated using various buffers; cytoplasm extraction buffer (CEB), membrane 
extraction buffer (MEB) and nuclear extraction buffer (NEB). NEB+MNase allows 
for the extraction of chromatin bound proteins. Figure adapted from 
ThermoFisher Scientific subcellular protein fractionation product overview. 

Figure 5.2. Subcellular Protein Fractionation Overview. 
The cellular compartments are separated using various 
buffers; cytoplasm extraction buffer (CEB), membrane 
extraction buffer (MEB) and nuclear extraction buffer 
(NEB). NEB+Mnase allows for the extraction of chromatin 
bound proteins. Figure adapted from ThermoFisher 
Scientific subcellular fractionation product overview. 
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VIII. Wound-healing scratch assay for UDCA 
	  
 HT-29 cells were grown to 100% confluence in a 10 cm plastic tissue culture 

dish. A scratch was made through the middle of the dish using a p200 pipette tip. 

After the scratch was made, cells were washed with sterile PBS and replaced with 

serum-free charcoal stripped media. Cells were pre-treated for 1 hour with 100 µM 

PD98059 or 20 µM PHTPP. Following pre-treatment, 250 µM UDCA was added to 

the appropriate plates and the vehicle control consisted of DMSO and PBS. 5% FBS 

was used as the positive control as well as in combination with UDCA. Pictures were 

taken at various time points using a Zeiss Microscope at 10X magnification using the 

AxiVision 4.4 software. Percent scratch area and Percent cell area was measured 

using Wimscratch image software (Wimasis). The data represents the mean ± 

standard error of three separate experiments. 

A cell lystate was created with the use of a dounce homogenizer. Cells were dounced 

and then centrifuged at 1000 x g for 5 min. 150 µl of the supernatant was collected 

and used as the chemoattractant. 

 

IX. BrdU Cell Proliferation Assay  
	  
 2.0 X 105 cells were plated in triplicates in a 96 well plate. Following 

charcoal-stripped incubation, cells were either treated with 250 µM UDCA, 5% FBS, 

or DMSO/PBS vehicle control. The plate was read on a spectrophotometer using a 

single 450 nm wavelength. BrdU graphs are expressed using the optical density (OD) 

readout. The higher the OD reading is characteristic of a higher BrdU concentration. 

The data represents the mean ± standard deviation of three separate experiments.  
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X. Cell Migration Assay 
	  
 Migration of HT-29 cells was measured using the Cultrex cell migration assay 

(Trevigen Inc., Helgerman, MD) according to the manufacturer’s protocol. Cells were 

plated in a 75 mL tissue culture flask to 80% confluency following the charcoal-

stripped/serum starvation protocol; cells were trypsinized, harvested, and counted. 50 

μl of 5.0X104 cells were carefully plated in triplicate in the top chamber of the 96 

well plate. Cells plated in the top chamber were treated with either vehicle, 250 µM 

UDCA, 5% FBS, and with or without 100 µM PD98059 or 20 µM PHTPP. The black 

bottom chamber of the 96 well plate received 150 µl of chemoattractant test media. 

Leftover cells were used to create a standard curve of known cell numbers in order to 

calculate percent cell migration at completion of the assay. The plate was then placed 

in a 5% CO2, 37oC incubator and incubated for 48 h. After the 48 h incubation, the 

top chamber was carefully washed with 100 µl 1X wash buffer and the bottom 

chamber washed with 200 µl 1X wash buffer. Following the wash steps, 100 µl of 

calcein-AM/cell dissociation solution was added to the bottom assay chamber and 

incubated at 37oC for 1 h. After incubation, the black bottom assay chamber plate was 

read in a plate reader with 485 nm excitation, 520 nm emission. The RFUs were 

converted to cell number using a standard curve.  

 

XI. Statistics 
	  
 Data from the scratch assay and cell migration assay were analyzed using the 

t-test method and is expressed as the mean ± standard error of three separate 
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experiments. Statistical analysis was performed using the GraphPad Prism software 

(GraphPad Inc., CA).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
	  



	   112	  

APPENDIX A: ABSTRACTS AND MANUSCRIPTS 
 

PUBLICATIONS 

1. Centuori SM, Gomes CJ, Trujillo J, Borg J, Brownlee J, Putnam CW, 
Martinez JD: Deoxycholic acid mediates non-canonical EGFR-MAPK 
activation through the induction of calcium signaling in colon cancer cells. 
Biochim Biophys Acta 2016. 

2. Trujillo J, Centuori S, Gomes C, Smith C, and Martinez J. A novel,  
  tumorigenic mechanism for UDCA-induced activation of estrogen receptor β. 
  (In preparation)  
 

3. Trujillo J, Centuori S, Smith C, and Martinez J. Deoxycholic Acid Induces 
Activation of Estrogen Receptor β Through the Non-Canonical MAPK 
Pathway. (In preparation) 
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APPENDIX B: ADDITIONAL FIGURES 
 

 

 

 

 

Figure 5.3. Molecular Modeling of Bile Acids and ERβ 
 

Figure. 5.3 Molecular Modeling of Bile Acids and ERβ. X-ray 
crystal structures of ligand binding domains for estrogen receptor beta 
(PDB code: 3OLS) was used for docking of bile acids. Docking 
calculations were performed with FlexiDock docking program within 
Sybyl 8.0 (Tripos Inc.). Initially the ligand molecule was minimized 
within the active site (ligand binding domain) of the steroid receptor. 
The minimization was followed by FlexiDock calculations to generate 
20 docking conformations and best docking conformation with better 
docking score was used for the analysis. 
 

17β-Estradiol Binding to ERβ 
 
!

UDCA Binding to ERβ 
 
!

Fig. 5.3 Molecular Modeling of Bile Acids and ERβ. X-ray crystal structures of ligand binding domains for 
estrogen receptor beta (PDB code: 3OLS) was used for docking of bile acids. Docking calculations were 
performed with FlexiDock docking program within Sybyl 8.0 (Tripos Inc.). Initially the ligand molecule was 
minimized within the active site (ligand binding domain) of the steroid receptor. The minimization was 
followed by FlexiDock calculations to generate 20 docking conformations and best docking conformation with 
better docking score was used for the analysis. 
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Figure 5.4. Estradiol TR-FRET Assay 
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Figure 5.4. Estradiol TR-FRET Assay. Estradiol binds to a 
purified ERβ protein, with an EC50 of 2.4 nM.  
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APPENDIX C: ADDITIONAL TABLES 
 

Table	  1.	  FlexiDock	  Scores	  of	  Estradiol	  and	  Bile	  Acids	  	  

 

 

 

 

 

 

 
	  
	  
	  

ERβ 

Compound Name FlexiDock Score (ΔG) 

17β-Estradiol -47.0 

UDCA -60.4 

DCA -48.7 

Table 1. FlexiDock Scores of Bile Acids. The table shows the FlexiDock Scores of UDCA and DCAs affinity 
for ERβ. The more negative the score, the better binding the compound has for the receptor.  
 

Table 1. FlexiDock Scores of Estradiol and Bile Acids. 
The table shows the FlexiDock Scores of UDCA and 
DCAs affinity for ERβ. The more negative the score, the 
better binding the compound has for the receptor.  
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