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ABSTRACT 

 

Deoxycholic acid (DCA) is a secondary bile acid postulated to be involved in the 

etiology and the progression of colorectal cancer, but its specific mechanisms are not 

fully understood. DCA has been shown to induce apoptosis allowing selection for 

apoptosis-resistant cells, which highlights the importance of understanding the 

mechanisms of action of DCA.  Previously, it has been demonstrated that DCA perturbs 

the plasma membrane, leading to the activation of receptor tyrosine kinases.  Because the 

insulin-like growth factor-1 receptor (IGF-IR), a receptor tyrosine kinase, is demonstrated 

to play a significant role in protecting colorectal cancer cells from apoptosis, we 

hypothesized that DCA modulates IGF-IR functions in colorectal cancer cells.  We 

demonstrated that DCA induced the dynamin-dependent endocytosis of IGF-IR through 

both clathrin-mediated and caveolin-1-dependent mechanisms.  Endocytosis of IGF-IR 

sensitized cells to DCA-induced apoptosis, which demonstrated that IGF-IR played a role 

in protecting cells against DCA-induced apoptosis.  Since DCA-induced endocytosis of 

IGF-IR was determined to be a caveolin-1 dependent process, caveolin-1 knockdown in 

HCT116 (HCT116-Cav1-AS) prevented the DCA-mediated endocytosis of IGF-IR.  

However, we observed an increased sensitivity of DCA-induced apoptosis in the Cav1-

AS cells.  This suggested that caveolin-1 knockdown altered the plasma membrane 

dynamics such that although IGF-IR was maintained at the plasma membrane, it 

facilitated a pro-apoptotic signal.  We demonstrated that DCA induced the activation of 

the pro-apoptotic p38 signaling pathway in HCT116-Cav1-AS, but not in HCT116-Mock, 
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via IGF-IR.  Inhibition of both the IGF-IR and p38 independently in HCT116-Cav1-AS 

significantly decreased their sensitivity to DCA-induced apoptosis.  These observations 

demonstrated that, in a caveolin-1 dependent manner, IGF-IR played a dynamic role in 

the DCA-mediated apoptosis.  Finally, we provided preliminary evidence demonstrating 

that autophagy played a central role in protecting DCA-resistant cells from DCA-induced 

apoptosis.   

Since resistance to DCA also confers apoptosis-resistance, understanding the 

mechanisms that lead to or prevent DCA-induced cell death is significant, since they can 

lead to the development of novel therapeutic strategies to sensitize apoptosis-resistant 

colorectal cancer cells to undergo cell death. 
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CHAPTER 1 – INTRODUCTION 
 
 
I. Colorectal Cancer 

a. Epidemiology 

In 2008, there were almost 149,000 new cases of colorectal cancer in the United 

States [1], which translates into a risk of over 5% for an American individual to develop 

colorectal cancer in his/her lifetime, positioning this disease as a serious risk to public 

health [2].  Due to the recent advancement in screening and detection techniques, the 

colorectal cancer deaths rates have dropped significantly in the past couple of decades 

[3].  Colorectal cancer generally progresses very slowly taking up to 10 years to develop, 

thus providing ample time for detection.  When detected early, 90% of colorectal cancer 

can be cured by surgical removal of colon cancer precursor lesions known as polyps.  

Unfortunately, however, colorectal cancer still claims the lives of approximately 50,000 

men and women in the United States [1] making it the second leading cause of cancer 

related deaths in the United States. 

Similar to other cancers, a variety of genetic and environmental factors are 

involved in the development and progression of colorectal cancer.  Thus, it is crucial to 

better understand the interactions between these genetic and environmental factors in 

order to improve prevention and treatment of this disease. 

 

b. Genetic Basis for Colorectal Tumorigenesis 

In order to develop preventive and therapeutic strategies to eliminate deaths 

caused by colorectal cancer, we need to unravel the molecular and cellular mechanisms 
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that cause colorectal cancer.  Colorectal cancer results in a multistep process, which has 

been the general view of tumorigenesis since 1958 as described by Foulds [4].  Like 

every other type of cancer, colorectal cancer arises from the accumulation of genetic 

alterations in a number of key genes, which provide a normal colonic epithelial cell with 

survival and/or proliferative advantages compared to the surrounding cells.  According to 

the Fearon and Vogelstein model [5], four to five mutational events that include 

activation of oncogenes and mutational inactivation or allelic losses of tumor suppressors 

within the same cell would give rise to a tumor cell.  An adaptation of the Fearon and 

Vogelstein model for genetic alterations that lead to colorectal cancer development is 

presented in Figure 1 below. 

The first event that initiates most colorectal tumors is an allelic loss in 

chromosome 5q, identified as the Adenomatous Polyposis Coli (APC) gene, which has 

been shown to occur in about 85% of all colorectal cancer cases [6].  Normally, the APC 

protein inhibits Wnt signaling by targeting β-catenin to proteosome-mediated degradation 

[7].  Upon activation of the Wnt signaling, β-catenin dissociates from E-cadherin at the 

plasma membrane and translocates to the nucleus, where it binds to and stimulates the 

transcription factors T-cell factor (TCF) and the lymphoid enhancer-binding factor 

(LEF).  TCF and LEF activate transcription of a number of genes that control cellular 

growth and proliferation.  If APC is inactivated, the activation of the Wnt pathway 

remains unregulated, and subsequently continues to activate transcription of its target 

genes. 
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After the APC initiation event, other mutational events must take place in order 

for the initiated cell to become cancerous.  The most common mutational events are 

briefly discussed below: 

 

- An activating mutation in the K-RAS gene [8] which is a relatively early event in the 

progression of colon cancer, and occurs in almost 50% of colon cancers  [9].  Ras 

proteins behave as molecular switches in several critical cellular functions, including 

proliferation and survival.  Consequently, aberrant Ras signaling is demonstrated to play 

key roles in most cellular malignancy functions, such as proliferation, invasion, and 

metastasis [10].  In cancers, Ras is commonly mutated at codons 12, 13, or 61, which 

significantly impairs GTPase activity preventing GTP-hydrolysis [11].  As a 

consequence, Ras is constitutively bound to GTP, maintaining activation of Ras and its 

downstream signaling pathways, which include Tiam1, PI3K, Raf, PLC, PKC, and others 

[12].  This constitutive activation of Ras can lead to cellular transformation. 

 

- Loss of a portion of chromosome 17p, which has been identified as the tumor 

suppressor p53 [13].  Loss of p53 has been observed in more than 75% of colorectal 

carcinomas [14, 15].  A functional p53 is crucial for the integrity of the genome, 

detection of DNA damage, initiating DNA repair, and, if needed, apoptosis.  Therefore, 

loss of wildtype p53 function can permit damaged cells to continue to replicate its DNA 

and proliferate, causing further accumulation of DNA damage and mutations. 
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- Allelic loss in chromosome 18q, which occurs in about 70% of carcinomas [14, 15], 

and has been referred to as the DCC (deleted in colorectal cancer) gene.  Even though the 

exact role of DCC is not well understood, its extracellular domain displays homology to 

cell adhesion molecules [16], which suggests that it plays a role in cell-to-cell or cell-to-

matrix interaction [17]. 

 

The events mentioned above as well as others, such as c-myc overexpession and 

increased activity of tyrosine kinases are the most common genetic alterations that lead to 

colorectal tumorigenesis [5].  Collectively, these genetic alterations provide the means for 

a cell to bypass cellular checkpoints, ignore arrest signals, and evade apoptosis, 

permitting the cell to continue to proliferate, accumulate more mutational events, 

ultimately leading to more aggressive phenotypes. 
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Figure 1. Genetic alterations in colorectal tumorigenesis. 
Model to demonstrate the accumulation of mutations in a step-by-step process leading to 
colorectal tumorigenesis. Adopted from Fearon and Vogelstein [5].  
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c. Genetic Risk Factors 

Approximately 20% of colorectal cancer cases occur due to inherited genetic 

mutations [18, 19].  The two most common hereditary syndromes that lead to colorectal 

cancer are Hereditary Non-Polyposis Colorectal Cancer (HNPCC) and Familial 

Adenomatous Polyposis (FAP).  In HNPCC, the patient inherits mutations in mismatch 

repair genes [20], preventing these genes from performing their DNA repair functions, 

which generally lead to accumulation of mutations.  FAP is caused by inheritance of a 

mutated APC gene [21].  Incidentally, mutations in the APC gene is a common initiating 

event in sporadic cases of colorectal cancers, and occurs in approximately 85% of all 

colorectal cancer cases [6].  The function and significance of APC is described above (in 

section Ib. Genetic Basis for Colorectal Tumorigenesis). 

 

d. Environmental Risk Factors 

 
Evidence suggests that 20% of colorectal cancer cases are due to hereditary risk 

factors, which means that approximately 80% of colorectal cancer cases are sporadic and 

occur due to lifestyle choices or other environmental conditions [18, 19]. 

Numerous epidemiological studies have linked the high incidence of colorectal 

cancer particularly in the Western world with a diet that is high in red meat, animal fat, 

and low in vegetables and fiber, which is referred to as the Western Diet [22-25].  Normal 

mice fed a high fat Western-style diet for a short term developed hyperproliferation and 

hyperplasia in their epithelial layers of their colons [26, 27].  In the absence of any 

chemical carcinogen, long term administration of a Western-type diet to normal mice 
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during their lifespan led to colonic whole crypt dysplasias [28].  This demonstrated that 

long-term exposure to a Western diet alone may be sufficient for onset of colorectal 

cancer, which highlights the significant contribution of environmental factors, 

particularly diet, to the development of colorectal cancer disease. 

In addition, studying patterns and habits of human populations have further 

confirmed the role diet plays in the etiology of colon cancer.  For example, an 

epidemiological study that analyzed the colon cancer incidence of Japanese individuals 

who have immigrated to the United States and have adopted a Western Diet has 

demonstrated that these individuals exhibited a significantly higher risk of developing 

colorectal cancer compared to individuals living in Japan [29-31].  However, in recent 

years, since Japanese culture has become more Westernized, colorectal cancer rates in 

Japan have now increased rapidly [32].  These studies further confirm the contribution of 

dietary habits to the risk of colorectal cancer development. 

Of relevance, several studies report an association between diabetes and risk of 

developing colorectal cancer.  A significant overlap exists between risk factors (such as 

sedentary lifestyle and obesity) that contribute to incidence of both diabetes and 

colorectal cancer [33].  In addition, several studies demonstrate that a history of diabetes 

increases an individual’s risk for colorectal cancer [33-36], which may indicate a causal 

relationship between diabetes and colorectal cancer.  Giovannucci [37] suggested that 

hyperinsulinemia and insulin resistance may ultimately lead to increased incidence of 

colorectal cancer.  In support of this hypothesis, rat models that were azoxymethane- 

initiated were either injected with saline or insulin [38].  Insulin injections significantly 
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increased the number of mice bearing tumors compared to saline-injected mice.  

Moreover, insulin increased the number of tumors per rat [38], which provided evidence 

that increased circulating insulin levels, which would be observed in individuals who 

exhibit insulin-resistance, would significantly increase their risk of developing colorectal 

cancer. 

In addition to diet, other environmental factors have been demonstrated to 

contribute to the incidence of colorectal cancer.  Smoking [39, 40], alcohol use [41], and 

low physical activity [33, 42-46] contribute to an increased risk of developing colorectal 

cancer.  However, we will not discuss these risk factors as they are out of the scope of our 

studies. 

 

II. Bile Acids 

a. Structure and Function 

Bile acids (BA) are endogenous cholesterol derivatives (see Figure 2) that are 

synthesized in the liver, conjugated to glycine and taurine, stored in the gallbladder, and 

secreted into the intestine to aid in the absorption and digestion of dietary fat, cholesterol, 

and fat-soluble vitamins [47, 48].  After they perform their functions, they return to the 

gall bladder through enterohepatic circulation to be stored for future use.   A small 

percentage (approximately 4 to 5%) of these BA, however, escape into the colon [49], 

where they are converted into secondary BA by enteric bacteria in the colon [50].  Thus, 

frequently ingesting meals that have high fat content increases the likelihood of exposure 

of colonic epithelial cells to secondary BA. 
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Cholic acid (CA) is an example of a primary bile acid that is synthesized from 

cholesterol in the liver.  When a small amount of CA escapes to the colon as described 

above, bacteria derive energy chemically by modifying the structure of CA and 

converting it to the secondary BA deoxycholic acid (DCA).  The structures of 

cholesterol, CA, and DCA are illustrated in Figure 2 below.  Interestingly, the only 

difference between CA and DCA is a hydroxyl group, which was added by colonic 

bacterial C-7 Hydroxylase to form DCA.  Even though the difference in structure 

between CA and DCA is minimal, it is sufficient to account for a number of significantly 

different biological effects between CA and DCA, as reported previously [51]. 
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Figure 2. Structures of cholesterol, cholic acid, and deoxycholic acid. 
Molecular structures of cholesterol, its derivative cholic acid, and deoxycholic acid, the 
product of bacterial C7 Hydroxylase. 
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b. Link to Colorectal Cancer 

Epidemiological studies have shown that the Western Diet is linked to an increase 

in the concentration of secondary BA in fecal water, which has been reported to be as 

high as 0.84 mM in the fecal water of some individuals [52].  High level of BA has been 

associated with increased risk [53] and incidence of colon cancer [54], which is 

consistent with observations of elevated levels of BA concentrations in the blood and 

fecal matter of colorectal cancer patients [55-57].  Further, studies in rat models were 

used to illustrate that exposure to bile acids increased the number of tumors that occurred 

in colons of initiated animals [58-61], which served to characterize these bile acids as 

tumor promoters.  These studies provided convincing evidence that secondary BA, 

specifically deoxycholic acid (DCA), play important roles in the promotion of colorectal 

cancer.  

When compared to its precursor, cholic acid, DCA is cytotoxic.  Recently, it has 

been demonstrated that the level of cytotoxicity of bile acids is correlated with its 

hydrophobicity [62].  DCA has been shown to induce mitochondrial oxidative stress [63], 

and consequently cause DNA damage and apoptosis (reviewed in reference [64]).  

Understanding the mechanisms that DCA exert on the colonic epithelium is crucial to 

understand its tumor promoting effects.  DCA modulates various signaling pathways in 

colon cells, such as the DCA-induced activation of the activator protein-1 (AP-1), 

mitogen-activated protein kinases (MAPK) [65], and protein kinase C (PKC) [65, 66].  

Induction of MAPK-ERK-1/2 by DCA has been shown to induce the proteosome-

mediated degradation of p53 in colon cancer cells [67].  In addition, DCA is reported to 
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activate GADD153 through activation of AP-1 and the CAAT/enhancer binding protein 

(C/EBP) [68].  In addition, DCA activated nuclear factor-κ B (NF-κB) in colon cancer 

cells [63].  Recently, DCA has been shown to induce CXCL8 transcription, a pro-

inflammatory cytokine, in colon cancer cell lines that lack expression of wildtype 

adenomatous polyposis coli (APC) [69]. 

Given the wide variety of signaling pathways that DCA can modulate, it is clear 

that DCA exerts pleiotropic effects in cells.  Thus, it is reasonable to suggest that DCA 

exerts many effects that have yet to be identified, which could explain the elusive nature 

of understanding the DCA-induced molecular mechanisms.  For more details, please refer 

to Appendix A. 

 

III. Insulin-Like Growth Factor-I Receptor 

a. Structure, Signaling, and Localization 

The insulin-like growth factor-I receptor (IGF-IR) is a heterotetrameric tyrosine 

kinase glycoprotein receptor that consists of two extracellular α-subunits and two β-

subunits that have trans-membrane domains and cytoplasmic tails.  The IGF-IR and its 

ligand, IGF-I, play various roles in mediating cell growth, proliferation, differentiation, 

transformation, and survival [70].  The β-subunits contain intrinsic tyrosine kinase 

domains, which when activated results in autophosphorylation of the β-subunits on key 

tyrosine residues, which serve as binding sites for downstream signaling effectors that 

contain Src homology 2 domain (SH2), which recognizes phosphorylated tyrosine 
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residues, such as Grb2 and Shc, which recruit other proteins, ultimately leading to the 

activation of the IGF-IR downstream signaling pathways. 

IGF-IR activates several downstream signaling pathways including the mitogen-

activated protein kinase (MAPK) cascades and the phosphatidylinositol 3-kinase (PI3K) 

pathways.  The various IGF-IR downstream signaling pathways are illustrated in Figure 

3.  The MAPK pathway is activated through either Grb-2 or Shc, which activate the 

Ras/Raf/Mek MAPK cascade and ultimately leading to the phosphorylation and 

activation of the extracellular signal-regulated kinases (Erk)-1/2 [71], which can activate 

a large number of cytoplasmic substrates, or it can translocate to the nucleus and activate 

transcription factors.  The IGF-IR activation of the PI3K pathway is mediated either 

through either Shc or the insulin receptor substrate (IRS)-1.  IRS-1 is phosphorylated on 

multiple residues, which serve as docking sites for a number of signaling molecules, such 

as the p85 regulatory subunit of PI3K [72], which in turn activates the catalytic p110 

subunit of PI3K [73].  PI3K catalyzes the phosphorylation of phosphatidylinositol (4, 5) 

bisphosphate (PIP2) to phosphatidylinositol (3, 4, 5) triphosphate (PIP3), which recruits 

AKT to the plasma membrane via its pleckstrin homology (PH) domain.  At the plasma 

membrane, Akt is targeted for phosphorylation at threonine 308 by PDK-1, which 

triggers a conformational change leading to the autophosphorylation of Akt at serine 473.  

Phosphorylation of Akt at serine 473 fully activates the protein, which in turn 

phosphorylates substrates and plays many critical roles that generally promote growth 

factor-mediated mitogenesis and inhibition of cell death [74, 75].  In addition, the IGF-IR 

has been shown to bind to 14-3-3 when the IGF-IR is phosphorylated on serine 1272 and 
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1280-1283 [76].  Interestingly, serines 1280 to 1283 are associated with the transforming 

functions of the IGF-IR [77].  14-3-3 has been shown to inhibit ASK-1 [78], which in 

turn would result in inhibition of the p38 pathway [79]. 

The IGF-IR binds to caveolin-1 and it has been proposed that IGF-IR localizes to 

caveolae membrane domains [80].  Studies reported that disruption of caveolae domains 

using methyl-cyclodextrin, which sequesters cholesterol, did not have an impact on the 

IGF-IR mediated MAPK-Erk-1/2 but significantly decreased the IGF-I-induced 

activation of AKT, which demonstrates that IGF-IR localizes to caveolae domains and 

that Akt activation by IGF-IR is dependent on caveolae domains, while Erk-1/2 is not 

[81, 82].  Interestingly, Remacle-Bonnet et al [83] illustrate that lipid rafts/caveolae 

domains play a significant role in regulating IGF-IR function.  The authors have 

demonstrated that depending on whether the IGF-IR is localized inside or outside of 

cholesterol-rich microdomains, IGF-I can induce different signaling pathways that can 

lead to contradictory cellular fates. 

 This is no surprise since many studies report that the function and activity of 

different receptors depend on the lipid content of the plasma membrane.  For example, 

exogenous addition of different lipids and cholesterols modulated the insulin receptor 

function such as its autophosphorylation or its interaction with its downstream signaling 

molecules, such as IRS-1 [84].  Moreover, addition of GM3 to cells has been shown to 

prevent the epidermal growth factor receptor from becoming activated by its endogenous 

ligand, EGF [85].  These results demonstrate that receptors are modulated by their local 

plasma membrane environment. 
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Figure 3. IGF-IR structure and downstream signaling pathways. 
The multiple signaling pathways that IGF-IR regulates.  Obtained from [86]. 
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b. IGF-IR and Cancer 

Individuals who have a high level of circulating IGF-I in their plasma have a 

significantly higher risk of developing colorectal cancer [87].  IGF-binding proteins 

(IGFBP), particularly IGFBP3, binds and sequesters 95% of circulating IGF-I and thus 

prevents activation of the IGF-IR [88, 89].  Individuals who express lower levels of 

IGFBP3 are therefore at a high risk of developing colorectal cancer [87].  Additionally, 

IGFBP3 has been shown to significantly reduce the carcinogenesis of the colon of mice 

with induced murine colitis [90].  

Therefore, the IGF-IR and IGF-I have been implicated in the transformation of 

several cell types.  Overexpression of the IGF-IR induces proliferation, malignant 

transformation, evasion of apoptosis, an increase in aggressiveness, cell invasion, and 

metastasis (reviewed in [91, 92]).  Specifically, the IGF-IR is consistently implicated in 

colorectal cancer.  IGF-IR is over-expressed in colon cancer [93] and is critical for 

survival of transformed colorectal cancer cells [94].  In addition, the IGF-I and IGF-IR 

protect colorectal cancer cells from death factor-induced apoptosis [95].  When activated, 

IGF-IR inhibits apoptosis and allows progression of cells through the cell cycle [96-100].  

In addition to its role in transformation and evasion of apoptosis, IGF-I and IGF-IR are 

associated with an increased capacity for invasion and metastasis; IGF-I increases the 

levels of the vascular endothelial growth factor, which would provide an angiogenic 

advantage that would support the growth of a tumor [101].  Further, IGF-I induced the 

secretion of matrix metalloproteinases [102], which could help the cell digest through the 

extracellular matrix during invasion and metastasis.  Indeed, transfecting the aggressive 
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MDA-MB-435 breast cancer cell line model with a dominant negative IGF-IR 

significantly decreased the cells’ abilities to invade and metastasize [103]. 

Due to its documented role in cancer, the IGF-IR has emerged as an attractive 

target as an anti-cancer therapy [104].  Inhibiting the IGF-IR with small molecule 

inhibitors can prove beneficial on two different levels, a) it can be effective in inhibiting 

IGF-IR mediated proliferation of cancer cells, and b) since the IGF-IR protects cancer 

cells from chemotherapies, inhibiting the IGF-IR can be used in conjunction with other 

chemotherapies to sensitize cells to apoptosis.   

 

IV. Plasma Membrane 

a. Introduction 

 By acting as a barrier, the plasma membrane is crucial for a cell to maintain its 

integrity.  The plasma membrane phospholipid bilayer houses membrane-bound proteins 

and receptors.  In 1972, Singer and Nicholson [105, 106] proposed the fluid mosaic 

model of the plasma membrane, in which they speculated that the plasma membrane 

exhibited a homogenous distribution of the phospholipids forming the lipid bilayer, 

where membrane-bound proteins can move freely in the plasma membrane.  Since then, 

however, it has been determined that the plasma membrane is a very dynamic and 

heterogeneous entity composed of specialized domains called lipid rafts. 
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b. Specialized Plasma Membrane Microdomains 

Lipid rafts are regions within the plasma membrane enriched with cholesterol and 

sphingolipids that are thought to act as platforms to anchor proteins during membrane 

trafficking and signal transduction [107].  Lipid rafts are assembled in the Golgi 

apparatus, where glycosphingolipids and sphingomelin are packaged and targeted to the 

plasma membrane as one unit [108, 109].  Due to the difference in their contents 

compared to the non-raft regions of the plasma membrane, lipid rafts exhibit different 

physical properties.  Sphingolipids contain saturated fatty acid chains, which increases 

the melting temperature of lipid raft domains when compared to the melting temperature 

of non-raft regions of the plasma membrane which contain mostly cis-unsaturated fatty 

acids [110].  Further, lipid rafts are often referred to as “detergent resistant membranes” 

(DRM), because they are resistant to extraction in non-ionic detergent such as Triton X-

100 due to their high cholesterol and sphingolipid content. 

Caveolae domains are specialized subsets of lipid rafts and are unique in that they 

are flask-shaped 50 to 80 nm diameter membrane invaginations due to the presence of the 

protein caveolin-1 [111, 112].  The formation of caveolae domains in cells is dependent 

on caveolin-1 expression; lack of caveolin-1 expression prevents cells from forming 

caveolae domains.  Reciprocally, introduction of caveolin-1 to cells devoid of caveolin-1 

leads to formation of caveolae domains in these cells [113].   

 Caveolin-1 belongs to a family of proteins that also include caveolin-2, and -3.  

Caveolins 1 and 2 are co-expressed in most cell types except for muscle cells, whereas 

caveolin-3 is generally expressed only in certain types of muscle tissues [114].  Caveolin-
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1 and caveolin-3, but not caveolin-2, are targeted to the plasma membrane and can induce 

the formation of caveolae domains [114].  In addition to caveolin, cholesterol is an 

essential component of caveolae domains; the functionality of a lipid raft/caveolae 

domain structure is dependent on cholesterol.  

Signaling molecules for a variety of signaling pathways have been demonstrated 

to localize to lipid rafts and caveolae domains [115], suggesting that lipid rafts serve as 

important signaling domains within the plasma membrane of cells.  Disruption of lipid 

rafts and caveolae domains by cholesterol binding/chelating agents, such as filipin or 

methyl-β-cyclodextrin, has been documented to disrupt specific signal transduction 

pathways in cells.  For example, different isoforms of the Ras proteins (H-Ras and K-

Ras) have been shown to localize to specific plasma membrane microdomains [116]; H-

Ras is localized to lipid raft domains, whereas K-Ras does not [117, 118].  In addition to 

their well-established role in modulating signal transduction, lipid rafts and caveolae 

domains have been reported to play a number of cellular functions, such as membrane 

sorting and trafficking as well as polarization of cells [112].  It has been demonstrated 

that caveolae domains and caveolin-1 coordinate signaling pathways that establish 

cellular polarity and directional migration [119].  Furthermore, lipid rafts and caveolae 

domains have been demonstrated as an endocytic route for certain plasma membrane 

proteins [120, 121].    
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Figure 4. Caveolae Domain Structures. 
Panel A, electron micrograph image of an adipocyte surface-labeled with an electron-
dense marker.  Panel B, demonstrates the interaction between caveolin-1 with caveolae 
domains at the plasma membrane.  This figure is obtained from R.G. Parton, Nature 
Reviews Molecular Cell Biology 8, 185-194 (March 2007) [122]. 
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c. Caveolae/Raft Dependent Endocytosis 

Endocytosis is a complex cellular process and can occur via several different 

mechanisms.  Raft- and caveolae-mediated endocytosis are defined by their clathrin 

independence, dynamin dependence, and sensitivity to cholesterol [120].  Caveolar 

endocytosis is a dynamic process that depends on the balance among several factors 

including cholesterol, glycosphingolipids, and caveolin-1 [123].  Depletion of cholesterol 

from the plasma membrane eliminated the presence of caveolae domains at the plasma 

membrane and reduced caveolae-mediated endocytosis [124, 125].  Conversely, an acute 

increase of free cholesterol in the plasma membrane has been shown to induce caveolar 

endocytosis [123].  In addition, acute exposure of cells to the ganglioside GM1 

significantly and specifically increased the caveolar uptake without inducing clathrin-

dependent uptake [123].  Of relevance, Jean-Louis et al [126] demonstrated that DCA 

caused cholesterol aggregation in the plasma membrane and subsequently increased the 

endocytosis of caveolin-1.  The role of caveolin-1 in the caveolae-mediated endocytosis, 

however, is somewhat versatile.  Studies demonstrate that while caveolin-1 

overexpression stabilizes the caveolae structure at the plasma membrane and thus inhibits 

the caveolar endocytosis [127, 128], phosphorylation of caveolin-1 at tyrosine 14 

destabilizes the caveolae structure and induces its endocytosis [129].   

Previously, it has been shown that caveolae-mediated endocytosis is dependent on 

SRC kinase and protein kinase C (PKC) α activity [130], which suggests that caveolar 

endocytosis is regulated by signaling.  Interestingly, DCA has been shown to induce SRC  

and PKC activation, suggesting that DCA may induce caveolar endocytosis.  In fact, 
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signaling has been strongly linked to mediating caveolar endocytosis.  Tyrosine kinase 

inhibition by genistein, for example, has been shown to inhibit caveolae internalization 

and stabilize caveolar structures [121], while protein phosphatase inhibitors, like okadaic 

acid, can induce caveolar internalization [131].  In addition to signaling, internalization of 

caveolae has been linked to receptor clustering in caveolae and requires a reorganization 

of the actin cytoskeleton [131]. 

Upon internalization, a caveolae domain remains intact as a stable structure 

referred to as the endocytic caveolar carrier [132], which can be targeted to multiple 

cellular compartments through different routes.  The endocytic caveolar carrier can be 

recycled back to the plasma membrane directly or it can fuse with the caveosome in a 

Rab5-independent manner or with early endosome in a Rab5-dependent manner [122].  

The caveosome was identified by Helenius and Pelkmans [132-134] and deemed 

different from an endosome in that, a) the caveosome is negative for endosomal markers 

characteristic of clathrin-dependent endocytosis, such as endosomal protein-1 (EEA1), b) 

the pH of the lumen of caveosome is neutral whereas endosomes have acidic pH, and c) a 

caveosome appears to have the capacity to sort its content and target them to different 

cellular compartments, i.e. to the golgi complex, endoplasmic reticulum, endosome, or 

recycle them back to the plasma membrane [122]. 

It is worth highlighting that endocytosis is a highly dynamic context-dependent 

process.  Cargo and membrane-bound proteins can be endocytosed via various routes 

depending on the cellular conditions.  For example, internalization of cholera toxin (CT) 

is generally associated with caveolar endocytosis, yet CT is still internalized in Caco-2 
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cells, which are caveolin-1 deficient [135].  Of interest, the IGF-IR has been reported to 

undergo endocytosis through both clathrin-mediated and caveolae-mediated endocytic 

mechanisms [136].  In both cases, the IGF-IR is ubiquitinylated and degraded.  However, 

in some cases, internalization via different endocytic routes can determine the fate of the 

protein.  For example, the transforming growth factor β (TGFβ) receptor signaling is 

sustained when the receptor is endocytosed via a clathrin-mediated mechanism, while the 

receptor is degraded when the receptor is internalized via caveolae-mediated mechanisms 

[137]. 
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Figure 5. Endocytosis of Caveolae Membrane Domains. 
Schematic depiction of the multiple potential routes for an endocytosed caveolae.  This 
figure is obtained from [122]. 
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d. The Caveolin-1 Controversy 

 The role of caveolin-1 as a tumor suppressor or tumor promoter has been 

thoroughly disputed.  Several lines of evidence suggest that caveolin-1 functions as a 

tumor suppressor.  This debate initiated in 1995 when transformation of NIH-3T3 cells 

with Abl and Ras decreased the levels of caveolin-1 [138].  Another study reported that 

downregulation of caveolin-1 induced transformation of NIH-3T3, allowed them to 

exhibit anchorage-independent growth and to form tumors in athymic mice [139].  

Further, it has been reported that caveolin-1 is downregulated in several human cancers, 

such as breast and ovarian [140].  However, Engelman et al reported that caveolin-1 are 

localized to the D7S522 locus (7q31.1), which is a site frequently deleted in human 

cancers [141], which could explain why caveolin-1 is down-regulated in some human 

cancers.  Conversely, there are also several lines of evidence that demonstrate that 

caveolin-1 is over-expressed in a number of cancers, including the colon, breast, 

pancreatic, prostate, and others [142]. 

 Hung et al [143] provided a very likely explanation to consolidate the conflicting 

evidence regarding the role of caveolin-1 levels in human cancers.  In oral cancers, 

caveolin-1 expression follows a biphasic model, starting out at low levels in normal 

tissues and increases progressively as the tissue was more neoplastic.  Interestingly, 

however, the expression of caveolin-1 started to decrease in aggressive tissues [143]. 

 While the expression of caveolin-1 may not follow a biphasic model in other 

types of cancers, Hung et al [143] conceptually provided a model in which caveolin-1 

exerts various functions in cells that may be useful at various stages of carcinogenesis.  
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Keeping in mind that cancer cells are inherently competing for survival and proliferative 

advantages over one another, caveolin-1 may serve different functions in cells depending 

on the cellular context. 

 

V. Programmed Cell Death 

a. Introduction 

Every cell has been programmed with the ability to undergo a self-executed 

suicide program in an organized and orderly fashion.  When cells undergo environmental 

stress produced by ROS, for example, DNA damage takes place.  Dependent on the 

extent of the damage, the cell attempts to repair itself.  If the damage, however, is un-

repairable and would compromise cellular integrity, the cell initiates its programmed 

suicide program.  Not surprisingly, cancer cells have developed various mechanisms that 

allow them to evade programmed cell death, even if the cell is damaged.  In fact, evading 

apoptosis has been demonstrated as a hallmark that is shared among all cancer cells 

[144].  Evading apoptosis provides a tremendous survival advantage over a population of 

normal cells.  Understanding and targeting these pathways is of high significance for 

cancer treatment.  There are two programs that can lead to cell death, namely apoptosis 

and autophagy, both of which are briefly discussed below. 

 

b. Apoptosis 

 Apoptosis, referred to programmed cell death type I (PCD I), can be initiated by 

signals from the outside of the cell (extrinsic pathway) or from within the cell (intrinsic 
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pathway).  The extrinsic pathway is initiated when a death ligand binds to and activates 

death receptors.  In addition, if a cell detects damage from within, it can initiate its own 

apoptosis mediated in part via the mitochondria.  Both the extrinsic and intrinsic 

pathways culminate in the activation of the caspase cascade and PARP cleavage [145], 

which leads to apoptotic morphological hallmarks, including chromatin condensation, 

DNA fragmentation, membrane blebbing, proteolysis, and cell shrinkage [145].  Upon 

completion, the remnants of the apoptotic cell are phagocytosed and digested by the 

lysosomes of the surrounding cells. 

 

c. Autophagy 

 Autophagy is derived from the Greek words “phagy” which means “eat” and 

“auto” which means “self”.  Autophagy is a process by which a cell is able to partially 

digest its components.  Referred to as programmed cell death type II (PCD II), autophagy 

is a highly dynamic process, which receives input from a variety of signaling pathways as 

reviewed in reference [146].   

 Autophagy occurs in most cells under basal conditions to maintain homeostasis, 

but can also be induced under starvation to recycle and reuse macromolecules.  In 

addition, autophagy can be induced under cellular stress or damage and serve as a 

protective mechanism by ridding cells of damaged proteins or organelles.  Dependent on 

the cellular conditions, however, induction of autophagy can also lead to cell death. 

The autophagic process starts when a characteristic double- or multi-membrane 

called “phagophore”, whose exact origin is currently disputed.  The nucleation of this 
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membrane occurs upon the activation of class III phosphatidylinositol-3-kinase (PI3K 

Class III) by it association with beclin-1 [147].  Then two ubiquitin-like systems, 

including LC3, are involved in the elongation of the vesicle [147], which is used to 

sequester proteins, parts of the cytoplasm, or cellular organelles.  These autophagic 

vacuoles (also referred to as autophagosomes) are fused with the lysosome for 

degradation and recycling of macromolecules [147]. 

Hyperactivation of this process can degrade crucial cellular component which 

would cause the cell to die.  The specific mechanism of the autophagy-induced cell death 

is not clearly understood.  Some reports (reviewed in [148]) suggest a crosstalk between 

autophagy and apoptosis, where in some cellular contexts, the two processes exhibit 

complementary or contradictory effects. 

 Given the important and dynamic functions that autophagy can exert, the 

autophagic process is highly regulated by many signaling pathway as demonstrated in 

Figure 6 B below. 
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Figure 6. Illustration of Autophagy 
 
Panel A, cartoon depiction of the important steps involved in the formation of 
autophagosomes.  Obtained from [149]. 
Panel B, demonstrates the complex network of signaling events that regulate the process 
of autophagy.  Obtained from [146]. 
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VI. Statement of the Problem 

 Secondary bile acids, particularly deoxycholic acid (DCA), are implicated in the 

etiology of colorectal cancer.  DCA is a hydrophobic cholesterol derivative that is known 

to activate a number of signaling pathways.  Recently, DCA has been reported to perturb 

the plasma membrane dynamics and fluidity by causing cholesterol aggregation, resulting 

in a number of effects, including the activation of receptor tyrosine kinases [126].  

Modulation of the composition of plasma membrane has been well characterized to 

dramatically alter the function of receptor tyrosine kinases [84, 85]. 

The insulin-like growth factor-I receptor (IGF-IR) is a receptor tyrosine kinase 

that has been strongly linked to survival of colorectal cancer cells.  The function and 

activity of the IGF-IR relies on the plasma membrane environment, including the 

cholesterol content.  Recently, the IGF-IR has been reported to produce contradictory 

signaling based on the environment of the plasma membrane [83].  Because DCA 

modulates the cholesterol composition of the plasma membrane, we sought to understand 

the effects of DCA on the function of IGF-IR in colorectal cancer cells.  Specifically, we 

focused on identifying the dynamic role the IGF-IR plays in modulating the DCA-

induced cytotoxic effects. 

 We hypothesized that DCA modulates IGF-IR signaling in colorectal cancer 

cells.  To understand the role of IGF-IR in the DCA-mediated cellular effects, we focused 

our studies on the following three questions: 

1. Does IGF-IR protect colon cancer cells from DCA-induced apoptosis? 

2. What are the effects of caveolin-1 on the DCA-induced effects? 
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VII. Significance 

The work presented here sheds light on the nutritional modulation of colorectal 

cancer risk.  We provide evidence that dietary factors, such as bile acids specifically 

deoxycholic acid (DCA), could exert a significant impact on the plasma membrane of 

colon cells, which leads to modification to cellular functions and processes.  Thus, we 

highlight the potential of using a variety of beneficial dietary factors that would 

counteract the effects of DCA by modulating the plasma membrane dynamics and 

subsequently modulating cellular functions.  Using this strategy, we may be successful in 

decreasing an individual’s risk of developing colorectal cancer. 

Further, given its role in the etiology of colorectal cancer, understanding the 

specific effects that DCA exerts on the colonic epithelial cells is of high significance.  

Because it is cytotoxic, DCA selects for an apoptosis-resistant population of cells that 

have the capacity to survive and proliferate in stress environment, where normal cells 

undergo apoptosis.  Therefore, delineating the mechanisms that are involved in resistance 

and mediating sensitivity to DCA is critical to help us develop strategies to prevent or 

counteract the cellular mechanisms and pathways that DCA exploits. 

Moreover, the significance of this project extends to the treatment of colorectal 

cancer disease.  As previously stated, DCA-resistant cells are also resistant to apoptosis, 

which poses a challenge when attempting to eliminate these cells with chemotherapeutic 

options that rely on inducing apoptosis.  Therefore, understanding the mechanisms that 

protect cells from DCA-induced apoptosis can help us develop and use novel therapeutic 

strategies to sensitize apoptosis-resistant colorectal cancer cells to undergo cell death. 
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VIII. Organization of the Dissertation 

Below, we provided brief highlights (also please see Figure 7) from each of the 

following chapters of this dissertation: 

- In Chapter 2, we listed the materials and described the methods we used to conduct 

our studies in Chapters 3, 4, 5, and 6. 

- In Chapter 3, we discussed our findings on the effects of DCA on IGF-IR signaling 

and localization at the plasma membrane. 

- In Chapter 4, we elucidated the mechanisms through which DCA induced the 

endocytosis of IGF-IR.  

- In Chapter 5, we identify the pathway of DCA-induced signaling and apoptosis in 

caveolin-1 negative cells.   

- In Chapter 6, we provided preliminary evidence implicating autophagy in protecting 

cells from DCA-induced apoptosis.  Initially, we planned on pursuing publication of 

these observations, however, recently a manuscript has been accepted [150] 

delineating similar mechanisms. 
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Figure 7. Organization of Dissertation. 
Top Panel outlining studies conducted as part of Chapters 3 and 4.   
Bottom Panel depicts the studies conducted in Chapter 5. 
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CHAPTER 2 – MATERIALS AND METHODS 
 
 
Cell Culture  
 
The cell lines used for our studies were purchased from the American Type Culture 

Collection (ATCC).  Cells were maintained according to the instructions provided by the 

ATCC.  HT29 and HCT116 were maintained in McCoy’s 5A and cultured at 37 °C and 

5% CO2.  HCT116-Mock and HCT116-Cav1-AS, characterized previously [151] and 

obtained from E. Gerner lab at the Arizona Cancer Center, were maintained in DMEM 

and cultured at 37 °C and 5% CO2.  In order to maintain the selective pressure on the 

stable transfection of HCT116-Mock and HCT116-Cav1-AS cells, their media were 

supplemented with 25 μg/ml puromycin purchased from Sigma-Aldrich (St. Louis, MO).  

The DCA-resistant cell line models, previously characterized [152], were the generous 

gift from the Payne lab at the Arizona Health Sciences Center, and were maintained in 

DMEM without Sodium Pyruvate and supplemented with 1x non-essential amino acids.  

To maintain their resistance to DCA, once a week, these cells were exposed to 500 μM of 

DCA for 48 hours.  All media were purchased from Mediatech (Herndon, VA), 

supplemented with 10% FBS from Gemini Bio-Products (Sacramento, CA) and 1x 

Penicillin-Streptomycin-Glutamine from Gibco (Grand Island, NY).  

 
 
Reagents and Treatments 
 
Unless otherwise indicated, 70 to 80% confluent cells were serum starved overnight prior 

to treatment with the following conditions: 
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a. Bile Acids 

Bile acid (BA) stocks of deoxycholic acid (DCA) and cholic acid (CA) at 0.05 M in 

sterile H2O and stored at 4°C.  The bile acids salts (sodium deoxycholate and sodium 

cholate) were purchased from Sigma-Aldrich (St. Louis, MO).  BAs were added directly 

to the cells in the serum-free media.  Unless otherwise indicated, cells were treated with 

DCA or CA at 250 μM for the indicated time points. 

 

b. IGF-I   

IGF-I was purchased from R&D Systems (Minneapolis, MN).  Where indicated, cells 

were treated with IGF-I at 50, 100, and 200 ng/ml for the indicated time points.  

 

c. Menadione 

Menadione is a synthetic form of vitamin K, known to induce apoptosis [153], was 

obtained from Sigma-Aldrich (St. Louis, MO) and maintained at 50 mM stock 

concentration.  Cells that were serum starved overnight were treated with increasing 

concentrations, followed by Western Blot analysis and determination of apoptosis. 

 

d. Inhibition of IGF-IR 

I-OMe-AG 538, a pharmacological inhibitor of  IGF-IR [154] was obtained from 

Calbiochem EMD Biosciences (Gibbstown, NJ), and maintained at 20 mM in methanol.  

Cells were treated with 25 μM or 50 μM overnight in serum free media. 
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e. Brefeldin A 

Brefeldin A (BFA), an inhibitor of endocytosis [155-157], was purchased from Sigma-

Aldrich (St. Louis, MO).  BFA was maintained at 5 mg/ml stock in ethanol.  Cells co-

treated with BFA and DCA were pre-treated with BFA at either 5 or 10 μg/ml for 2 

hours.   

 

f. Filipin 

Filipin Complex from Streptomyces Filipinensis was purchased from Sigma Aldrich (St. 

Louis, MO).  Filipin stock solution of 1 mg/ml in ethanol was freshly prepared prior to 

use.  Filipin was used to stain cholesterol in the plasma membrane of cells [158], 

described in more detail below. 

 

g. Inhibition of p38 

SB 202190, a pharmacological inhibitor of p38, was purchased from Calbiochem EMD 

Biosciences (Gibbstown, NJ), and maintained at 10 mM stock in DMSO.  Cells were 

serum starved overnight prior to treatment with 10 μM of SB 202190 for 1 hour. 

 

h. Chloroquine 

Cholorquine, an inhibitor of lysosomal function and autophagy [159], was purchased 

from Sigma Aldrich (St. Louis, MO) and was maintained at 0.1 M stock solution in 

sterile water.   
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Western Blot Analysis 

Following treatments, cells were harvested in lysis buffer (50 mM Tris pH 7.5, 150 mM 

NaCl, 1% NP-40, 20% SDS) supplemented with Protease Inhibitor Cocktail, 0.4 mM 

PMSF, 1 mM sodium orthovanadate, 1 mM sodium fluoride, 1 mM sodium phosphate. 

All protease and phosphatase inhibitors were purchased from Sigma-Aldrich (St. Louis, 

MO).  The protein concentrations of the cell lysates were quantified using Protein Assay 

Reagent from Bio-Rad (Hercules, CA).  Equal amounts of proteins (35 μg) were loaded 

onto 10% NuPage Bis-Tris gels from Invitrogen (Carlsbad, CA).  Following transfer, 

PVDF membranes were blocked with 5% non-fat dry milk dissolved in PBS-Tween.  

After blocking, membranes were incubated with primary and secondary antibodies as 

listed in Table 1.  Proteins were visualized by ECL reagents from Perkin-Elmer (Boston, 

MA) and exposed to HyBlot CL films from Denville Scientific (Metuchen, NJ).  

Densitometric quantification of the bands was conducted using the Image J software. 

 

Apoptosis Assay 

Apoptosis was detected by examining the staining and morphology of cells mixed with 

ethidium bromide and acridine orange obtained from Sigma (St. Louis, MO) as described 

previously [62].  Briefly, cells were plated until they reached 70% confluence and were 

serum starved overnight prior to treatment.  After treatments, both floating and attached 

cells were collected, washed once in cold 1x PBS, then resuspended in 0.2 ml of media.  

To detect apoptosis, 10 μl of cells were mixed with 2.5 μl of an ethidium bromide and 

acridine orange solution (100 μg/ml of each in DMEM) and visualized under a 
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fluorescent microscope for morphological changes characteristic of apoptosis.  Acridine 

orange stained the nuclei green in viable cells, whereas the nuclei of apoptotic cells were 

stained red by the ethidium bromide and the cell’s morphology, particularly membrane 

blebbing and shape and size of the cell, confirmed whether the cell was apoptotic.  Cells 

were counted until the score reached 200 cells in either category (apoptotic or viable).  

All scoring was performed in a minimum of triplicates. 

 

Antibodies 

All primary antibodies used for Western Blot analysis and their incubation conditions are 

summarized in Table 1 below.  Mouse and rabbit secondary antibodies coupled to 

horseradish peroxidase were obtained from GE HealthCare (Piscataway, NJ).  Western 

Blot membranes were incubated with the appropriate secondary antibody at 1:10,000 

dilution in 1% milk in PBS-Tween.  Secondary fluorescent antibodies used for the 

immunofluorescence studies were obtained from Molecular Probes (Eugene, OR).   
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Table 1: Antibodies used in Western Blot analysis 
 
Protein 1° Ab Dilution 2° Ab Source 
 
PARP 

 
1:1000 in 5% Milk 

 
Rabbit 

 
Cell Signaling (Danvers, MA) 

 
pY1131-IGF-IR 

 
1:1000 in 5% BSA 

 
Rabbit 

 
Cell Signaling (Danvers, MA) 

 
IGF-IR β 

 
1:1000 in 1% Milk 

 
Rabbit 

 
Santa Cruz (Santa Cruz, CA) 

 
pS166-MDM2 

 
1:1000 in 5% BSA 

 
Rabbit 

 
Cell Signaling (Danvers, MA) 

 
pY14-Caveolin-1 

 
1:1000 in 5% Milk 

 
Rabbit 

 
Santa Cruz (Santa Cruz, CA) 

 
Caveolin-1 

 
1:1000 in 1% Milk 

 
Rabbit 

 
Santa Cruz (Santa Cruz, CA) 

 
pS473-Akt 

 
1:1000 in 5% BSA 

 
Rabbit 

 
Cell Signaling (Danvers, MA) 

 
Total Akt 

 
1:1000 in 5% BSA 

 
Rabbit 

 
Cell Signaling (Danvers, MA) 

 
pT180/Y182-p38 

 
1:1000 in 5% BSA 

 
Rabbit 

 
Cell Signaling (Danvers, MA) 

 
p38  

 
1:1000 in 5% BSA 

 
Rabbit 

 
Cell Signaling (Danvers, MA) 

 
p-MK2 

 
1:1000 in 5% BSA 

 
Rabbit 

 
Cell Signaling (Danvers, MA) 

 
pT202/Y204-Erk-
1/2 

 
1:1000 in 5% BSA 

 
Rabbit 

 
Cell Signaling (Danvers, MA) 

 
ERK-2 

 
1:1000 in 1% Milk 

 
Mouse 

 
Santa Cruz (Santa Cruz, CA) 

 
LC3B 

 
1:1000 in 1% Milk 

 
Rabbit 

 
Sigma Aldrich (St. Louis, MO)

 
β-actin 

 
1:1000 in 1% Milk 

 
Mouse 

 
Sigma Aldrich (St. Louis, MO)
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RT-PCR for the IGF-IR 

Cells were seeded in T75 flasks until they reached 75% confluence.  Total RNA was 

extracted using FastRNA Pro Green Kit from QBioGene, Inc. (Morgan Irvine, CA).  The 

RNA was purified with RNAeasy kit from Qiagen (Valencia, CA). The SuperScript III 

First-Strand Synthesis System from Invitrogen (Carlsbad, CA) was used to synthesize 

cDNA from 1.5 µg purified total RNA as template.  PCRs were then performed using the 

synthesized cDNA as a template.  Primers that targeted a 694 basepair product of the 

human IGF-IR gene and a 353 basepair product of the human β-actin gene were: 

IGF-IR sense: 5' – GAACTCCTCTTCTCAGTTAATCGTG – 3’ 

IGF-IR antisense: 5' – CCACTTTAAAAAGATGGAGTTTTCA – 3’ 

β-actin sense: 5' – GCTCGTCGTCGACAACGGCTC – 3' 

β-actin antisense: 5' – CAAACATGATCTGGGTCATCTTCTC – 3' 

PCR products were analyzed on 1.5% agarose gel stained with ethidium bromide. 

 

Immunofluorescence 

100,000 cells were seeded onto glass coverslips from Fisher Scientific (Pittsburgh, PA).  

Cells were serum starved overnight prior to treatment.  After treatment, cells were 

washed twice with PBS, fixed with 3% paraformaldehyde from Sigma-Aldrich (St. Louis, 

MO) for 15 minutes at room temperature, followed by quenching with 25 mM glycine.  

Cells were then washed three times, permeabilized with 0.5% saponin from Sigma-

Aldrich (St. Louis, MO), followed by three washes.  Cells were then blocked with 1% 

BSA in 1x PBS for 30 minutes at room temperature, followed by incubation with an 
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antibody directed against the β−subunit of the IGF-IR for 1 hour at room temperature and 

subsequently washed three times in PBS. An Alexa Flour 594-conjugated fluorescent 

secondary antibody obtained from Molecular Probes Invitrogen (Eugene, OR) was 

incubated with the cells in the dark for 1 hour at 37°C, followed by three washes.  The 

glass coverslips were mounted onto microscope slides using mounting media containing 

DAPI obtained from Molecular Probes Invitrogen (Eugene, OR). 

 

Crude Membrane Preparations 

Membranes were prepared as described previously [160].  Briefly, cells were collected 

and homogenized using a tight-fitting dounce homogenizer in buffer (10 mM Tris, pH 

7.4, 1 mM EDTA, 200 mM sucrose) supplemented with protease and phosphatase 

inhibitors.  The homogenized cell lysate were centrifuged at 900 x g for 10 minutes at 

4°C to remove the nuclei.  The supernatant was centrifuged at 110,000 x g for 75 minutes 

at 4°C.  The cytosolic fraction was collected and stored at –20°C.  The pellet was 

solubilized in buffer (10 mM Tris, pH 7.4, 1 mM EDTA, and 0.5% Triton X-100) 

supplemented with protease and phosphatase inhibitors for one hour on ice and vortexed 

every 15 minutes, followed by centrifugation at 13,000 x g for 10 minutes at 4°C.  The 

resulting membrane fraction was collected and stored at –20°C.  Thirty μg of protein 

from each sample was analyzed by Western Blot. 
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Biotinylation Assay 

Cell surface proteins were biotin-labeled and recovered following the recommended 

procedure for the Cell Surface Protein Isolation Kit purchased from Pierce Biotechnology 

(Rockford, IL).  Briefly, cells were seeded into a 150 cm2 dish until they reached 75% 

confluence.  Following treatments, cells were rinsed with cold PBS and incubated with 

Sulfo-NHS-SS-Biotin for 30 minutes at 4°C followed by biotin quenching.  Cells were 

gently scraped, rinsed, and lysed in buffer supplemented with protease inhibitors.  The 

protein concentration of each cell lysate sample was quantified using Protein Assay 

Reagent from Bio-Rad (Hercules, CA) and 30 μg were set aside to run Western Blot for 

β-actin.  100 μg protein from each sample was incubated with gel beads containing 

NeutrAvidinTM biotin-binding proteins for 1 hour.  Biotinylated proteins bound to the gel 

beads were incubated with DTT and SDS-PAGE buffer for 1 hour to reduce the disulfide 

bond linking the biotin to the protein.  Once cleaved from biotin, proteins were recovered 

and analyzed using Western Blots. 

 

Caveolin-1 siRNA 

Cells were transfected with the siGENOME SMARTpool purchased from Dharmacon 

(Lafayette, CO) targeted against caveolin-1.  The transfections were performed according 

to the company’s instructions.  Briefly, cells were seeded at 35% confluence.  On the 

following day, cells were transfected with 100 nM of the siRNA using DharmaFECT 

reagent 2 and incubated in antibiotic-free 10% FBS media for 72 hours, followed by 

serum starvation and preparation of cells for Western Blot analysis to confirm the 



 

58

knockdown of the caveolin-1 protein or for the apoptosis assay as described above.  The 

siGENOME Non-Targeting siRNA Pool #2 was used as a negative control to confirm 

that the observed effects were specific to the knockdown of caveolin-1 and not due to the 

process of siRNA transfection. 

 

Plasmids 

The dynamin II wildtype (WT) and dominant negative (K44A) plasmids were 

characterized previously [161].  EpsD3Δ2 (wildtype) and Eps15Δ95/295 (dominant 

negative) plasmids were characterized previously [162].  The plasmids were transformed 

in TOP10 competent bacterial cells purchased from Invitrogen (Carlsbad, CA) and 

prepared using the Maxi-Prep kit purchased from Qiagen (Valencia, CA).  These 

plasmids were obtained from Dr. Gerner’s laboratory at the Arizona Cancer Center and 

were used to elucidate the mechanism of the DCA-induced endocytosis of the IGF-IR.   

 

Transient Transfection 

Cells were plated 24 hours prior to transfection in 10% FBS with penicillin/streptomycin.  

FuGENE® HD Transfection Reagent purchased from Roche Applied Science 

(Indianapolis, IN) was used.  The plasmid DNA was diluted to a concentration of 1 μg of 

DNA per 50 μl of serum-free and antibiotic-free media, and 2.5 μl of the transfection 

reagent was added to the diluted DNA, vortexed briefly, and incubated at room 

temperature for 15 minutes.  The FuGENE HD Reagent:DNA complex described above 

was added directly to each 1 ml of media, where the cells were plated the day before.  
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Cells were incubated for 24 to 36 hours, followed by an overnight serum starvation, and 

treatments as indicated.  Since the plasmids used were GFP-tagged, we confirmed the 

transfection efficiency by visualizing cells expressing GFP.  Briefly, cells were seeded on 

coverslips and transfected with the plasmids.  After transfection, cells were washed twice 

with PBS, fixed with 3% paraformaldehyde for 15 min at room temperature, followed by 

3 washes.  The glass coverslips were mounted onto microscope slides using mounting 

media containing DAPI obtained from Molecular Probes Invitrogen (Eugene, OR). 

 

Filipin Staining 

100,000 cells were seeded onto glass coverslips from Fisher Scientific (Pittsburgh, PA).  

Cells were serum starved overnight prior to treatment.  After treatment, cells were 

washed twice with PBS, fixed with 3% paraformaldehyde from Sigma-Aldrich (St. Louis, 

MO) for 30 minutes at room temperature.  Cells were washed three times with PBS for 5 

minutes and quenched with 1.5 mg/ml glycine in PBS for 10 minutes.  Subsequently, 

cells were stained with 0.05 mg/ml filipin in PBS for 30 minutes at room temperature.  

Filipin stain was freshly prepared from the filipin stock solution of 1 mg/ml in ethanol, 

followed by three washes with PBS.  The glass coverslips were mounted onto microscope 

slides using Vectashield® mounting medium purchased from Vector Laboratories, Inc. 

(Burlingame, CA).  Cells were visualized using the UV/DAPI filter (340-380 nm 

excitation). 
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Statistical Analysis 

All data are presented as means ± SD obtained from at least three independent 

experiments.  Statistical analyses were conducted using Microsoft® Office Excel 2003. To 

determine statistical significance, Student’s t-tests were performed.  To denote 

statistically significant differences, we used the following: * was used when p < 0.05, ** 

was used when p < 0.005, and *** was used when p < 0.0005. 
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CHAPTER 3 – IGF-IR PROTECTS AGAINST DCA-INDUCED APOPTOSIS 
 

 
Introduction 

 The mechanisms by which DCA induces the promotion of colon tumors remain 

under investigation.  Of interest, Powell et al demonstrated that the cellular uptake of 

DCA is minimal in colon cancer cell lines [62] due to the absence of transporters capable 

of transporting bile acids to the cytosol.  Thus, it has been suggested that DCA mediates 

most of its cellular effects in colon cancer cells by interacting with and modulating the 

plasma membrane composition.  Indeed, Jean-Louis et al [126] has demonstrated that 

DCA perturbs the plasma membrane of colon cancer cells by changing the composition 

of lipids, distribution of cholesterol in the plasma membrane, and by decreasing 

membrane fluidity, ultimately leading to the activation of the epidermal growth factor 

receptor (EGFR).  Recently, we have observed that DCA altered levels of specific 

glycosphingolipids in the membrane thereby modulating the receptor tyrosine kinase 

activity of the insulin-like growth factor-I receptor (IGF-IR) (unpublished data).   

Despite the previously discussed role of deoxycholic acid (DCA) in the promotion 

and progression of colorectal cancer, it is interesting to note that DCA causes cell death 

in many cell lines, including several colon cancer cells [126, 163-166].  This paradox 

asserts that cells that benefit from the tumor promoting effects of DCA must first develop 

mechanisms that allow them to resist the cytotoxic effects of DCA.   

As reviewed in Chapter 1, there is a growing body of evidence that links the 

insulin-like growth factor-I receptor (IGF-IR) system and colorectal cancer.  The IGF-IR, 

a receptor tyrosine kinase, is consistently over-expressed in colorectal cancer [93] and 
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has been shown to be critical for the survival of transformed colorectal cancer cells [94].  

In addition, IGF-I and IGF-IR protect colorectal cancer cells from death factor-induced 

apoptosis [95].  When activated, IGF-IR generally inhibits apoptosis and allows 

progression of cells through the cell cycle [96-100].   

The goal of this study was to explore the role of IGF-IR in mediating the 

resistance to the cytotoxic effects of DCA.  Given the published effects of DCA on the 

plasma membrane of colon cells, its ability to activate receptor tyrosine kinases, modulate 

glycosphingolipids content in colorectal cancer cells, and the importance of IGF-IR in 

survival of colon cancer cells, we hypothesized that the IGF-IR protected cells from the 

cytotoxic effects of DCA.  For studies in the chapter, we focused our efforts on studying 

the DCA-induced effects in HT29 and HCT116. 

 

Results 

Colorectal cancer cell lines exhibited different sensitivities to DCA-induced apoptosis 

As previously demonstrated, DCA induced apoptosis in colon cancer cells in dose 

and time dependent manners [126, 163, 164].  Using a morphological apoptosis assay, 

HT29 and HCT116 colorectal cancer cell lines were tested for their sensitivity to DCA-

induced apoptosis at physiologically-relevant concentrations ranging from 50 to 500 μM 

[52]. DCA increased apoptosis in HT29 and HCT116 in a dose-dependent manner 

(Figure 8A). CA did not induce apoptosis in either cell line (Figure 8A), providing 

evidence that primary (CA) and secondary (DCA) bile acids may exert different cellular 

functions [51]. Biochemical indication of apoptosis was also determined by the detection 
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of cleavage of the poly ADP-ribose polymerase (PARP) protein (Figure 8B) and 

corroborated our findings through morphological examination of apoptosis observed in 

Figure 8A. HT29 and HCT116 cells exposed to increasing concentrations of DCA at 4 

hours depicted intact PARP (appearing at 116 kDa) and a significant increase of the 

cleaved PARP (appearing at 89 kDa) (Figure 8B), indicating that DCA induced 

apoptosis in HT29 and HCT116. CA did not induce PARP cleavage in either of the cell 

lines, which was consistent with the inability of CA to induce apoptosis as determined 

morphologically (Figure 8 A and B). 
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Figure 8. DCA-induced apoptosis in colon cancer cell lines. 
HT29 and HCT116 were tested for their sensitivities to the cytotoxic effects of increasing 
concentrations of DCA.  Cells were serum starved overnight prior to incubation DCA or 
CA for 4 hours.   
Panel A, cells were evaluated for morphological features that are characteristic of 
apoptosis as described in Chapter 2. ** and *** indicates a statistically significant 
increase where p < 0.005 and < 0.0005, respectively, compared to untreated cells.  Data 
represent mean ± S.D. obtained from three independent experiments.   
Panel B, HT29 and HCT116 cell lysates were subjected to immunoblot analysis for 
PARP.  Both intact (116 KDa) and cleaved (89 KDa) PARP protein were detected in 
HT29 and HCT116 following DCA treatment.  β-actin was used as loading control. 
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IGF-I counteracted DCA-induced apoptosis. 

Because of the prominent role the IGF-IR system plays in providing a survival 

advantage to colorectal cancer cells [95, 97], we sought to investigate whether activation 

of IGF-IR by its ligand, IGF-I, could counteract DCA-induced apoptosis in HT29 and 

HCT116.  While IGF-I alone did not alter basal levels of apoptosis, co-treatment of DCA 

with increasing concentrations of IGF-I protected HT29 and HCT116 from DCA-induced 

apoptosis in an IGF-I dose-dependent manner (Figure 9A).  HT29 exposure to DCA 

alone caused  45% of apoptosis at 4 hours, while the co-incubation of DCA with 50, 100, 

and 200 ng/ml IGF-I reduced apoptosis to 38%, 34%, and 27% respectively, in a 

statistically significant manner (Figure 9A).  Similarly, in HCT116, DCA alone caused 

33% apoptosis at 4 hours, which when co-incubated with 50, 100, and 200 ng/ml IGF-I, 

DCA-induced apoptosis was reduced to 27%, 24% and 18% respectively, in a statistically 

significant manner (Figure 9A).  In addition, IGF-I reduced the DCA-induced PARP 

cleavage in HT29 and HCT116 (Figure 9B), while increasing the levels of intact PARP 

slightly.  These data provided further evidence that IGF-I counteracted DCA-induced 

apoptosis in DCA-sensitive cells.   

It is worth pointing out that IGF-I provided only partial protection against DCA-

induced apoptosis, which implicated other pathways in the protection against DCA-

induced apoptosis. 

 

 
 
 
 



 

66

 
 
 
 
 
Figure 9. IGF-I counteracted DCA-induced apoptosis in HT29 and HCT116. 
HT29 and HCT116 were serum starved overnight prior to incubation with DCA 250 μM 
for 4 hours alone or in combination with IGF-I at 50 ng/ml, 100 ng/ml, or 200 ng/ml.  
Panel A, cells were evaluated for morphological features characteristic of apoptosis as 
described in Chapter 2. Compared to untreated cells, DCA induced a statistically 
significant increase in apoptosis, where *** indicates p < 0.0005.  Co-incubation of IGF-I 
with DCA decreased apoptosis in a statistically significant manner, where ** indicates p 
< 0.005 and *** indicates p < 0.0005 as compared to DCA treatment without IGF-I.  
Data represent mean ± S.D. obtained from at least three independent experiments. 
Panel B, cell lysates were analyzed for PARP cleavage by immunoblotting.  Both intact 
(116 KDa) and cleaved (89 KDa) PARP protein were detected.  β-actin was used as 
loading control.   
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DCA activated IGF-IR transiently in HT29 and HCT116 

Previously, DCA has been shown to activate the epidermal growth factor receptor 

[126].  Since we have shown that the IGF-I played a central role in counteracting DCA-

induced apoptosis in HT29 and HCT116, we evaluated the effects that DCA exert on 

IGF-IR activation in HT29 and HCT116.  DCA induced the phosphorylation of IGF-IR 

(Tyr-1131) rapidly within 15 minutes.  The activation was quickly abrogated by 2 hours 

(Figure 10 A).  Tyrosine 1131 of IGF-IR is one of the three autophosphorylation sites 

that indicate activation of the receptor.  We speculated that the DCA-induced activation 

of the IGF-IR may initially serve to send an anti-apoptotic signaling protecting the cells 

from undergoing apoptosis.  However, since the IGF-IR activation is transient, the cells 

may, therefore, become more sensitive to the DCA-induced cytotoxic effects.  We further 

characterized the kinetics of the DCA-induced activation of IGF-IR and its downstream 

signaling pathways Erk-1/2 and Akt in HT29 cells.  When cells were exposed to DCA for 

5 minutes, p-IGF-IR, p-Erk-1/2, and p-Akt were induced by at least 1.5-fold in a 

statistically significant manner (Figure 10 B).  At 15 minutes, cells sustained at least a 

1.5-fold statistically significant increase in p-IGF-IR and p-Erk-1/2, whereas p-Akt 

activation was attenuated (Figure 10 B).   

It is worth pointing out that since DCA has been shown to activate other receptor 

tyrosine kinases, we are not suggesting that the DCA-induced activation of IGF-IR is 

solely responsible for protecting against the cytotoxic effects of DCA.   
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Figure 10. DCA-induced activation of IGF-IR in HT29 and HCT116. 
Cells were serum starved overnight, followed by an incubation with 250 μM of DCA at 
the indicated time points.  Panel A, cell lysates of HT29 and HCT116 were subjected to 
immunoblot analysis with phospho-IGF-IR-Tyr-1131, IGF-IR β, and β-actin antibodies.  
Panel B, cell lystaes of HT29 were subjected to immunoblot analysis with the indicated 
phospho-specific and total antibodies, followed by densitometric quantification of at least 
3 independent experiments.  Data represent mean ± S.D. obtained from at least three 
independent experiments, where * p < 0.05. 
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DCA decreased IGF-IR protein levels in HT29 and HCT116. 

Since we observed that IGF-IR protected against DCA-induced apoptosis and that 

DCA activated the IGF-IR transiently, we investigated the effects of DCA on the levels 

of IGF-IR in HT29 and HCT116 cells.  DCA significantly decreased the total IGF-IR β 

protein levels in the cells by 20 to 30% after 2 hours and by 50% after 4 hours compared 

to untreated cells, while CA did not alter the total IGF-IR β protein levels (Figure 11 A).  

To visually confirm the effects of DCA on IGF-IR β levels, cells were incubated with 

DCA or CA for 4 hours and performed immunofluorescence analysis as described in 

Chapter 2.  DCA visually appeared to decrease IGF-IR β staining in both HT29 and 

HCT116 (Figure 11 B), which confirmed the effects of DCA on the cellular levels of 

IGF-IR observed using Western Blot analysis.  CA did not alter the IGF-IR β staining in 

either cell line. 
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Figure 11. DCA, but not CA, reduced total IGF-IR β protein in HT29 and HCT116 
cells. 
Panel A, representative Western Blot analysis of lysates of cells treated with DCA for 2h 
and 4h and CA for 4h, and densitometric quantification of at least 3 independent 
experiments was conducted using Image J software.  * indicates p < 0.05 and *** 
indicates p < 0.0005 compared to untreated samples (C).  Data represent mean ± S.D. 
obtained from three independent experiments.  Panel B, HT29 and HCT116 cells were 
seeded on coverslips and serum starved overnight.  After treatments, 
immunofluorescence was performed as described in Chapter 2.  IGF-IR β labeled with 
Alexa-Fluor 594 and detected as red punctuated patterns, while DAPI stained the nuclei 
blue. 



 

71

The effects of DCA on IGF-IR was independent of the apoptotic process 

Because DCA induced apoptosis, we sought out to confirm that the observed 

decrease in IGF-IR β protein levels was a direct effect of the DCA-induced cellular 

mechanisms, and not as a result of apoptosis.  HT29 and HCT116 were incubated with 

increasing concentrations of menadione, a synthetic vitamin K, which is known to induce 

apoptosis through ROS-induced oxidative damage [153].  Compared to DCA-induced 

apoptosis in HT29 and HCT116, menadione treatment induced similar rates of apoptosis 

at 70 μM of menadione in HT29 and at 40 μM of menadione in HCT116 (Figure 12 A).  

These concentrations of menadione did not alter the levels of IGF-IR β levels in either 

cell line (Figure 12 B).  This suggested that the DCA-induced decrease in IGF-IR β 

levels was not a result of cells undergoing apoptosis, but a direct effect of DCA.  

 

DCA did not affect transcription of IGF-IR. 

Since we observed that DCA decreased the IGF-IR β protein levels (Figure 11), 

we investigated whether this DCA-mediated function was occurring at the transcriptional 

level.  RT-PCR analysis was used to test whether DCA repressed the IGF-IR promoter or 

altered message stability.  DCA did not affect the levels of IGF-IR mRNA in HT29 and 

HCT116 (Figure 13).  These results allowed us to conclude that DCA did not decrease 

the IGF-IR at the mRNA, but likely at the protein level. 
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Figure 12.  Effects of menadione-induced apoptosis on IGF-IR levels in HT29 and 
HCT116. 
HT29 and HCT116 were serum starved overnight prior to treatment with menadione at 
the indicated concentrations.  Panel A, The menadione-induced apoptosis was 
determined morphologically as described in Chapter 2, where *** indicates a statistically 
significant increase compared to vehicle (V).  Data represent mean ± S.D. obtained from 
at least three independent experiments.  Panel B, representative Western Blot analysis of 
cell lysates of HT29 and HCT116, and densitometric quantification of 3 independent 
experiments was conducted using the Image J software.  Data represent mean ± S.D. 
obtained from independent experiments.   
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DCA caused endocytosis of IGF-IR in HT29 and HCT116. 

We have shown that DCA decreased the levels of IGF-IR.  In order for DCA to 

induce this decrease in the IGF-IR protein, we speculated that DCA would alter the 

cellular localization of the receptor and induce endocytosis of the receptor.  Preliminary 

data (Figure 14 A) using the crude membrane preparation assay in HT29 demonstrated 

that DCA treatment altered the localization of the IGF-IR from the membrane fraction to 

the cytosolic fraction.  To further demonstrate the DCA-induced effects on the IGF-IR, 

we analyzed the levels of IGF-IR at the surface of the plasma membrane of HT29 and 

HCT116 cells before and after incubation with DCA using a biotinylation assay followed 

by immunoblot analysis as described in Chapter 2.  DCA significantly reduced the levels 

of IGF-IR present at the plasma membrane of HT29 by 45% at 2 hours and by 60% at 4 

hours (Figure 14 B).  While not altered at 2 hours, DCA reduced the levels of IGF-IR 

present at the plasma membrane of HCT116 by 55% at 4 hours (Figure 14 B).  Thus, we 

hypothesized that this DCA-mediated effects on IGF-IR was responsible for the transient 

nature of the DCA-induced IGF-IR activation (as seen in Figure 10), and may be 

responsible for the sensitivity of HT29 and HCT116 to DCA-induced apoptosis. 
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Figure 13. DCA’s effects on IGF-IR mRNA in colorectal cancer cell lines. 
HT29 and HCT116 cells were seeded in T75 tissue culture flasks until they reached 75% 
confluence.  They were serum starved overnight and treated with DCA at 250 μM for 4 
hours.  RT-PCR analysis was performed as described in Chapter 2.  Densitometric 
quantification using the Image J software and graphical representation of at least two 
separate RT-PCR experiments is presented. 
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Figure 14. DCA altered IGF-IR localization in HT29 and HCT116 cells. 
Panel A, HT29 cells were serum starved overnight, followed by incubation with 250 μM 
of DCA for 2 and 4 hours.  The cells were fractionated into cytosolic and membrane 
fractions as described in Crude Membrane Preparation in Chapter 2, followed by 
immunoblot analysis.  Panel B, HT29 and HCT116 were serum starved overnight, 
followed by incubation with 250 μM of DCA.  Cell-surface proteins were biotinylated, 
followed by cell lysis and retrieval of the biotinylated proteins.  Samples were then 
subjected to immunoblot analysis with the IGF-IR β antibody.  Densitometric 
quantification was carried out using the Image J software, and the levels of IGF-IR β 
present at the plasma membrane of HT29 and HCT116 were normalized to levels of β-
actin present in the total cell lysate fraction.  * indicates statistical significance of p < 
0.05 and ** indicates statistical significance of p < 0.005 as compared to untreated 
samples (C). Data represent mean ± S.D. obtained from at least three independent 
experiments.   
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Brefeldin A protected against DCA-induced apoptosis. 

We demonstrated that DCA induced the endocytosis of IGF-IR in HT29 and 

HCT116, which we hypothesized was, at least partly, responsible for the degradation of 

the IGF-IR, transient-nature of the IGF-IR signaling, and the subsequent increased 

sensitivity to DCA-induced apoptosis.  To confirm these findings, we used Brefeldin A 

(BFA), an inhibitor of endocytosis [155, 156], to counteract the DCA-mediated decrease 

in IGF-IR levels at the plasma membrane.  We verified that BFA counteracted the DCA-

mediated decrease in IGF-IR β at the plasma membrane and restored the total cellular 

levels of the IGF-IR β protein (Figure 15) in a statistically significant manner.  

Additionally, co-treatment of HT29 and HCT116 with DCA and BFA significantly 

decreased DCA-induced apoptosis as determined morphologically.  In HT29, DCA alone 

caused 41% apoptosis, which was decreased to 29% and 21% when cells were co-

incubated with DCA and BFA at 5 μg/mL and 10 μg/mL, respectively, in a statistically 

significant manner (Figure 16 A).  Similarly, in HCT116, DCA alone induced 33% 

apoptosis, which was reduced to 25% and 22% when cells were co-incubated with DCA 

and BFA at 5 μg/mL and 10 μg/mL, respectively, in a statistically significant manner 

(Figure 16 A).  Also, BFA significantly reduced the DCA-induced PARP cleavage and 

restored the intact PARP (Figure 16 B), providing convincing evidence that BFA 

counteracted DCA-induced apoptosis in HT29 and HCT116 cells.  Exposure of cells to 

BFA alone had minimal effects on apoptosis and IGF-IR protein levels.  These results 

confirmed that DCA-induced apoptosis was, at least partially, dependent on DCA’s 

ability to induce endocytosis of the IGF-IR. 
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Figure 15. BFA counteracted DCA-induced effects on IGF-IR 
HT29 and HCT116 were serum starved overnight prior to incubation with vehicle control 
or BFA at 5.0 and 10.0 μg/mL for 2 h, followed by incubation with DCA (250 μM) for 4 
hours.  Cell lysates of HT29 and HCT116 were subjected to immunoblot analysis with 
IGF-IR β antibody.  Densitometric quantification of IGF-1R β normalized to the 
corresponding β-actin loading control was conducted using Image J software. Data are 
means ± SD obtained from three independent experiments. BFA pre-treatment prevented 
the DCA-induced decrease in IGF-IR β levels and restored protein levels. * p < 0.05 and 
** p < 0.005. 
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Figure 16. BFA counteracted DCA-induced apoptosis. 
HT29 and HCT116 were serum starved overnight prior to incubation with vehicle control 
or BFA at 5.0 and 10.0 μg/mL for 2 hours, followed by incubation with DCA (250 μM) 
for 4 h.  Panel A, cells were evaluated for morphological features characteristic of 
apoptosis. Co-incubation of BFA with DCA decreased DCA-induced apoptosis compared 
to DCA treatment alone, where ** p < 0.005 and *** p < 0.0005. Data are means ± SD 
obtained from at least three independent experiments. Panel B, cell lysates were 
subjected to immunoblot analysis with PARP antibody. Both intact (116 kDa) and 
cleaved (89 kDa) PARP protein were detected.  β-actin was used as the loading control. 
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The effects of DCA in SW480 

 Thus far we focused on the effects of DCA on two cells lines (HT29 and 

HCT116) that were sensitive to the cytotoxic effects of DCA.  We have determined that 

SW480, a colorectal cancer cell line, exhibited resistance to the DCA-induced cell death 

at 250 μM of DCA, as demonstrated morphologically (Figure 17 A) and biochemically 

by PARP immuoblotting (Figure 17 B).  Next, we determined that DCA did not induce 

the IGF-IR β protein degradation by Western Blot analysis (Figure 18 A) and 

immunofluorescence staining (Figure 18 B).  Additionally, DCA did not alter the 

localization of the IGF-IR from the membrane fraction to the cytosolic fraction (Figure 

18 C) as observed previously in HT29.  Further, DCA did not alter the levels of IGF-IR 

at the plasma membrane of SW480 as determined by the biotinylation assay (Figure 18 

D) as observed in HT29 and HCT116.  Finally, we demonstrated that DCA induced a 

sustained activation of the IGF-IR and its downstream signaling pathways, p-Erk-1/2 and 

Akt.  Notably, this activation was statistically significant (i.e. 2-fold induction at 4 hours 

exposure to DCA) (Figure 18 E).  
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Figure 17. SW480 was resistant to DCA-induced apoptosis. 
SW480 cells were serum starved overnight prior to incubation with DCA at the indicated 
timepoints. Panel A, morphological determination of apoptosis as described in Chapter 2.  
Panel B, cell lysates were subjected to immunoblot analysis with PARP and β-actin 
antibodies. 
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Figure 18 A – D. The effects of DCA on IGF-IR in SW480. 
Panel A, SW480 were serum starved overnight followed by the incubation of cells with 
250 μM of DCA or CA for 2 hours or 4 hours.  Cell lysates were subjected to 
immunoblot analysis with the IGF-IR β and β-actin antibodies.  Panel B, SW480 were 
serum starved overnight followed by incubation with 250 μM DCA or CA at 4 hours 
followed by immunofluorescence staining as described in Chapter 2.  Panel C, SW480 
cells were serum starved overnight, followed by incubation with 250 μM of DCA for 2 
and 4 hours.  The cells were fractionated into cytosolic and membrane fractions as 
described in Crude Membrane Preparation in Chapter 2, followed by immunoblot 
analysis.  Panel D, SW480 were serum starved overnight, followed by incubation with 
250 μM of DCA.  The biotinylation assay was conduced as described in Chapter 2, 
followed by an immunoblot analysis with the IGF-IR β and β-actin antibodies.   
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Figure 18 E. The effects of DCA on IGF-IR in SW480. 
Panel E, cell lysates of SW480 were subjected to immunoblot analysis with the indicated 
phospho-specific and total antibodies, followed by densitometric quantification of at least 
3 independent experiments.  Data represent mean ± S.D., where * p < 0.05 and ** p < 
0.005. 
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Effect of inhibition of IGF-IR on the resistance of SW480 to DCA 
 
 We have provided evidence that DCA modulated the IGF-IR signaling and 

localization differently in DCA-sensitive cells (HT29 and HCT116) and DCA-resistant 

cells (SW480).  In order to determine that the IGF-IR was directly involved in the 

protection of SW480 against the cytotoxic effects of DCA, we evaluated the effects of I-

OMe-AG 538, a pharmacological inhibitor of the IGF-IR [154], on the effects of DCA on 

SW480 cells.  Overnight pre-treatment with I-OMe-AG 538 significantly sensitized 

SW480 to the cytotoxic effects of DCA, inducing 44% of apoptosis (Figure 19). 
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Figure 19. Effect of inhibition of IGF-IR on the resistance of SW480 to DCA. 
SW480 cells were serum starved overnight in the presence or absence of 100 μM of I-
OMe-AG 538, followed by incubation with 250 μM of DCA for 24 hours.  Apoptosis 
was determined morphologically as described in Chapter 2. 
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Discussion 

Even though DCA has been shown to play a critical role in the promotion and 

progression of colon cancer [58-61], this specific BA causes apoptosis in colorectal 

cancer cells [126, 163-166].  Consequently, in order for cells to benefit from the tumor 

promoting effects of DCA, they must first be able to withstand and resist the cytotoxic 

pressure that DCA exerts on cells. Because the ability of a cell to resist the cytotoxic 

effects of DCA is presumably the initial step of the DCA tumor promoting cascade, we 

sought to understand the mechanisms that allow certain cells to resist DCA cytotoxicity. 

We demonstrated that DCA modulated IGF-IR, which is a receptor tyrosine kinase 

known to protect colon cancer cells from apoptosis [95, 97].  

IGF-I did not completely eliminate DCA-induced apoptosis, which suggested that 

other mechanisms are likely involved in protecting cells against DCA-induced apoptosis.  

For example, DCA has been previously shown to activate EGFR [126].  In addition, the 

DCA-induced activation of PARP and NF-κB have been previously demonstrated to 

protect cells from DCA-induced apoptosis [63, 167].  Nonetheless, DCA induced IGF-IR 

endocytosis and decreased IGF-IR cellular levels in HT29 and HCT116 cells, which we 

hypothesized was responsible for sensitizing these cells to the cytotoxic effects of DCA.  

Interestingly, in HCT116, we observed that the IGF-IR did not decrease IGF-IR levels at 

the plasma membrane as readily as it did in HT29 after exposure of DCA for 2 hours, 

which may be partially responsible for HCT116’s relative resistance to DCA-induced 

apoptosis compared to HT29 cells.  Moreover, we demonstrated that DCA induced the 

activation of IGF-IR and its downstream signaling, Erk-1/2 and Akt, transiently in HT29 
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and HCT116.  Conversely, we demonstrated that DCA induced a sustained activation of 

the IGF-IR and its downstream signaling in SW480.  In addition, DCA did not mediate 

the endocytosis of IGF-IR in SW480, which we have shown is resistant to the cytotoxic 

effects of DCA.  These observations suggest a link between the ability of DCA to induce 

endocytosis and the sensitivity of cells to DCA-induced apoptosis. 

To confirm that the IGF-IR endocytosis was responsible for the sensitization of 

cells to DCA-induced apoptosis, we used BFA to inhibit endocytosis, which prevented 

the DCA-induced decrease of IGF-IR protein levels and allowed the receptor to remain 

localized at the plasma membrane, which corresponded with an increase in the ability of 

HT29 and HCT116 to resist DCA-induced cell death.  While other pathways may be also 

involved in protecting cells from DCA-induced apoptosis, the data presented here 

provided strong evidence that IGF-IR played a central role in protecting cells against 

DCA-induced apoptosis.  We summarized our observations and presented it as a 

preliminary model that depicts the interaction between DCA and IGF-IR and their effects 

on the survival of cells (Figure 20).  

These mechanisms are significant because DCA-resistant cells are also resistant to 

apoptosis, which would protect these cells from chemotherapeutic options that rely on 

inducing apoptosis.  Thus, identifying the IGF-IR as a mechanism that protects cells from 

DCA-induced apoptosis confirms the role of IGF-IR in providing a survival advantage to 

colorectal cancer cells.  Taken together, our data increases the attractiveness of targeting 

the IGF-IR in colorectal cancer, which could sensitize apoptosis-resistant cells to undergo 

cell death. 
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Figure 20. Summary of the DCA-induced effects in HT29/HCT116 and SW480. 
 
In Chapter 3, we demonstrated that DCA induced the endocytosis and degradation of 
IGF-IR in HT29 and HCT116, which sensitized these cells to DCA-induced apoptosis. 
 
In SW480, however, DCA did not induce endocytosis of IGF-IR and cells were resistant 
to DCA-induced apoptosis.  Inhibition of IGF-IR by I-OMe-AG 538 sensitized SW480 to 
DCA-induced apoptosis. 
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Conclusion 
 
 In this chapter, we demonstrated that the IGF-IR played a significant role in 

protecting cells from DCA-induced apoptosis.  We show that DCA induced the 

endocytosis and subsequent degradation of the IGF-IR protein in HT29 and HCT116.  

Inhibiting endocytosis in these cells stabilized the levels of the IGF-IR protein in the cell 

and increased the ability of these cell lines to resist DCA.  In addition, inhibiting the IGF-

IR in a DCA-resistant cell line, namely SW480, significantly sensitized it to DCA-

induced apoptosis.  In the next chapter, we will explore the mechanisms through which 

DCA mediated the endocytosis of IGF-IR. 
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CHAPTER 4 – MECHANISM OF DCA-MEDIATED ENDOCYTOSIS OF IGF-IR 
 

Introduction 

In Chapter 3, we demonstrated that DCA induced the endocytosis of the IGF-IR.  

Previously, Sehat et al [136] demonstrated that IGF-IR can, under specific conditions, 

undergo endocytosis via a clathrin-dependent mechanism mediated by MDM-2 as well as 

a caveolar-dependent mechanism mediated by c-Cbl.  Both MDM-2 and c-Cbl would 

ubiquitinylate IGF-IR leading to its internalization and degradation [136, 168].  In 

addition, we demonstrated that BFA inhibited the DCA-mediated IGF-IR endocytosis 

(Figure 15).  BFA has been shown to inhibit both clathrin-dependent and caveolar-

dependent endocytic mechanisms in HCT116 cells [157].  Thus, in this chapter, our 

objective was to elucidate the mechanisms through which DCA induced the endocytosis 

of the IGF-IR.   

Endocytosis is a complex and dynamic process by which the cell is able to 

downregulate proteins or cargo from the surface of the plasma membrane.  Endocytosis 

can be mediated through multiple mechanisms.  The two most characterized endocytic 

routes are clathrin-mediated and caveolae-mediated mechanisms, both of which are 

dependent on the GTPase activity of dynamin [120, 121, 134, 169, 170].  

We focused our studies on the HCT116 cell line model, which was transiently 

transfected with dynamin II wildtype and dominant negative (K44A) plasmids [161] to 

determine whether the DCA-induced endocytosis of IGF-IR was dependent on dynamin.  

To determine whether clathrin-mediated endocytosis was involved in the DCA-mediated 

endocytosis of IGF-IR, HCT116 cells were transiently transfected with Epsin-15 
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wildtype EpsD3Δ2 (WT) and Eps15Δ95/295 (dominant negative) plasmids [162].  Epsin-

15 is an adaptor protein required for clathrin-mediated endocytosis [162].  Also, to 

evaluate the contribution of the caveolar endocytic route, we obtained the HCT116-Mock 

and HCT116-Cav1-AS cell line models [151].  The biotinylation assay described in 

Chapter 2 will be used to evaluate the contribution of dynamin II, clathrin-mediated, and 

caveolin-mediated mechanisms to the effects of DCA on the levels of IGF-IR β at the 

surface of the plasma membrane. 

 

Results 

DCA induced IGF-IR endocytosis in a dynamin-II-dependent mechanism 

In order to determine whether DCA induced the endocytosis of IGF-IR in 

dynamin-dependent mechanisms, HCT116 cells were transiently transfected, as described 

in Chapter 2, with the dynamin-II-GTPase wildtype and the dominant negative K44A, 

which is deficient in the GTP hydrolysis preventing dynamin-dependent endocytic 

mechanisms.  24-hours after transfection, cells were serum starved for 12 hours, then 

treated with 250 μM of DCA for 4 hours.  The transfection efficiency of the plasmids was 

determined to be approximately 60% (data not shown).  The biotinylation assay was 

conducted, as described in Chapter 2, to determine whether the DCA-mediated 

endocytosis of IGF-IR was dynamin-dependent.  Transfection of the wildtype dynamin 

confirmed that DCA induced IGF-IR endocytosis, as observed previously in the HCT116 

parental cell line (Figure 14 B), causing a dramatic reduction of the IGF-IR at the plasma 

membrane (Figure 21).  Transfection of the dominant negative K44A significantly 
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decreased the DCA-induced endocytosis of IGF-IR (Figure 21), which demonstrated that 

DCA induced the endocytosis of IGF-IR in a dynamin-dependent mechanism. 

 

DCA induced IGF-IR endocytosis in a clathrin-dependent mechanism 

In order to determine the role of clathrin-mediated mechanisms in the effects of 

DCA on the IGF-IR, HCT116 cells were transiently transfected with the wildtype Epsin-

15 EpsD3Δ2 plasmid (WT) and the dominant-negative Eps15Δ95/295 (DN).  The 

transfection efficiency of the plasmids was determined to be approximately 60% (data not 

shown).  Epsin-15 is an adaptor protein whose function is required during clathrin-

mediated endocytosis.  As expected, DCA induced the endocytosis of the IGF-IR in 

HCT116 cells transfected with the wildtype Epsin-15 and decreased the levels of IGF-IR 

present at the surface of the plasma membrane (Figure 22 A).  Transfection of the 

dominant negative Epsin-15 significantly reduced, but did not completely abolish, the 

DCA-mediated endocytosis of the IGF-IR (Figure 22 A).  This suggested that while 

DCA mediated its endocytic mechanisms of the IGF-IR in a clathrin-dependent 

mechanism, it still induced endocytosis through other mechanisms. 

Of relevance, we have demonstrated that DCA induced the phosphorylation of 

serine 166 of MDM2 (Figure 22 B) in HT29, which activates the E3 ligase activity of 

MDM2 [171].  MDM2 has been shown to induce the ubiquitinylation of the IGF-IR and 

induce its endocytosis through a clathrin-mediated mechanism.  This could explain the 

mechanism through which DCA induces the endocytosis of IGF-IR in a clathrin-

mediated mechanism. 
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Figure 21. Role of Dynamin-II in DCA-induced endocytosis of IGF-IR. 
HCT116 were transiently transfected with the wildtype and K44A (dominant negative) 
dynamin II as described in Chapter 2.  Cells were serum starved overnight, followed by 
incubation with 250 μM of DCA.  Cell-surface proteins were biotinylated, followed by 
cell lysis and retrieval of the biotinylated proteins.  Samples were then subjected to 
immunoblot analysis with the IGF-IR β antibody.  Densitometric quantification was 
carried out using Image J, and the levels of IGF-IR β present at the plasma membrane of 
HCT116 were normalized to levels of β-actin present in the total cell lysate fraction.  
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Figure 22. Role of clathrin-mediated mechanism in the DCA-induced endocytosis of 
IGF-IR. 
Panel A, HCT116 were transiently transfected with the wildtype and dominant negative 
Epsin-15 as described in Chapter 2.  Cells were serum starved overnight, followed by 
incubation with 250 μM of DCA.  Cell-surface proteins were biotinylated, followed by 
cell lysis and retrieval of the biotinylated proteins.  Samples were then subjected to 
immunoblot analysis with the IGF-IR β antibody.  Densitometric quantification was 
carried out using Image J, and the levels of IGF-IR β present at the plasma membrane of 
HCT116 were normalized to levels of β-actin present in the total cell lysate fraction.  
Panel B, HT29 cells were serum starved overnight, followed by the incubation with 250 
μM DCA for the indicated times points.  Cell lysates were immunoblotted using the 
indicated antibodies. 
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DCA induced IGF-IR endocytosis in a caveolin-1 dependent mechanism 

Because DCA has previously been shown to modulate plasma membrane 

cholesterol composition of HCT116 cells [126] and since cholesterol is a crucial 

component of caveolae domain structures and endocytosis, we investigated the 

contribution of the caveolar endocytic mechanism to the DCA-induced endocytosis of 

IGF-IR.  In order to examine the effects of caveolae domains, we obtained HCT116 

stably transfected with either an empty expression vector (HCT116-Mock) or with a 

caveolin-1 anti-sense expression vector (HCT116-Cav1-AS), which were characterized 

previously [151].  We verified that caveolin-1 is indeed knocked down in HCT116-Cav1-

AS by 80% (Figure 23). 

 Similar to the parental HCT116 cell line (Figure 14 B), exposure of HCT116-

Mock cells to DCA for 4 hours significantly reduced levels of IGF-IR present at the 

plasma membrane by 60%. Conversely, however, DCA did not reduce IGF-IR levels in 

the plasma membrane of HCT116-Cav1-AS cells (Figure 24), demonstrating that the 

DCA-induced IGF-IR endocytosis in HCT116 is dependent on the presence of caveolin-1 

in cells.  
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Figure 23. Knockdown of caveolin-1 in HCT116-Cav1-AS cells. 
Representative Western Blot analysis of cell lysates of HCT116-Mock and –Cav1-AS 
and densitometric quantification of four independent samples was conducted using the 
Image J software to demonstrate the knockdown of caveolin-1.  
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Figure 24. Role of caveolin-1 in the DCA-induced endocytosis of IGF-IR 
HCT116-Mock and HCT116-Cav1-AS were serum starved overnight, followed by 
incubation with 250 μM for 4 hours.  Cell-surface proteins were biotinylated, followed by 
cell lysis and retrieval of the biotinylated proteins.  Samples were then subjected to 
immunoblot analysis with the IGF-IR β antibody.  Densitometric quantification was 
carried out using Image J, and the levels of IGF-IR β present at the plasma membrane 
(PM) of HCT116 were normalized to levels of β-actin present in the total cell lysate 
(WCL) fraction.  * p < 0.05 compared to untreated samples (C). Data are means ± SD 
obtained from at least three independent experiments. 
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Discussion 

Endocytosis is a complex process that regulates the down-regulation, recycling, or 

degradation of plasma membrane-bound proteins. IGF-IR has been reported to undergo 

endocytosis through two different pathways: clathrin-mediated and caveolae-mediated  

[136].  Previously, in chapter 3, we demonstrated that DCA reduced the levels of IGF-IR 

at the plasma membrane of cells.  Our objective from the studies presented in this chapter 

was to elucidate the mechanisms through which DCA mediated the endocytosis of IGF-

IR in HCT116 cells.  We showed that the DCA-mediated endocytosis of the IGF-IR was 

dynamin-II dependent.  More specifically, we demonstrated that DCA induced the 

endocytosis of IGF-IR through both clathrin-mediated and caveolin-1-mediated 

mechanisms.  Further studies are required to understand the specific mechanisms that 

DCA can induce at the plasma membrane to induce the dynamin-dependent endocytic 

processes.   

DCA has been previously demonstrated to disrupt the plasma membrane, causing 

an aggregation of cholesterol, alter membrane fluidity [126], and modulate the 

glycosphingolipid profile of the plasma membrane of cells (unpublished observations).  

Since, it is well established that caveolar endocytosis is a dynamic process that relies on 

the balance between cholesterol and glycosphingolipids [123], it is no surprise that DCA 

is able to modulate caveolin-1 dependent endocytosis.  We suggest that the effects of 

DCA on disrupting the balance between cholesterol and glycosphingolipids at the plasma 

membrane is the underlying mechanism through which DCA can induce caveolar 
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endocytosis of the IGF-IR, which has been shown to localize to caveolae domains [80, 

81, 172].   

Understanding the mechanisms through which DCA induces the endocytosis via a 

clathrin-mediated mechanism can be explained less readily.  However, we have several 

observations that may suggest mechanisms through which DCA can induce the 

enedocytosis of the IGF-IR in a clathrin-mediated mechanism.  Previously (in Figure 

10), we have shown that DCA activates the IGF-IR, which can, therefore, trigger its 

endocytosis.  Additionally, we have observed that DCA induced the phosphorylation of 

MDM-2 at serine 166 (Figure 22 B), which can ubiquitinylate the IGF-IR, and lead to its 

endocytosis.   

Lipid rafts, which do not depend on caveolin-1 for their formation, can undergo a 

dynamin-independent endocytic mechanism [155].  Knockdown of caveolin-1 in 

HCT116-Cav1-AS cells presumably does not disrupt the formation and the endocytosis 

of lipid rafts.  Since DCA was unable to induce the endocytosis of IGF-IR in HCT116-

Cav1-AS cells, we demonstrated that DCA does not induce the endocytosis of IGF-IR 

through a lipid raft dynamin-independent mechanism.  While the role of caveolin-1 is not 

entirely clear on how it mediates the DCA-induced endocytosis of IGF-IR, the data 

presented in this chapter demonstrate that DCA can only induce the endocytosis of IGF-

IR in dynamin-dependent endocytic mechanisms.  In HCT116 cells transfected with the 

dynamin-II dominant negative plasmid (Figure 21), DCA slightly decreased the level of 

the IGF-IR at the plasma membrane.  However, we cannot determine whether this 
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decrease is due to a dynamin-independent endocytic mechanism, or a result of the 

transfection efficiency of the dominant negative plasmid.   

The information presented in this chapter demonstrates that DCA exhibited 

pleiotropic effects and can mediate its functions on cells through several mechanisms and 

cellular processes. 

 

Conclusion 

 In this brief chapter we demonstrated that DCA can mediate the endocytosis of 

IGF-IR through dynamin-dependent, clathrin-mediated or caveolin-1-mediated 

endocytosis.  Data from this chapter is summarized in Figure 25. 
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Figure 25. Model for the DCA-induced endocytosis of IGF-IR. 
In Chapter 4, we demonstrate that DCA induced the endocytosis of IGF-IR in a dynamin-
dependent mechanism, that could be mediated through both clathrin and caveolin-1 
mechanisms. 
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CHAPTER 5 – CAVEOLIN-1 MEDIATES THE EFFECTS OF DCA ON IGF-IR  
 
 
Introduction 

Specialized plasma membrane domains, namely lipid rafts, impact the type and 

functions of multiple signaling pathways, including those of the IGF-IR [80, 81, 172].  

Remacle-Bonnet et al [83] demonstrated that the plasma membrane environment can 

significantly regulate the function of the IGF-IR; specifically, the localization of the IGF-

IR inside or outside of lipid rafts can mediate the activation of specific IGF-IR 

downstream signaling pathways, which enhanced anti-apoptotic signaling when the 

receptor was not present within lipid rafts, but surprisingly, pro-apoptotic signaling when 

the receptor was localized within lipid rafts [83].  These observations shed light on the 

dynamic interactions between proteins and their cellular environment and demonstrated 

that the IGF-IR can produce different, even contradictory, signaling based on the 

surrounding plasma membrane environment. 

Caveolin-1 is involved in the formation of a subset of lipid rafts at the plasma 

membrane called caveolae membrane domains.  The functional differences between lipid 

rafts and caveolae membrane domains have not been fully delineated.  However, 

caveolin-1, which contains a scaffolding domain that can interact with a number of 

signaling molecules, has been characterized to play different roles in coordinating 

signaling pathways at the plasma membrane.  In addition to its significance to the 

structure and function of caveolae domains, caveolin-1 has been documented to interact 

with cholesterol and play significant roles in cholesterol transport and trafficking [173-

176].   
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Because DCA has been shown to mediate some of its effects by modulating the 

cholesterol composition of the plasma membrane of HCT116 cells [126], we speculated 

that DCA may exert some of its effects on cells through caveolin-1-dependent 

mechanisms.  Indeed, in chapter 4, we demonstrated that DCA induced the endocytosis of 

IGF-IR through a caveolin-1 dependent mechanism.  Consequently, knockdown of 

caveolin-1 stabilized the IGF-IR at the plasma membrane.  Simultaneously, however, we 

expect the knockdown of caveolin-1 to disrupt the dynamics within these specialized 

plasma membrane lipid raft domains, ultimately modulating the function of membrane-

bound proteins and receptors.   

Since the IGF-IR is known to interact with and localize to caveolae domains [80, 

81, 172], we hypothesized that caveolin-1 played a significant role in the DCA-induced 

signaling and cellular effects mediated through the IGF-IR.  Our focus in this chapter is 

to explore and identify the role of caveolin-1 in the DCA-induced effects. 

 

Results 

 
HCT116-Cav1-AS were more sensitive to DCA cytotoxicity than HCT116-Mock. 

In chapter 3, we demonstrated that inhibition of the IGF-IR endocytosis using 

BFA granted cells resistance, at least partially, to the cytotoxic effects of DCA.  Also, we 

demonstrated that inhibition of IGF-IR in SW480 sensitized these cells to DCA-induced 

apoptosis.  Thus, we concluded that IGF-IR protected cells from DCA-induced apoptosis.  

In chapter 4, we demonstrated that the DCA-mediated endocytosis of the IGF-IR was 

mediated through a caveolin-1 dependent mechanism, since knockdown of caveolin-1 
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impaired DCA from decreasing IGF-IR at the plasma membrane in HCT116-Cav1-AS 

cells (Figure 24).  Since IGF-IR was stabilized at the plasma membrane of HCT116-

Cav1-AS, we anticipated that these cells would exhibit a higher level of resistance to 

DCA compared to HCT116-Mock cells.  Accordingly, we determined morphologically 

the apoptosis induced by DCA in HCT116-Mock and HCT116-Cav1-AS.  Contrary to 

our prediction, stabilization of the IGF-IR at the plasma membrane of HCT116-Cav1-AS 

did not protect these cells from DCA-induced apoptosis; in fact, Cav1-AS cells were 

significantly more sensitive to DCA-induced apoptosis.  In HCT116-Mock, 250 μM 

DCA caused 15% and 25% apoptosis at 2 hours and 4 hours, respectively (Figure 26).  

HCT116-Cav1-AS cells, however, exhibited 45% and 55% apoptosis when exposed to 

250 μM of DCA at 2 hours and 4 hours, respectively (Figure 26).  While these 

observations presented conceptual contradiction to our model that IGF-IR protects cells 

from DCA-induced apoptosis, it revealed an intriguing possibility that IGF-IR may be 

conducting different functions when caveolin-1 is knocked down.  More specifically, 

these observations suggested that caveolin-1 was somehow orchestrating protective 

effects against DCA-induced apoptosis, and thus, when knocked down (in HCT116-

Cav1-AS), cells were significantly sensitized to DCA-induced apoptosis. 

 

BFA protected HCT116-Mock, but not HCT116-Cav-1-AS from DCA-induced 

apoptosis. 

Previously, we have demonstrated that BFA inhibited the DCA-mediated 

endocytosis of IGF-IR and subsequently increased the resistance of HT29 and HCT116 
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cells to DCA-induced apoptosis.  To confirm these observations in HCT116-Mock and –

Cav1-AS cells, we pre-treated cells with BFA followed by incubation with DCA for 4 

hours and determined the effects of BFA on DCA-induced apoptosis.  Consistent with the 

effects of BFA in HCT116 parental cell line, it decreased DCA-induced apoptosis in 

HCT116-Mock from 28% to 22% and 19% when cells were co-incubated with 5 μg/mL 

and 10 μg/mL BFA, respectively, in a statistically significant manner (Figure 27).  In 

HCT116-Cav1-AS cells, however, BFA did not protect cells from DCA-induced 

apoptosis, confirming that DCA-induced apoptosis in these cells was independent of the 

DCA-mediated endocytosis of IGF-IR, which was expected since DCA did not induce 

the endocytosis of IGF-IR in these cells. 

 

Caveolin-1 knockdown sensitized SW480 to DCA-induced apoptosis. 

 We demonstrated that caveolin-1 expression protected HCT116 cells from DCA-

induced apoptosis and that caveolin-1 knockdown sensitized cells to DCA-induced 

apoptosis (Figure 26).  To confirm this observation in a different cell line, we transiently 

transfected SW480 cells with either a control non-targeting siRNA or a caveolin-1 

siRNA.  Previously, we have demonstrated that SW480 was resistant to DCA-induced 

apoptosis (Figure 17).  We verified the effectiveness of the caveolin-1 siRNA 

transfection in knocking down caveolin-1 (Figure 28 A).  Following siRNA transfection, 

we evaluated the level of DCA-induced apoptosis in the SW480 transfected cells. As 

expected, DCA did not induce apoptosis in SW480 transfected with the control siRNA, 

but it increased apoptosis from 15% in non-DCA treated cells to 33% (i.e. more than 2-



 

105

fold increase) in a statistically significant manner (Figure 28 B).  This observation 

confirmed the role of caveolin-1 in protecting cells from DCA-induced apoptosis. 
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Figure 26. Role of caveolin-1 on DCA-induced apoptosis in HCT116. 
HCT116-Mock and HCT116- Cav1-AS were serum starved overnight prior to incubation 
with 250 μ M of either DCA or CA. Cells were evaluated for morphological features that 
are characteristic of apoptosis as described in Chapter 2. ** p < 0.005 and *** p < 0.0005 
compared to untreated cells (C). Data are means ± SD obtained from at least three 
independent experiments. 
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Figure 27. Effect of BFA on DCA-induced apoptosis. 
HCT116-Mock and –Cav1-AS were serum starved overnight prior to incubation with 
vehicle control or BFA at 5.0 and 10.0 μg/mL for 2 h, followed by incubation with DCA 
(250 μM) for 4 h.  Cells were evaluated for morphological features characteristic of 
apoptosis. Co-incubation of BFA with DCA decreased DCA-induced apoptosis compared 
to DCA treatment alone, where ** p < 0.005 and *** p < 0.0005. Data are means ± SD 
obtained from at least three independent experiments. 
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Figure 28. The effect of caveolin-1 knockdown on the resistance of SW480 to DCA. 
SW480 were transiently transfected with caveolin-1 siRNA as described in Chapter 2, 
followed by serum starvation and incubation with 250 μM of DCA for 24 hours.   
Panel A, cell lysates were subjected to immunoblot analysis with caveolin-1 and β-actin 
antibodies to verify knockdown of caveolin-1.   
Panel B, morphological apoptosis assay to evaluate the role of caveolin-1 in DCA-
induced apoptosis.  ** p < 0.005. 
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IGF-IR played a dynamic role in DCA-induced apoptosis.  

Given the significant roles caveolin-1 plays in cholesterol transport and 

trafficking [173-176], we speculated that knockdown of caveolin-1 may interrupt the 

cholesterol homeostasis in HCT116-Cav1-AS, and subsequently disrupt the dynamic 

nature of the plasma membrane, which has the potential to alter the function of 

membrane-bound proteins and receptors, including the IGF-IR.  Remacle-Bonnet et al 

highlighted the role of cholesterol in mediating the pro-apoptotic functions of IGF-IR 

[83].  Thus, we speculated that IGF-IR may be producing different signaling and cellular 

effects in a caveolin-1 dependent mechanism.   

In order to determine the caveolin-1-dependent functions of IGF-IR, we used I-

OMe-AG 538, a pharmacological inhibitor of IGF-IR [154], to test the role of IGF-IR in 

DCA-induced apoptosis in HCT116-Mock and –Cav1-AS.  We verified that IGF-I 

induced Akt and Erk-1/2 activation similarly in both HCT116-Mock and –Cav1-AS cells 

and that I-OMe-AG 538 inhibited IGF-IR downstream signaling pathways similarly in 

both cell lines (data not shown).  Inhibition of IGF-IR sensitized HCT116-Mock slightly 

yet in a statistically significant manner to DCA-induced apoptosis (Figure 29 A).  In 

HCT116-Cav1-AS cells, inhibition of IGF-IR dramatically decreased DCA-induced 

apoptosis in an I-OMe-AG 538 dose-dependent manner (Figure 29 A).  We did not 

observe a strong increase in PARP cleavage in HCT116-Mock when cells were co-treated 

with I-OMe-AG 538 and DCA likely due to the sensitivity threshold of Western Blot 

analysis.  However, in HCT116-Cav1-AS cells, I-OMe-AG 538 completely eliminated 

the DCA-induced PARP cleavage at 50 μM and 100 μM (Figure 29 B). These results 
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confirmed our observations through morphological determination of apoptosis that while 

IGF-IR protected against DCA-induced apoptosis in HCT116-Mock, it contributed to and 

facilitated DCA-induced apoptosis in HCT116-Cav1-AS cells. 

 

Caveolin-1 regulated DCA-induced activation of p38. 

In order to understand the role of caveolin-1 in the DCA-mediated cellular effects, 

we explored the signaling events induced by DCA in HCT116-Mock and –Cav1-AS.  

Cells were incubated with DCA at different time points.  The most prominent differences 

between the DCA-induced signaling profile in HCT116-Mock and –Cav1-AS is that 

DCA induced a subtle activation of Akt and a very prominent activation of the p38 

MAPK pathway in HCT116-Cav1-AS but not in HCT116-Mock (Figure 30).  Since Akt 

is generally thought of as a cell survival mechanism, it is interesting to note that DCA 

induced the activation of Akt in HCT116-Cav1-AS, yet these cells were very sensitive to 

the cytotoxic effects of DCA.  Thus, it is possible that the observed activation of Akt was 

not a direct effect of DCA and given that it was weakly induced, it may not be playing a 

direct role in the DCA-induced cellular functions.  Also, DCA did not induce the 

activation of Akt in the HCT116-Mock cell line model, which is more resistant to DCA 

than the –Cav1-AS cells, which suggested that Akt may not be directly involved in the 

protection against DCA-induced apoptosis.  Since the DCA-induced rapid activation of 

Erk-1/2 was abrogated similarly in both cell lines over time, we speculated that the DCA-

induced activation was independent of caveolin-1 and is not playing a direct role in the 
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ability of cells to survive DCA-induced apoptosis.  Thus, we decided to focus our efforts 

on the DCA-induced activation of p38. 

The p38 MAPK pathway is a stress response signaling pathway that can induce 

both anti-apoptotic as well as pro-apoptotic effects [177].  We speculated that the DCA-

induced activation of p38 produced pro-apoptotic effects in HCT116-Cav1-AS and is 

responsible for the sensitization of these cells to DCA.  Since IGF-IR is known to inhibit 

the pro-apoptotic p38 signaling pathway through its inhibition of ASK-1 [178], we 

evaluated the effects of DCA on the phosphorylation of ASK-1 at threonine 845, which is 

generally associated with its activation.  Interestingly, DCA increased p-ASK-1-Thr845 

levels in HCT116-Mock cells, but decreased its levels in HCT116-Cav1-AS (Figure 30).  

Recently, the phosphorylation of ASK-1 at Thr845 has been linked to mitogenic effects 

in cells [179], which could explain why DCA caused a decrease in p-ASK-1 in HCT116-

Cav1-AS cells.  
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Figure 29. Effect of IGF-IR inhibition on DCA-induced apoptosis. 
HCT116-Mock and HCT116-Cav1-AS were serum starved overnight in the presence of 
I-OMe-AG 538 at the indicated concentrations, followed by the incubation with 250 μM 
DCA at 4 h, followed by determination of apoptosis morphologically (Panel A) and 
through Western Blot analysis by detecting intact (116 kDa) and cleaved (89 kDa) PARP, 
and β-actin as the loading control (Panel B).  For apoptosis assay, data are means ± SD 
obtained from at least three independent experiments, where * p < 0.05, ** p < 0.005, and 
*** p < 0.0005.  
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Figure 30. Caveolin-1 mediated DCA-induced signaling. 
Cells were serum starved overnight, followed by an incubation with 250 μM of DCA at 
the indicated time points.  Cell lysates were subjected to immunoblot analysis with the 
indicated phospho- and total antibodies. 
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IGF-IR inhibited DCA from inducing p38 in Mock cells, but facilitated the DCA-induced 

p38 activation in Cav1-AS cells. 

Since we have implicated the IGF-IR in the sensitization of HCT116-Cav1-AS 

cells to DCA-induced apoptosis, we sought to determine whether IGF-IR contributed to 

the induction of p38 in HCT116-Cav1-AS.  As such, we used I-OMe-AG 538 to evaluate 

the role of IGF-IR in the DCA-induced effects on p38 in HCT116-Mock and –Cav1-AS 

cells.  As previously observed in HCT116-Mock cells, DCA alone did not induce a 

detectable activation of p38.  However, DCA induced the activation of p38 in an I-OMe-

AG 538 dose dependent manner (Figure 31), which suggested that IGF-IR inhibited 

DCA from inducing the p38 pathway in HCT116-Mock.  Consequently, when the IGF-IR 

was inhibited by I-OMe-AG 538, DCA was able to increase the activation of p38, which 

correlated with an increase in DCA-induced apoptosis in these cells as previously 

described (Figure 29).  Of note, inhibition of IGF-IR with 100 μM of I-OMe-AG 538 

alone appeared to cause cellular stress in HCT116-Mock and –Cav1-AS as demonstrated 

by the activation of p38 (Figure 31).  

Conversely, IGF-IR exhibited the opposite effects in HCT116-Cav1-AS; DCA 

induced a prominent activation of p38 in HCT116-Cav1-AS, which was abrogated by I-

OMe-AG 538 in a dose-dependent manner (Figure 31), which suggested that DCA 

actually activated the p38 pathway in HCT116-Cav1-AS through the IGF-IR. 

In order to determine the mechanism through which IGF-IR modulated p38, we 

immunoblotted for p-ASK-1-Thr845.  While the quality of the antibody prevented us 

from drawing a definitive conclusion, it appeared that I-OMe-AG 538 decreased the 
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DCA-induced p-ASK-1 in HCT116-Mock, while had no effect on the DCA-mediated 

decrease of p-ASK-1 in HCT116-Cav1-AS cells.  Future studies to determine the role of 

ASK-1 in the DCA-induced activation of p38 are proposed in Chapter 7. 

Our observations are of significance since we demonstrated that caveolin-1 can 

dictate the DCA-induced cellular functions through the IGF-IR.  In HCT116-Mock, the 

IGF-IR prevented DCA from inducing p38, which protected cells at least partially from 

DCA-induced apoptosis, whereas in HCT116-Cav1-AS cells, DCA induced the 

activation of p38 through the IGF-IR, which may be responsible, at least in part, for 

DCA-induced apoptosis. 

 

Inhibition of p38 protected cells from DCA-induced apoptosis 

We have established a link between the DCA-induced activation of the p38 

pathway and DCA-induced apoptosis in HCT116-Cav1-AS cells.  In order to demonstrate 

a causal relationship between the activation of p38 and DCA-induced apoptosis, we used 

SB 202190, a pharmacological inhibitor of p38 [180].  Pre-treatment of HCT116-Mock 

decreased DCA-induced apoptosis slightly from 24% to 17% (Figure 32 A), which 

apparently was not a sufficient decrease in apoptosis to be detectable with PARP 

cleavage using Western Blot analysis (Figure 32 B).  The minimal effect of pre-treatment 

with SB 202190 on DCA-induced apoptosis in HCT116-Mock was expected since DCA 

did not induce a detectable level of activated p38 in these cells.  In HCT116-Cav1-AS 

cells, however, pre-treatment with 10 μM of SB 202190 decreased DCA-induced 

apoptosis as determined morphologically from 50% to 23% in a statistically significant 
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manner (Figure 32 A) and biochemically through detection of PARP cleavage (Figure 

32 B), confirming that the DCA-induced activation of p38 is a mechanism through which 

DCA induced apoptosis.  It is worth noting that pre-treatment of Cav1-AS cells with SB 

202190 decreased DCA-induced apoptosis to the same level as HCT116-Mock, which 

suggested that the increased sensitivity of HCT116-Cav1-AS (compared to HCT116-

Mock) to DCA could be accounted for by the activation of p38 in HCT116-Cav1-AS. 

Finally, in order to confirm that SB 202190 effectively inhibited the activation of 

the p38 signaling pathway, we demonstrated that SB 202190 decreased the DCA-induced 

phosphorylation of MK-2 (Figure 32 B), which is a direct downstream target of p38 

[181].   
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Figure 31. Role of IGF-IR in DCA-induced activation of p38. 
HCT116-Mock and HCT116-Cav1-AS cells were serum starved overnight in the 
presence of I-OMe-AG 538 at the indicated concentrations, followed by the incubation 
with 250 μM DCA at 4 h.  Cell lysates were subjected to immunoblot analysis with the 
indicated antibodies. 
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Figure 32. The effects of inhibition of p38 on DCA-induced apoptosis. 
HCT116-Mock and –Cav1AS cells were serum starved overnight, pre-treated with 
vehicle control or 10 μM SB 202190 for 1 hour, followed by an incubation with 250 μM 
for 4 hours.  Panel A, cells were evaluated for morphological features characteristic of 
apoptosis. Data are means ± SD obtained from three independent experiments, where * p 
< 0.05 and ** p < 0.005.  Panel B, cell lysates were subjected to immunoblot analysis 
with the indicated antibodies.  Both intact (116 kDa) and cleaved (89 kDa) PARP protein 
were detected.  β-actin was used as the loading control.   
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Figure 33. Model of our findings in Chapter 5. 
DCA induced p38 signaling in HCT116-Cav1-AS only, which suggested that caveolin-1 
was involved in regulating the activation of p38. 
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Discussion 
 

Data presented in this chapter provide strong evidence implicating caveolin-1 in 

the DCA-mediated effects on cells.  In chapter 4, we observed that DCA mediated the 

endocytosis of IGF-IR in a caveolin-1 dependent manner.  Thus, caveolin-1 knockdown 

stabilized the IGF-IR at the plasma membrane of HCT116-Cav1-AS cells.  Surprisingly, 

however, these cells were significantly more sensitive to DCA-induced apoptosis. 

Since cholesterol has been previously implicated in mediating some of the effects 

of DCA and since caveolin-1 is known to interact with and is modulated by cholesterol, 

we hypothesized that caveolin-1 may be involved in mediating some of the DCA-induced 

cellular effects.  Thus, our objective was to characterize the role of caveolin-1 in 

mediating the DCA-induced signaling and cellular effects. 

We demonstrated that caveolin-1 can dictate different roles for IGF-IR in DCA-

induced apoptosis in colon cancer cells.  According to our studies, IGF-IR, in a caveolin-

1 dependent mechanism, acted as a molecular switch between anti-apoptotic and pro-

apoptotic signaling.  In the presence of caveolin-1, IGF-IR provided some protection 

against DCA-induced apoptosis.  When caveolin-1 was knocked down, however, DCA 

induced apoptosis by activating p38 through the IGF-IR, which is controversial since the 

IGF-IR is generally known for its anti-apoptotic functions.  The IGF-IR, however, has 

been previously implicated in pro-apoptotic signaling [83], which was dependent on the 

plasma membrane environment. 

It is intriguing to note that the DCA-mediated function of IGF-IR was more 

prominent when it induced than when it prevented apoptosis.  In HCT116-Mock cells, 
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inhibition of IGF-IR only slightly sensitized these cells to DCA-induced apoptosis, which 

implicated other mechanisms that would protect against DCA-induced apoptosis.  

Conversely, inhibition of IGF-IR in HCT116-Cav1-AS cells produced a prominent 

protection from DCA-induced apoptosis, which suggested that in Cav1-AS cells, IGF-IR 

played a significant role in causing apoptosis.  We demonstrated that these DCA-induced 

effects were carried out through the p38 pathway. 

As discussed previously, the role of caveolin-1 in colon cancer has been 

controversial; some studies suggest that caveolin-1 plays tumor suppressive functions, 

while other studies demonstrate a role for caveolin-1 in aggressive cancer phenotype 

[182].  In our studies presented here, we add another layer of complexity to the 

controversy of the role of caveolin-1.  We illustrated that IGF-IR provided a survival 

advantage to a subset of cells that express caveolin-1, enhancing their ability to survive 

DCA-induced stress.  Knockdown of caveolin-1, however, sensitized cells to DCA-

induced apoptosis.  Thus, it appears that in this context, caveolin-1 would provide an 

advantage to cells that express it, which could be considered evidence that caveolin-1 

plays a tumor promoting role. 

Understanding the mechanisms that allow resistance to DCA-induced apoptosis is 

clinically relevant since DCA-resistant colon cancer cells are also resistant to other stress 

inducing conditions [167], such as environmental stresses or chemotherapeutic agents, 

which can lead to further genomic instability that predisposes cells to becoming more 

aggressive tumor cells [63, 167]. Therefore, understanding the mechanisms that are 
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involved in DCA-induced apoptosis can help in the development of strategies to sensitize 

apoptosis-resistant colon cancer cells.   

 

Conclusion 

In this chapter, we demonstrated that the IGF-IR played a dynamic role in DCA-

induced apoptosis.  In HCT116-Mock, IGF-IR provided some protection against DCA-

induced apoptosis, whereas in HCT116-Cav1-AS, IGF-IR sensitized cells to DCA-

induced apoptosis by inducing the activation of p38.  These observations are summarized 

in Figure 33. 
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CHAPTER 6 – EVIDENCE IMPLICATING AUTOPHAGY IN PROTECTING 
DCA-RESISTANT CELLS 

 
 

Introduction 

Thus far, we have focused on the DCA-induced molecular mechanisms mediated 

through the IGF-IR and caveolin-1 and how they converge at the apoptotic process.  The 

premise is that DCA-induced apoptosis would eliminate apoptosis-resistant cells, and 

thus select for cells that are able to thrive in a stress cellular environment.  In this chapter, 

we wanted to present preliminary observations that implicate autophagy in protecting 

cells from the DCA-induced cytotoxic effects. 

 Autophagy is a highly dynamic process, which receives inputs from a variety of 

signaling pathways [146] (summarized in Figure 6B).  Autophagy can be induced under 

cellular stress or damage and serve as a protective mechanism by ridding cells of 

damaged proteins and/or organelles.  Dependent on the cellular conditions, however, 

induction of autophagy can sometimes also lead to cell death.  The autophagic process 

takes place when autophagic vacuoles (also referred to as autophagosomes) are fused 

with the lysosome for degradation and recycling of macromolecules.  Some reports 

(reviewed in [148]) suggest a crosstalk between autophagy and apoptosis, where in some 

cellular contexts, the two processes exhibit complementary or contradictory effects. 

 Based on preliminary evidence presented below, we hypothesized that autophagy 

played a protective role against DCA-induced apoptosis.  In order to demonstrate a role 

for autophagy in protecting cells from the DCA-induced cytotoxic effects, we used the 
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parental HCT116 cell line and HCT116-derived DCA-resistant variants, which was 

developed at the Arizona Health Sciences and previously characterized [152]. 

 

Results 
 

DCA modulated IGF-I-induced signaling 

 Our first indication that DCA may be modulating the process of autophagy was 

when we observed that DCA activated Erk-1/2 while counteracting the IGF-I induced 

activation of p-Akt (Figure 34).  This signaling profile has been generally associated 

with induction of the process of autophagy.  Thus we sought out to determine whether 

DCA induced autophagy. 

 

DCA modulated beclin-1 levels in colorectal cancer cells 

 Beclin-1 is an important player in the formation of the autophagosome [147].  We 

determined whether DCA modulated levels of beclin-1 in colorectal cancer cells.  We 

reported that exposure of HT29 and HCT116 cells to DCA for 2 hours decreased levels 

of the beclin-1 protein, while levels of beclin-1 were stabilized in SW480 (Figure 35).  

Thus, it is conceivable that by decreasing the levels of beclin-1, DCA could prevent the 

cells from undergoing autophagy in HT29 and HCT116.  Previously, we determined that 

HT29 and HCT116 were sensitive to DCA-induced apoptosis, while SW480 was 

resistant.  Since beclin-1 levels were decreased in HT29 and HCT116, while slightly 

increased in SW480, we speculated that DCA induced autophagy as a mechanism to 

protect cells from the DCA-induced cytotoxic effects.  
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Figure 34. The effects of DCA on IGF-I induced activation of Erk-1/2 and Akt in 
SW480 cells. 
SW480 cells were serum starved overnight, followed by treatment with 15 minutes with 
250 μM of DCA and/or IGF-I at 100 ng/mL. Cell lysates were subjected to immunoblot 
analysis with p-Akt, p-Erk-1/2, and β-actin antibodies. 
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Figure 35. The effects of DCA on Beclin-1 levels in HT29, HCT116, and SW480. 
HT29, HCT116, and SW480 were serum starved overnight, followed by treatment with 
250 μM DCA for 2 hours.  Cell lysates were subjected to immunoblot analysis with 
beclin-1 and β-actin antibodies. 
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Chloroquine sensitized SW480 to DCA-induced apoptosis 

Since autophagic vacuoles ultimately fuse with the lysosome, inhibition of 

lysosomal function would effectively prevent the cell from completing the process of 

autophagy.  In order to determine whether autophagy played a role in helping SW480 to 

withstand the cytotoxic effects of DCA, we used chloroquine, which inhibits lysosomal 

function, and thus was used as an inhibitor of autophagy [159].  Through morphological 

determination of apoptosis, we reported that chloroquine significantly sensitized SW480 

cells to DCA-induced apoptosis.  0.2 mM and 0.4 mM of choloroquine induced apoptosis 

by 5-fold and 7-fold induction, respectively, in SW480 (Figure 36). 

 

DCA induced cleavage of LC3 in DCA-resistant HCT116-RB cells 

Our preliminary observations in SW480 suggested that autophagy was involved in 

protecting these cells from DCA-induced apoptosis, which prompted us to determine 

whether DCA induced autophagy in previously characterized and published DCA-

resistant cell lines.  Thus, we obtained HCT116 resistant models B, C, and D from Dr. 

Payne et al [152].  The parental HCT116 cells and the HCT116 DCA-resistant models B, 

C, and D were treated with 250 μM of DCA for 4 hours.  DCA induced PARP cleavage 

in the HCT116 parental cell line, but not in the HCT116 resistant models, confirming 

their resistance to DCA-induced apoptosis (Figure 37).  To determine whether DCA 

induced autophagy, we used Western Blot analysis to detect the DCA-induced cleavage 

of LC3 (from LC3-I to LC3-II), which is key step in the formation of autophagosomes, 

and is commonly used as an indication of activated autophagy in cells.  DCA increased 
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the levels of cleaved LC3 (from LC3-I to LC3-II) in HCT116 resistant B (HCT116-RB) 

cells, demonstrating that DCA induced autophagy in these cells.  Notably, it appeared as 

though DCA decreased the LC3 cleavage in HCT116-RD, suggesting that DCA inhibited 

autophagy in these cells. 

 

Inhibition of lysosome/autophagy sensitized HCT116 Resistant Cells to DCA-induced 

apoptosis. 

In order to evaluate the effects of inhibiting autophagy on the ability of HCT116-

RB to resist the cytotoxic effects of DCA, cells were pre-treated with chloroquine for 2 

hours followed by incubation with DCA for 4 hours.  Chloroquine pre-treatment 

sensitized HCT116-RB to DCA-induced apoptosis as demonstrated by PARP cleavage 

(Figure 38).  Morphological determination of apoptosis demonstrated that pre-treatment 

with chloroquine with 0.2 mM and 0.4 mM sensitized HCT116-RB, –RC, and –RD cells 

to DCA-induced apoptosis in a statistically significant manner (Figure 39).  Notably, we 

report that the lysosome is crucial for their ability to resist DCA-induced apoptosis, even 

for cell line models (i.e. HCT116-RC and HCT116-RD) that do not show an apparent 

activation of autophagy (determined by LC3 cleavage in Figure 37). 
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Figure 36. The effects of inhibiting the lysosome in SW480. 
SW480 were serum starved overnight, followed by pre-treatment with chloroquine (CQ) 
for 2 hours at 0.2 mM and 0.4 mM, followed by an incubation with 250 μM of DCA for 4 
hours. Cells were evaluated for morphological features characteristic of apoptosis. Data 
are means ± SD obtained from independent experiments, where *** p < 0.0005. 
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Figure 37. DCA induced autophagy in HCT116-RB Cells 
HCT116 parental, resistant models B, C, and D were serum starved overnight prior to 
incubation with 250 μM of DCA for 4 hours.  Cell lysates were subject to immunoblot 
analysis for PARP, LC3-I and LC3-II, and β-actin antibodies. 
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Figure 38. Inhibition of lysosome sensitized the HCT116-RB to DCA-induced 
apoptosis. 
HCT116-RB cells were serum starved overnight, followed by pre-treatment with 
chloroquine (CQ) for 2 hours at 0.2 mM and 0.4 mM, followed by an incubation with 250 
μM of DCA for 4 hours.  Cell lysates were subjected to immunoblot analysis using PARP 
and β-actin antibodies. 
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Figure 39. Inhibition of lysosome sensitized all HCT116 DCA-resistant models to 
DCA-induced apoptosis. 
HCT116 Resistant Models B, C, and D were serum starved overnight, followed by pre-
treatment with chloroquine (CQ) for 2 hours at 0.2 mM and 0.4 mM, followed by an 
incubation with 250 μM of DCA for 4 hours. Cells were evaluated for morphological 
features characteristic of apoptosis. Data are means ± SD obtained from independent 
experiments, where ** p < 0.005 and *** p < 0.0005. 
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Discussion and Conclusion 

 In this chapter, we provided preliminary observations that autophagy protected 

the DCA-resistant cell line models, SW480 and HCT116-Resistant B, from the cytotoxic 

effects of DCA.  We demonstrated that DCA induced LC3B cleavage in HCT116-

Resistant B, a marker indicating the activation of autophagy in cells.  Since 

autophagosomes fuse with the lysosome in order to rid the cell of damaged proteins and 

organelles, inhibition of lysosomal function would effectively inhibit the process of 

autophagy.  Inhibition of the lysosome by chloroquine significantly sensitized the 

HCT116-Resistant B cell line to the cytotoxic effects of DCA, which suggested that the 

lysosome played a significant role in the ability of the HCT116-Resistant B cells to 

withstand the cytotoxic effects of DCA.  Consequently, these data implicated autophagy 

in protecting HCT116-Resistant B cell line model from the cytotoxic effects of DCA.  In 

agreement with our data, recently Payne et al [150] demonstrated that DCA induced 

autophagy in colon cells and protected HCT116 DCA-resistant model from the DCA-

induced cell death. 

 Notably, DCA appeared to decrease the cleavage of LC3 in HCT116-RD cells.  In 

addition to its role in survival functions, autophagy has the capacity to induce cell death.  

Thus, it is possible that autophagy was inhibited in HCT116-RD to escape autophagic 

cell death.  This observation highlights the dynamic nature of autophagy and sheds light 

on the complexity of the process.  Further work is required in order to understand how 

autophagy can function at the crossroad between cell death and cell survival and how it 

can, under specific cellular conditions, lead to both.  Interestingly, however, even though 
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it appears as though DCA did not increase LC3 cleavage in HCT116-RC and decreased 

the LC3 cleavage in HCT116-RD, inhibition of the lysosome in both HCT116-RC and 

HCT116-RD significantly sensitized these cells to the DCA-induced cell death.  This 

remain unexplained.  However, we speculate that this could be occurring either through 

an LC3-independent autophagic process or it could be due to an alternative lysosome-

dependent protective mechanism. 

Since DCA resistant cells are also apoptosis-resistant, they provide a great 

challenge in therapeutically targeting them.  Although preliminary, the data presented in 

this chapter hold tremendous potential in providing an opportunity to target these 

apoptosis-resistant cells. Understanding the process of autophagy and how it functions at 

the crossroads between cell survival and cell death may provide insight into another layer 

of cellular events that can help us develop novel strategies to effectively target apoptosis-

resistant cancer cells. 
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CHAPTER 7 – CONCLUDING REMARKS AND FUTURE DIRECTIONS 

 
 

a. Conclusions 

Even though DCA is cytotoxic to most cells, it has been implicated in the 

promotion and progression of colorectal cancer, as previously discussed.  Cells that 

benefit from the mitogenic effects of DCA must first develop mechanisms that permit 

them to withstand the cytotoxic environment that DCA creates.  The overall goal of the 

work presented here were to elucidate the mechanisms that are responsible for the 

sensitivity as well as the resistance of colorectal cancer cells to DCA-induced apoptosis.  

Since it has been previously established that cells resistant to DCA-induced apoptosis are 

also resistant to other stress-induced apoptosis, such as chemotherapies, it is critical that 

we understand the mechanisms through which DCA induces apoptosis. 

Since the IGF-IR has been shown to provide survival and anti-apoptotic 

advantages to colorectal cancer cells, we hypothesized that the IGF-IR played a role in 

protecting cells from DCA-induced apoptosis.  This hypothesis was initially confirmed 

when IGF-I significantly reduced DCA-induced apoptosis in HT29 and HCT116 cells.  It 

is worth noting that IGF-I did not completely eliminate DCA-induced apoptosis, 

suggesting that activation of IGF-IR alone is not sufficient to completely counteract 

DCA-induced apoptosis, which implicated other mechanisms are likely involved.  In fact, 

it is already known that DCA activates other receptor tyrosine kinases, such as the EGFR 

[126], which may protect cells from DCA-induced apoptosis. 
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Upon further investigation of the effects of DCA on the IGF-IR, we demonstrated 

that DCA mediated the endocytosis of IGF-IR from the plasma membrane, and 

subsequently mediated a decrease in the IGF-IR levels in a non-transcriptional 

mechanism.  We demonstrated that DCA induced the endocytosis of the IGF-IR in a 

dynamin dependent manner, which was executed through both clathrin-mediated and 

caveolin-1-mediated endocytic mechanisms.  Inhibition of the endocytosis of IGF-IR 

stabilized the levels of IGF-IR protein and protected cells from DCA-induced apoptosis. 

Since we demonstrated that caveolin-1 played a role in the DCA-mediated 

endocytosis of IGF-IR, knockdown of caveolin-1 stabilized the IGF-IR at the plasma 

membrane.  However, these cells were significantly more sensitive to DCA-induced 

apoptosis.  Given the important functions caveolin-1 exerts at the plasma membrane, 

knockdown of caveolin-1 could alter the dynamics of the plasma membrane environment 

sufficiently to dictate the function of the IGF-IR.  We demonstrated that DCA induced 

the activation of the pro-apoptotic p38 through the IGF-IR when caveolin-1 was knocked 

down.  When caveolin-1 was present in cells, the IGF-IR performed the opposite function 

and inhibited DCA from inducing p38, and thus the cells were more resistant to DCA-

induced apoptosis. 

Finally, we provided evidence that implicated the involvement of the autophagic 

process in protecting cells that are resistant to DCA-induced apoptosis.  Thus, 

understanding how autophagy can provide these anti-apoptotic advantages can help us 

develop novel strategies to utilize autophagy in sensitizing apoptosis-resistant cells to 

undergo cell death. 
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b. Implications 

In the work presented here, we focused on the role of one particular secondary 

bile acid, DCA, and its effects on colon cancer cells.  The DCA-induced mechanisms can 

be prevented when individuals choose to alter their dietary habits, consume a healthful 

diet that is not high in fat.  Nonetheless, the work presented provides insight into 

mechanisms that cells can utilize to adapt and survive in different stress environments.   

Additionally, the work presented, especially in Chapter 5, suggested that the 

plasma membrane can have significant impact on cellular signaling.  Many studies report 

that dietary fatty acids can be incorporated into the plasma membrane of cells [84].  Since 

DCA is a cholesterol derivative, it has been suggested that it can incorporate into the 

plasma membrane and induce the effects that we observed above.  Other dietary fats, 

however, can also be incorporated into plasma membrane of cells.  For example, n-3 

polyunsaturated fatty acids (PUFA) can be incorporated into plasma membrane of cells 

and modulate the function of membrane-bound proteins and receptors, which may 

actually account for some of the beneficial effects of n-3 PUFA. 

The data presented here revolved around the DCA-mediated functions through the 

IGF-IR.  Given its role in proliferation and survival mechanisms, the IGF-IR has recently 

emerged as an attractive target for anti-cancer therapeutic strategies.  In light of data 

presented in Chapter 5, however, it is important to understand the cell is a very dynamic 

entity that can utilize one protein or pathway for contradictory functions depending on 

the cellular context, such as the composition of the plasma membrane or cholesterol level 

in the plasma membrane.  We have observed that IGF-IR can protect cells from DCA-
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induced apoptosis in cell lines that express caveolin-1.  When caveolin-1 levels were 

significantly knocked down in an isogenic cell line, IGF-IR facilitated DCA-induced 

apoptosis.  This is controversial since the majority of literature suggests that IGF-IR 

conducts anti-apoptotic functions.  This highlights the significance of understanding the 

genetic background of a tumor prior to recommending a course of anti-cancer therapies.  

For example, if the work presented here is clinically relevant and applicable, what would 

happen if an anti-IGF-IR therapy was given to a patient whose tumor expressed low 

levels of caveolin-1?  According to our data, it is possible that the anti-IGF-IR drug 

would actually help the cancer cell become more resistant to undergoing cell death, 

which is the opposite of the intended effect.  Further investigation is required in order to 

characterize our observations in a clinical setting, which can ultimately help develop 

individualized therapeutic strategies that would be effective given the genetics of the 

tumor and the cancer patient.  

In addition, our observations of the role of caveolin-1 in dictating the function of 

the IGF-IR adds more complexity to the controversial debate of whether caveolin-1 

exhibit tumor suppressor or tumor promoting functions, which was discussed in Chapter 

1.  According to our data, caveolin-1 increased the cell’s ability to withstand the 

cytotoxic effects of DCA.  Thus, we suggest that caveolin-1 may have the capacity to 

grant cells protection from DCA-induced apoptosis.  This would implicate caveolin-1 as 

a potential target for anti-cancer therapies. 

 Finally, autophagy intersects at the crossroad between cell death and cell survival.  

Our work demonstrated that autophagy provided protection from DCA-induced 
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apoptosis.  Understanding the molecular switches that cause autophagy to protect versus 

kill cells can present a number of valuable molecular targets that can help in sensitizing 

apoptosis-resistant cells.  Further studies are needed in this area to characterize the 

potential in exploiting autophagy to induce cell death in apoptosis-resistant cells.  

 

c. Future Directions 

Characterize the role of cholesterol in the DCA-induced mechanisms 

 We observed that DCA disrupts cholesterol distribution at the plasma membrane 

differently in a caveolin-1 dependent manner (Figure 40). Since cholesterol has been 

demonstrated to significantly affect the signaling of receptor tyrosine kinases, particularly 

the IGF-IR, we propose experiments to determine the role of cholesterol in the DCA-

mediated effects.  Initially, we propose to measure cholesterol levels in HCT116-Mock 

and –Cav1-AS cells in the presence and absence of DCA. 

In addition, we propose to conduct experiments that modulate cholesterol levels at 

the plasma membrane.  Cholesterol in the plasma membrane can be modulated through 

several strategies, however, we propose to use methyl-β-cyclodextrin (MβCD), which is 

an agent commonly used to sequester cholesterol and disrupt lipid rafts, and therefore can 

be used to identify specific functions that cholesterol can mediate.  Some of the 

experiments that we propose to conduct are: 

1. Determine the effects of modulating cholesterol levels on DCA-induced 

apoptosis in HCT116-Mock and –Cav1-AS. 
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2. Evaluate the impact of cholesterol on the DCA-induced endocytosis of the 

IGF-IR and other plasma membrane-bound receptors and proteins. 

3. Characterize the cholesterol-dependent DCA-induced signaling pathways, and 

how modifying cholesterol levels at the plasma membrane affects the 

signaling induced by DCA. 

4. Using sucrose gradient fractionation, we can understand the effects of 

cholesterol on the IGF-IR localization to lipid rafts or caveolae domains, and 

how the IGF-IR localization within specialized plasma membrane 

microdomains can alter the signaling and functions of the IGF-IR. 
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Figure 40. Filipin staining in HCT116-Mock and HCT116-Cav1-AS. 
Cells were serum starved overnight, followed by treatment with DCA or CA at 250 μM 
for 4 hours, followed by filipin staining as described in Chapter 2.  Arrows indicate the 
different cholesterol distribution between control and CA (smooth filipin staining) and 
DCA (aggregation of filipin staining). 
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Characterize the specific mechanisms through which DCA induces endocytosis 

 Further studies are required to understand the specific mechanisms through which 

DCA induced the endocytosis of IGF-IR.  We demonstrated that DCA induced the 

endocytosis of IGF-IR in dynamin dependent mechanisms, through both clathrin-

mediated and caveolar mediated mechanisms.  We observed that DCA induced the 

activation of MDM2 E3 ligase activity (Figure 22 B), which has been shown to interact 

with β-arrestin, ubiquitinylate the IGF-IR, and induce its endocytosis through a clathrin-

mediated mechanism [136].  More mechanistic studies unraveling how DCA induces the 

phosphorylation of MDM2 are required.  In order to determine the specific role of 

MDM2 in the DCA-mediated endocytosis of IGF-IR, we propose to use siRNA to 

knockdown important players involved in the MDM2-mediated endocytosis. 

 In addition, we demonstrated that DCA induced caveolar endocytosis, and 

speculated that it did so by disrupting the dynamic balance between cholesterol and 

glycosphingolipids in caveolae membrane domains, thereby inducing caveolar 

endocytosis.  Mechanistic studies delineating the contribution of cholesterol and 

glycosphinglipids are required.  We proposed studies to evaluate the role of cholesterol in 

the DCA-mediated endocytosis of IGF-IR above.  In addition, modulation of gangliosides 

levels in the plasma membrane can shed light on the mechanisms through which DCA 

induces caveolar endocytosis.  We have determined that DCA modulated levels of 

gangliosides at the plasma membrane (see Appendix B).  However, further studies are 

required to understand the impact on this DCA-mediated modulation of gangliosides on 

the DCA-induced endocytosis and other effects.  Modulation of gangliosides can be 
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conducted through different strategies.  We propose exogenous addition of specific 

gangliosides as well as use of D-PDMP, which would disrupt the synthesis of 

gangliosides in cells. 

 Further, since the effects of DCA observed here may not specific to IGF-IR, we 

anticipate that DCA would also induce the endocytosis of other membrane-bound 

proteins and receptors.  It would be useful to understand the specificity, if any, of the 

DCA-induced endocytosis.  For instance, DCA has been implicated in promoting 

metastatic phenotypes.  It would be valuable to examine the effects of DCA on the 

endocytosis of adhesion proteins, such as integrins or E-cadherin for example.  The 

DCA-mediated mechanisms, therefore, may have far reaching consequences that can 

affect multiple cellular processes that are important in various stages of carcinogenesis. 

 

How caveolin-1 regulates DCA-induced signaling and prevents p38 activation 

 We have demonstrated that DCA induced the activation of p38 only when 

caveolin-1 was knocked down, which suggested that caveolin-1 played a role in 

coordinating signaling molecules that inhibited the activation of p38.  Therefore, when 

caveolin-1 was knocked down, DCA was able to induce the p38 activation.  We 

demonstrated that p38 served as a mediator of DCA-induced apoptosis in cells.  Thus, it 

would be valuable to understand how caveolin-1 regulates the activation of p38.  The 

IGF-IR can interact with 14-3-3, which modulates the activity of ASK-1, which is known 

to regulate p38 activation.  To determine whether ASK-1 is playing a role in the DCA-

induced activation of p38, we propose to transfect dominant negative ASK-1 [179] in 
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cells.  In addition, we propose to perform co-immunoprecipitation studies to identify the 

interactions that take place between IGF-IR, caveolin-1, 14-3-3, ASK-1, and p38.   

 

Characterize the role of p38 in DCA-induced apoptosis. 

 We have demonstrated that DCA causes cells to die via its activation of the p38 

pro-apoptotic pathway.  In order to further characterize the role of p38 in DCA-induced 

apoptosis, we propose to obtain and transfect dominant negative p38 to further 

characterize the role of p38 in the DCA-mediated cell death. 

  

Characterize the mechanism and role of DCA-induced autophagy 

 Autophagy is a highly dynamic cellular process.  We have shown that DCA-

induced autophagy provided protection from cell death in DCA-resistant cells.  Studies 

are needed to understand the DCA-induced signaling events that can lead to the 

activation of autophagy.  In addition, characterizing the mechanisms through which 

autophagy protects against DCA-induced apoptosis could help us develop novel 

strategies and molecular targets to inhibit the protective autophagic process.  Further, 

studies are required to elucidate the mechanisms that control the cellular consequences of 

autophagy.  Depending on the cellular context, autophagy can serve as a cell survival as 

well as a cell-death mechanism.  Understanding how autophagy can potentially lead to 

both cell survival and cell death may permit us to develop strategies to exploit autophagy 

to kill apoptosis-resistant cells. 
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Characterize the effects of DCA, caveolin-1, and IGF-IR in mouse models. 

 Previously, mouse models have demonstrated that exposure to Western-style Diet 

alone is sufficient to induce whole crypt dysplasias [28].  Also, azoxymethane-treated 

mice fed with a diet enriched with DCA developed a significantly higher number of 

aberrant crypt foci (ACF) compared to azoxymethane-treated mice fed a control diet 

[183].  In order to translate our in vitro observation in a mouse model, we decided to 

focus on two questions, a) Does caveolin-1 affect the tumor promoting properties of DCA 

in mice? and b) Does IGF-IR play a caveolin-1-dependent dynamic role in the tumor 

promoting effects of DCA? 

To answer these questions, we propose to use B6.Cg-Cav1tm1MIs/J, which is a 

caveolin-1 knockout model, and the C57BL/6J wildtype mouse.  These mouse models are 

available for purchase from The Jackson Laboratory (Bar Harbor, Maine).  Both groups 

of mice will be treated with AOM and fed with a diet enriched in DCA (as described 

previously in [183]).  In addition, to evaluate the caveolin-1 dependent functions of IGF-

IR in mice, we will use small molecule IGF-IR inhibitors.  The effectiveness of several 

small molecule IGF-IR inhibitors has been characterized in mice.  We propose to use 

GSK1904529A (administered orally) [184] or EM164 (administered with i.v. lateral tail 

vein injections) [185]. 

As an endpoint, we will quantify the number of ACF and adenomas in the colons 

of mice induced by the DCA-enriched diet in the different mice groups.  We will quantify 

both ACF and adenomas because the use of ACF as a surrogate endpoint for colorectal 

adenoma has been recently criticized [186].  However, it remains a topic of debate [187].  
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Thus, for our mouse studies, we decided to measure both endpoints.  These experiments 

will help us determine the roles of caveolin-1 and IGF-IR in the tumor promoting effects 

of DCA. 

Upon completing the studies proposed above, it would also be valuable to test the 

effects of diets enriched with different types of dietary fats.  For example, we can 

determine the effects of n-3 PUFA-enriched diets on the DCA tumor promoting 

properties and whether the potentially protective effects of n-3 PUFA would be 

dependent on the status of caveolin-1. 
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APPENDIX A: OVERALL SUMMARY OF DCA-INDUCED MECHANISMS 

 

 
Figure 41. Overall Summary of DCA-Induced Mechanisms. 
As discussed in Chapter 1 and demonstrated throughout the dissertation, DCA induced 
pleiotropic effects on cells and modulated multiple signaling pathways and cellular 
mechanisms.  This model incorporates data presented in this dissertation, as well as 
unpublished and published data.  For reference, chapter numbers and/or select reference 
numbers are indicated. 
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APPENDIX B: LIST OF MANUSCRIPTS 

 

Sherif S. Morgan, Zuohe Song, and Emmanuelle J. Meuillet.  Deoxycholic Acid-

Induced Apoptosis is Mediated via the Insulin-Like Growth Factor-I Receptor/p38 

Pathway in a Caveolin-1-Dependent Manner in Colon Cancer Cells.  Molecular 

Carcinogenesis (submitted). 

 

Jean-Louis S, Morgan SS, Guerold B, Crémel G, Meuillet EJ.  Deoxycholic acid-

induced signaling is mediated through modulation of glycosphingolipids. Experimantal 

Cell Research (submitted). 

 

Comer S, Song Z, Jean-Louis S, Morgan SS, Meuillet EJ. Deoxycholic acid 

downregulates EphB2 expression in human colorectal cancer cells: protective role of 

cholecalciferol. Nutrition and Cancer (in preparation). 
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