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ABSTRACT 

Colon cancer is the second leading cause of cancer deaths in the United States of 

America. It is caused by the accumulation of mutations in tumor suppressors and 

oncogenes. The APC tumor suppressor is mutated in most diagnosed cases of colorectal 

cancer. Mutations in the K-RAS oncogene occur at later stages of colon cancer 

progression. In the present study, the transcriptional regulation of a novel target of these 

two genes, caveolin-1, was studied.  Caveolin-1 is transcriptionally regulated by the APC 

tumor suppressor gene, via induction of its inducer, FOXO1 and the suppression of its 

transcriptional repressor, C-MYC. An activated K-RAS oncogene induces caveolin-1 

transcription via activation of the P-I3 Kinase pathway.  In addition to transcriptional 

regulation of caveolin-1, the influence of caveolin-1 expression on cellular phenotypes 

like signal transduction and polyamine uptake were assessed. The present studies 

demonstrate that caveolin-1 expression affects basal levels of AKT and ERK signaling, 

with an increased signaling associated with caveolin-1 expression in these colon tumor-

derived cells. In addition, caveolin-1 expression positively affects signaling in response 

to an inflammatory stimulus like TPA. Interestingly, caveolin-1 expression leads to a 

decrease in the uptake of pro-tumorigenic molecules like polyamines, in the colon cell 

lines tested. Taken together, the data from this study suggests that caveolin-1 is 

transcriptionally regulated by the APC and the K-RAS gene at different stages of 

colorectal tumorigenesis and this in turn, leads to different phenotypes influenced by 

caveolin-1 expression.  
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CHAPTER 1  REVIEW OF LITERATURE 

 

Introduction:  

Cancer is the aberrant proliferation of normal cells in the body [1]. It is a major cause of 

mortality in developed and under-developed nations. As much as ninety-five percent of 

all cancer deaths result from cancers of the colon, esophagus, prostate (in men), breast 

and ovary (in women), bladder, lung, liver and pancreas [2, 3]. What these cancers have 

in common is that they all originate in tissues derived from the epithelium. Although the 

epithelia in these tissues have distinct characteristics, they share some common properties 

like high rate of cell turnover (proliferation and apoptosis), polarity (the epithelia in these 

tissues possess functionally distinct apical and baso-lateral membranes), and an epithelial 

pavement which separates organ-specific luminal fluids from interstitial fluid and blood 

[2]. The high rate of cell turnover in the epithelium is one of the major characteristics, 

thought to confer their cancer proclivity characteristics. 

 

Colorectal Cancer: 

Colorectal cancer is the fourth most common cancer, and the second leading cause of 

cancer deaths in the United States of America [4]. The National Cancer Institute predicts 

that there will be about 112,340 diagnosed cases of colorectal cancer in 2007, of which 

about a half will succumb to it [5]. Thus, the molecular causes of colorectal cancer need 

to be unraveled, to develop better preventative and therapeutic strategies. Like most 

cancers, colorectal cancer results from an accumulation of genetic and epigenetic changes 



 15

that leads to the transformation of the normal colonic epithelium into an adenocarcinoma. 

The transformation of the normal epithelium to neoplastic cancerous tissue occurs in a 

multi-step process, both morphologically and at the molecular level [6]. Cancer 

development can be divided into three distinct stages: initiation (genetic alterations in 

cells), promotion (clonal expansion of initiated cells) and progression (irreversible 

transition to an aggressive tumor) [7]. An inactivating mutation in the tumor suppressor 

gene, Adenomatous Polyposis Coli (APC) is often considered to be an initiating mutation 

in colorectal carcinogenesis [8]. It is mutated in as many as 85% of all colon cancer 

cases. The remaining 15% cases usually show a mutation in the β-catenin gene as an 

initiating mutation in colorectal cancer [9]. The APC and the β-catenin genes form a part 

of a signaling pathway called WNT signaling, important in epithelium development [10]. 

Mutations in either of these genes result in similar physiological effects. The genetic 

alterations which accompany the different stages of cancer progression usually confer a 

survival advantage to the cells, and lead to genetic instability, both of which are 

considered hallmarks of cancer cells [1, 11]. From the occurrence of the first APC 

mutation, it usually takes about 20-40 years to develop invasive and metastatic cancer 

and genetic instability develops during this progression stage [11, 12]. During this period, 

other pro-survival mutations in genes like the K-RAS oncogene, or the p53 tumor 

suppressor gene, are accumulated in the initiated cells, which finally culminate into fully 

blown cancer [13].  
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Hereditary and Sporadic Colorectal Cancer Syndromes: 

About 75% of all diagnosed cases of colon cancer occur sporadically, whereas the 

remaining 25% of colon cancers occur because of inherited genetic syndromes [5]. The 

two most common forms of inherited syndromes which lead to colorectal cancer are 

Familial Adenomatous Polyposis (FAP) and Hereditary Non-Polyposis Colorectal Cancer 

(HNPCC). FAP is a highly penetrant autosomal dominant disorder, caused by a germline 

mutation in the APC gene, located on chromosome 5q21 [14]. The APC protein is a 

central player in WNT signaling pathway, and controls the degradation and nuclear 

localization of the oncogenic transcription factor, β-catenin [15]. The WNT signaling 

pathway controls the expression of oncogenes like C-MYC and CYC D1 [15]. Several 

attenuated variations of the FAP syndrome, which differ in their severity, exist, such as 

Gardner syndrome, Turcot syndrome and attenuated adenomatous polyposis coli (AAPC) 

[15]. Majority of the inherited APC mutations (>90%) are non-sense or frameshift 

mutations, which lead to truncated forms of the protein. The loss of the other functional 

copy of the APC gene provides a survival advantage to cells, leading to uncontrolled 

proliferation. It should be mentioned here that somatic mutations in the APC gene play a 

significant role in the development of sporadic colon cancers (as much as 80%) [16]. 

HNPCC or Lynch syndrome, is the most common form of hereditary colorectal cancer 

[17]. It is inherited in an autosomal dominant fashion. Mutations in five mismatch repair 

genes (MMR) have been implicated in the pathogenesis of HNPCC; hMSH2 on 

chromosome 2p, and hMLH1 on chromosome 3q are the most common ones. Other less 

commonly implicated genes are hPMS1, hPMS2, hMSH3 and hMSH6 [18]. The DNA 
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MMR proteins recognize sequence errors and repair them. Mutations in both copies of 

the MMR genes lead to an accumulation of sequence errors, predominantly in short 

segments called microsatellites (e.g.—G-C-G-C-G-C-). Thus, patients with HNPCC 

characteristically exhibit microsatellite instability (MSI) [19].  

 

Pathways of Genetic Instability in Colon Cancer: 

It has been suggested that cancer develops because of accrual of genetic changes in a 

normal cell [20]. Despite their origin (hereditary or sporadic), all colon cancers exhibit 

the property of genetic instability. Genetic instability is one of the hallmarks of cancer. 

Lengauer et al have reported three frequently occurring types of genetic instabilities in 

colon cancer, microsatellite instability or MIN (also referred to as MSI), chromosomal 

instability or CIN (aneusomy, gain or loss of chromosomal regions), and chromosomal 

translocations. [21]. Almost all diagnosed cases of colorectal cancer exhibit the CIN or 

the MIN genotype, indicating that genetic instability is integral to colon cancer 

development. There also exists an inverse relationship between MIN and CIN colorectal 

cancers: MIN cancers are normally diploid and show normal rates of gross chromosomal 

aberrations, whereas CIN cancers are aneuploid and show increased rates of 

chromosomal losses or gains [21, 22]. Usually, 15% of all diagnosed cases of colorectal 

cancers show the MIN phenotype [23].  

As previously described, the MIN phenotype is observed in cancers which have a defect 

in the mismatch repair system. Studies in cancer cells with defects in MMR have 

revealed that recognition of base-base mismatches or insertion-deletion loops are usually 
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performed by hMSH2/hMSH3 or hMSH2/hMSH3 dimers. The hMSH2/hMSH3 

heterodimers preferentially recognize insertion-deletion loops and thus, loss of hMSH3 

cannot be compensated for by hMSH6. Consequentially, colorectal cancers arising from 

loss of hMSH6 usually show MIS in mononucleotide repeats [24-26]. The hMLH1, 

hPMS1 and hPMS2 genes are involved in the repair of base-base mismatches and 

insertion-deletion loops (23-25). 

The remaining cases of colorectal cancers show the CIN phenotype. These cancers show 

an accelerated rate of chromosomal losses [21]. CIN can contribute to an increased rate 

of loss of heterozygosity (LOH), which is considered an important mechanism of tumor 

suppressor inactivation. Several genes have been shown to lead to the CIN phenotype in 

yeast, and most of them have human homologs [27]. These genes are usually involved in 

kinetochore structure and function, centrosome and microtubule formation and behavior, 

chromosome condensation, sister chromatid cohesion, and cell cycle checkpoint control 

[27]. There are three classes of CIN genes: Class I (where inactivation or loss of one 

allele is sufficient to trigger CIN, eg, MAD1), Class II (where mutation in one allele is 

sufficient to exert an effect, eg, hBUB1), and Class III (where inactivation or loss of both 

alleles are necessary to exert a phenotype, eg, BRCA1) [28].  Figure 1.1 illustrates the 

different pathways of colorectal cancer progression 
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CIN Pathway 

CIN gene mutation, e.g. BUB1 

TGFβRI I/ TP53 K-RAS mutation  mutation  APC mutation  

 

Figure 1.1 Pathways of colorectal cancer progression [Adapted and redrawn from 
references [28] and [29]] 
 

 

 

 

 

 

 

 

 

MIN Pathway 

APC/ β-catenin mutation  TGFβRII/ MSH3/ MSH6 K-RAS/BRAF1  mutation  mutation  
MMR inactivation 
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Most MIN cancers develop mutations in oncogenes like the K-RAS oncogene [30]. The 

K-RAS GTPase protein is targeted to the plasma membrane, and initiates signaling 

pathways which lead to growth and proliferation.  

 

Lipid Rafts: Specialized Membrane Microdomains In The Plasma Membrane: 

Cancer development and progression requires genetic alteration within a cell, which in 

turn; affect cellular organelles like the endoplasmic reticulum, the Golgi, the nucleus, the 

mitochondria, the lysosomes and the plasma membrane. The plasma membrane regulates 

many aspects of cancer progression including immune evasion, migration and 

proteolysis, and signal transduction [31]. Traditionally, the plasma membrane was 

thought to be “fluid mosaic”, in the model of Singer and Nicholson in 1972 [32, 33]. 

They proposed that the plasma membrane was composed of homogenously distributed 

lipids, the lipid bilayer. The plasma membrane had proteins embedded in these lipids, and 

these proteins were thought to be capable of lateral movement within the membrane [34]. 

However, this opinion has changed in the past two decades, and the consensus now is that 

the plasma membrane is not uniform. It consists of : 

a) a liquid disordered state forming a bulk of the plasma membrane. This state is 

relatively fluid and less rigid. 

b) a liquid ordered state, which exists in specialized microdomains.  

These specialized domains are called lipid rafts (32). Lipid rafts are unique in that they 

show a high content of glycosphinglipids, sphingomyelin and cholesterol, as compared to 

the rest of the plasma membrane [35, 36]. They can be considered as dynamic assemblies 
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of cholesterol and sphingolipids, wherein cholesterol molecules help packaging of 

sphingolipid molecules [37]. These domains can selectively incorporate or exclude 

molecules and thus, are highly enriched in various molecules responsible for signaling, 

trafficking and transcytosis. A proteomics study carried out by Foster et al has revealed a 

significant amount of specificity of molecules, which cluster in these areas [38]. They 

have broadly classified these molecules into raft proteins (commonly found in ALL lipid 

rafts), raft-associated proteins (proteins which tend to associate with lipid rafts in cells) 

and non-specific proteins. Table 1.1 enlists these proteins.  

Lipid rafts are differentiated from the rest of the plasma membrane, based on their 

detergent insolubility [34]. When the plasma membrane of cells is extracted with the non-

ionic detergent Triton X-100 at 4°C, only a small proportion of the membrane 

components get solubilized [39]. The non-soluble fraction usually consists of cholesterol-

sphingolipid enriched domains and corresponds to the lipid raft fraction. Because of their 

detergent insolubility, lipid rafts are often referred to as detergent resistant membranes 

(DRMs). This property has been exploited in the separation of lipid rafts from the rest of 

the plasma membrane. Typically, a cell homogenate prepared in Triton X-100 and 45% 

sucrose is layered at the bottom of a centrifugation tube, This is followed by a 

discontinuous gradient of 35% and 5% sucrose. Isopycnic centrifugation of the lysate 

results in separation of the lipid raft fraction, from the rest of the plasma membrane 

components because of their increased buoyant density. A set of proteins which 

commonly localize to lipid rafts are GPI (glycosyl-phosphatidyl-inositol)-anchored 

proteins [34]. The GPI anchor is a highly hydrophobic moiety, which acts as a lipid raft  
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Table 1.1 Lipid raft-specific and lipid raft-associated molecules  
[From reference [38]] 

LIPID RAFT PROTEINS LIPID RAFT-ASSOCIATED 
PROTEINS 

Lyn Tyrosine Kinase Caveolin-1  

CD55 V-ATPase A 

Folate Receptor V-ATPase B 

Flotillin 1 V-ATPase C 

YES Tyrosine Kinase RalA 

Stomatin MEK Binding Partner 1 

ULBP3 Talin 

SNAP-23 HSP-90β 

G protein subunits Chromosome 8 ORF 2 
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targeting signal for several proteins [40]. They are considered as traditional marker 

proteins for lipid rafts. In the early 1990s, Brown and Rose were the first to show that 

GPI-anchored proteins associate strongly with cholesterol-sphingolipid membrane 

microdomains in a Triton X-100 extraction, establishing them as markers of these 

membrane microdomains [41].  

For the longest time, the existence of lipid rafts was disputed by scientists. This was 

because their method of detection was largely based on the indirect approach of Triton-X 

insolubility (37). Also, visualization of lipid rafts was almost impossible in live cells. 

Thus, the existence of lipid rafts remained highly controversial till the early 1990s. 

However, with techniques like antibody patching and immunofluorescence microscopy, 

or immonoelectron microscopy, it became possible to establish protein localization in 

lipid rafts, and lipid raft components [42, 43]. Nowadays, with specialized microscopy 

techniques like photonic force microscopy, it is possible to measure the diffusion 

constant and size of individual lipid rafts in live cells [44].  

Because of their ability to incorporate or exclude proteins, lipid rafts can govern protein-

protein and protein-lipid interactions. It is not surprising that these rafts perform diverse 

functions in biological systems. 

Lipid Rafts and Signal Transduction:  

Lipid rafts can serve to control signal transduction because of their ability to bring 

signaling molecules together. It is a well-established fact, that in the case of receptor 

tyrosine kinase signaling, binding of an extra-cellular ligand leads to recruitment of  
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Table 1.2 Signaling Molecules Localizing To Lipid Rafts 
[Adapted from reference [45]] 

 

Receptor Tyrosine Kinases EGF Receptor 
 Insulin Receptor 
 EphrinB1 Receptor 
 Neurotrophin 
 GDNF 
GTPases H-RAS 
Receptors T-Cell Receptor 
 B-Cell Receptor 
Enzymes eNOS 
Adhesion Molecules Integrins 
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adaptors, scaffolds and enzymes on the cytoplasmic side of the cell.  Conceptually, lipid 

rafts can serve as concentrating platforms to bring all the signal transduction molecules 

together in a controlled fashion. Also, non-tyrosine kinase molecules also cluster to lipid 

rafts. Some of the commonly known signal transduction molecules found in lipid rafts are 

enlisted in Table 1.2.  The T-cell receptor signaling module is the most well-studied lipid 

raft-controlled tyrosine kinase signaling cascade. During T-cell activation, antigen-

presenting cells (APCs) present foreign peptides in conjunction with self-MHC (major 

histocompatibility complex) molecules to the T-cell receptor (TCR). This leads to 

recruitment of ZAP70 and Lyn to lipid rafts, and subsequent T-cell activation [46]. An 

example of a non-tyrosine kinase signaling cascade involving lipid rafts is through the 

RAS GTPase. The two RAS isoforms, H-RAS and K-RAS are almost identical in 

sequence, but differ in their signaling properties [47]. K-RAS has a polybasic region, 

responsible for plasma membrane localization. In contrast, H-RAS is palmitoylated and 

therefore, likely to partition to lipid rafts. Roy et al showed that lipid raft integrity is 

crucial for H-RAS, but not K-RAS signaling [47].  

Lipid Rafts and Control of Cell Surface Proteolysis:  

The uPAR receptor is localized in lipid rafts in melanoma cells. Treatment of these cells 

with cholesterol sequestering agents like nystatin or fillipin, which disrupt lipid rafts, 

leads to a decrease in uPAR activity indicating that raft integrity is critical in uPAR 

functioning [48]. Another example of lipid raft-controlled extra-cellular proteolysis is 

seen in the case of blood clotting. This process involves tissue factor (TF) and the serine 

protease factor V11a. Blood clotting involves the formation of an active complex 
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between TF and factor VIIa. This complex, in turn, is controlled by the binding of various 

inhibitor components. The controlled proteolysis by the TF-VIIa complex is governed by 

the binding of inhibitor factors through lipid rafts [49].   

Lipid Rafts and Endocytic Trafficking:  

Traditionally, endocytic trafficking was considered to be mediated via clathrin-coated 

pits. However, over the past twenty years, other routes of endocytosis have been 

discovered. [50]. They are differentiated on the basis of their requirement of the GTPase, 

dynamin, and are broadly classified as dynamin-dependent and –independent [51]. These 

various endocytic routes are responsible for the uptake of different cargo. Also, the same 

cargo might be internalized via different routes in different cell types. Several 

observations link clathrin-independent endocytosis to lipid raft dependent uptake. First, 

molecules which are NOT internalized via clathrin-coated pits, seemed to be enriched in 

lipid rafts, indicating that their internalization might be lipid rafts dependent [50]. 

Second, pharmacological depletion of membrane cholesterol disrupts lipid rafts and 

prevents molecules from localizing there. This inhibits the uptake of molecules, which 

would have otherwise been internalized via these membrane micro-domains [50].  A 

well-studied paradigm of lipid raft-dependent uptake is the internalization of B-cell 

receptor- (BCR) bound antigens. The BCR-antigen complex is rapidly translocated to 

lipid rafts and internalized to initiate BCR signaling [52]. This uptake process is crucial 

in B cell activation. Various bacterial and viral pathogens also establish infections via 

entry through lipid rafts [53].  Various bacterial toxins also employ lipid raft endocytosis 

for delivery to target organelles. A well-studied example is the cholera toxin. The sub-
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unit B of the cholera toxin binds to its receptor ganglioside GM1, which localizes to lipid 

rafts. Internalization of the toxin-GM1 complex leads to delivery of sub-unit A, which 

possesses the ADP-ribosylating activity. 

 

Caveolae – A unique subset of lipid rafts 

In the plasma membrane of a cell, lipid rafts can exist as native lipid rafts, or they can be 

clustered through adjacent cellular proteins, or they can exist as specialized cell surface 

invaginations called caveolae. The caveolae are specialized flask-shaped invaginations 

found on the plasma membrane. They were independently identified by E. Yamada in  

the heart endothelium (he called them plasmalemmal vesicles), and by G.E. Palade in the 

gall bladder epithelium (he called them caveolae intracellulaire) [54].   These flask-

shaped invaginations are about 50-100 nm in diameter and are abundant in terminally 

differentiated cells [55]. Caveolae are present in most cell types, with a few exceptions 

like red blood cells, platelets and lymphocytes [56].  They are especially abundant in 

adipocytes, where they can cover as much as 20% of the total plasma membrane. [57]. It 

was initially difficult to characterize caveolae, since most techniques of isolation 

depended on Triton X-100 extraction, and this method does not distinguish between lipid 

rafts and caveolae. However, with the advent of electron microscopy, it has now become 

possible to visualize caveolae with double label immuno-electron microscopy [58]. Using 

cholesterol-binding probes, several groups have demonstrated that, like lipid rafts, 

caveolae have a high cholesterol content [59]. Caveolae are also enriched in 

sphingolipids, ceramides and gangliosides, indicating that their lipid profiles are very 



 28

similar to lipid rafts. Inspite of the overlap in biochemical composition of lipid rafts and 

caveolae, these membrane microdomains cannot be regarded the same. Although some 

protein localize to both lipid rafts and caveolae (like flotillin-1), several proteins have a 

propensity to localize to lipid rafts, whereas some proteins preferentially localize to 

caveolae. Among the proteins whose localization is unique to caveolae, are a family of 

proteins called caveolins.  

 

The Caveolin Gene Family: 

There are three members in the caveolin gene family, CAV1 (encoding caveolin-1), CAV2 

(encoding caveolin-2) and CAV3 (encoding caveolin-3) [57, 60]. Caveolin-1 and 

caveolin-2 have two (α and β for caveolin-1) and three (α, β and γ for caveolin-2) 

isoforms respectively [61, 62]. All three caveolins are highly conserved from lower 

vertebrates to humans [63]. Caveolin-1 and caveolin-2 are co-expressed in all tissues, 

except striated muscle and cardiac muscle [62]. In the heart and in striated muscle, 

caveolin-3 is expressed and performs the functions of caveolin-1 and caveolin-2 [60, 64]. 

It needs to be mentioned that level and type of caveolin protein expression also depends 

on the degree of cell differentiation, especially in the case of muscle cells (57,61). 

Among the three isoforms, caveolin-1 is necessary and sufficient for the formation of 

caveolae [65, 66]. Caveolin-2 is co-expressed with caveolin-1, and heterodimerizes with 

caveolin-1 in caveolae formation. It, by itself, is insufficient to drive caveolae formation 

[67]. Caveolin-3 is exclusively expressed in tissues lacking the other two isoforms, and is 

sufficient to drive caveolae formation [68].  
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Caveolin-1 was the first protein of the family to be discovered. It was originally 

identified as a substrate of the Rous sarcoma virus tyrosine kinase in cellular 

transformation [69].  Rothberg et al then showed that caveolin-1 localizes to specialized 

membrane microdomains called caveolae, in Rous sarcoma virus transformed chicken 

fibroblasts [70]. Another group subsequently identified caveolin-1 as a major component 

of vesicles, derived from the trans-Golgi network, in epithelial cells. They termed the 

protein VIP21 (vesicular integral membrane protein, with a molecular weight of 21 kDa). 

Hence, caveolin-1 is also referred to as VIP21 [71]. Using fluorescent in situ 

hybridization (FISH), the human CAV1 gene was mapped to chromosome 7q31.1 by 

Engelman et al [72]. The caveolin-1 protein is about 178 amino acids and the isoforms 

differ by about 3 kDa [62]. The β is the shorter isoform, and starts from amino acid 

residue 32 (which is a methionine residue and provide and alternate open reading frame 

for the translation of the shorter isoform). Caveolin-1 is localized to the plasma 

membrane caveolae, in such a way, that both the N- and C-terminal of the protein face 

the cytosolic side. The intervening hydrophobic (lipid soluble) trans-membrane domain 

between these two termini form a hairpin loop, which is inserted into the plasma 

membrane. The intermediate region does not span the plasma membrane completely, and 

this feature of caveolin-1 gives it a unique structural association with caveolae. Figure 1.2 

shows how caveolin-1 forms an oligomer in caveolae. The caveolin-1 protein has several 

distinct domains and amino acid residues which control several aspects of the protein 

function. Figure 1.3 shows the various domains/residues of caveolin-1 and their 

functions: 
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Figure 1.2 Caveolin-1 oligomers in caveolae formation [Adapted from reference 
[73]] 
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Figure 1.3 Different Domains of Caveolin-1 Protein [Adapted from reference [74]] 
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Tyrosine residue 14: This residue is the site for tyrosine phosphorylation by the SRC 

family of tyrosine kinases, and leads to the internalization of caveolin-1 and subsequent 

loss of caveolae.  

Cysteine residues 133, 143 and 156: These residues get palmitoylated during post-

translational modification [75]. The study by Dietzen et al revealed that palmitoylation is 

not a membrane localization signal for caveolin-1.  

Serine residue 80: This is a site for serine phosphorylation and subsequent secretion in 

certain endocrine cells [76].  

Transmembrane domain: This spans amino acid residues 102 through 134 and is the 

membrane-spanning domain. 

NH2-terminal membrane anchoring domain (NMAD): This includes residues 82 through 

101 and is essential for anchoring caveolin-1 to the plasma membrane [77, 78] 

COOH- terminal membrane anchoring domain (CMAD): This includes residues through 

135 and 50 and is also critical for anchoring caveolin-1 to the plasma membrane (72,73). 

Oligomerization domain: This spans the region between amino acid residues 61 and 101 

and is responsible for forming caveolin-1/caveolin-1 homodimers and caveolin-

1/caveolin-2 heterodimers [79].  

Scaffolding domain: This is a major regulatory domain of caveolin-1 and spans the 

region between residues 82 and 101. This domain can interact with various signaling 

molecules and regulate their functions [79]. Table 1.3 lists some of the molecules that can 

interact with caveolin-1 present in caveolae.  
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Table 1.3 Molecules that interact with caveolin-1 via its scaffolding domain [From 
Reference [80]] 
Receptor Tyrosine Kinases EGFR 

 PDGFR 

 P75 NGFR 

 TrkA 

Non-Receptor Tyrosine Kinases SRC 

 FYN 

GTPases H-RAS 

Serine-Threonine Kinases Protein Kinase C α 

 Protein Kinase A 

 MEK/ERK 

Enzymes eNOS 

 nNOS 
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The CAV2 gene was mapped to the same chromosome, as CAV1 by Engelman et al, and 

exist as a continuous locus [72]. As previously mentioned, its tissue distribution is 

identical to caveolin-1. However, it is incapable of forming caveolae independently [67]. 

It forms hetero-oligomers with caveolin-1 [79]. As regards function, there is severe 

nterstitial lung disease in caveolin-2 knock-out mice, indicating that caveolin-2 is 

necessary for pulmonary structure and function. This function appears to be independent 

of caveolae formation, since these mice show morphologically distinct caveolae [67]. 

The CAV3 gene was mapped to chromosome 3p25, by fluorescent in situ hybridization,  

by two independent groups [81, 82]. Its expression is limited to the skeletal and heart 

muscle (65). It is functionally similar to caveolin-1 and can interact with a number of 

signaling molecules [83]. Caveolin-3 is involved in muscle development [84]. The 

caveolin-3 protein forms a complex with dystrophin in the sarcolemma of smooth 

muscles and overexpression of caveolin-3 causes a syndrome similar to Duchenne’s 

muscular dystrophy [85]. Conversely, loss of caveolin-3 has been associated with other 

forms of muscular dystrophy syndromes like limb-girdle muscular dystrophy [81].  

 

Functions of caveolae and caveolin-1: 

Because of its ability to bind various signaling molecules, caveolin-1 performs a variety 

of functions in mammalian cells. The functions of caveolin-1 and caveolae can be 

classified into basically four sub-groups for simplicity: 

a) Vesicular Transport: Caveolae are a sub-set of lipid rafts, whose stabilization at 

the plasma membrane depend on the protein, caveolin-1 and its oligomerization 
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with other lipid partners [86]. These membrane invaginations are then 

endocytosed in a dynamin-dependent manner [50, 87, 88]. Once endocytosed, the 

budded caveolae can fuse with the caveosome in a RAB5-independent manner, or 

with the early endosome in a RAB5-dependent manner [86].  The caveosome was 

first defined by Helenius and Pelkmans as a distinct endosomal compartment 

which fuses with Simian Virus 40 (SV40) – positive caveolae [89]. The biggest 

distinguishing feature of the caveosome from other endosomal vesicles, is that it 

is negative for markers of clathrin-dependent endocytosis, such as early 

endosomal protein-1 (EEA1), and it has a neutral pH (early endosomes, late 

endosome and lysosomes have an acidic pH) [86]. The caveolae can then be 

recycled back to the plasma membrane, wherein the caveolin-1 lipid complexes 

are still maintained [86].  The caveolae carriers can also fuse back with the 

plasma membrane, with going through the intermediate fusion with the early 

endosome, or the caveosome [90]. This process is under stringent regulation. 

Caveolae are relatively stable cargo carriers, however, their endocytosis can be 

stimulated by the addition of sterols and glycosphingolipids [91].  Conversely, 

cholesterol depletion leads to a decrease in caveolar endocytosis [92]. This 

endocytic pathway requires the involvement of the GTPase dynamin, the SRC 

family of tyrosine kinases and Protein Kinase C (83).    As previously mentioned, 

the cellular localization of caveolin-1 is regulated by tyrosine phosphorylation at 

tyrosine residue 14 [93]. Upon phosphorylation by the SRC family of tyrosine 

kinases (and other non-receptor tyrosine kinases like c-ABL), caveolin-1 gets 
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internalized. This leads to a destabilization of caveolae and consequent 

internalization of molecules associated within caveolae. Thus, internalization via 

caveolae can be blocked with the use of tyrosine kinase inhibitors like genistein 

[50]. The reverse is also true. Protein phosphatase inhibitors like okadaic acid and 

vanadate can increase the internalization of caveolae, by increasing tyrosine 

phosphorylation at residue 14.   Thus, caveolae internalization might be regulated 

via reversible tyrosine phosphorylation.  Various cellular cargo autocrine motility 

factor, and albumin are internalized via caveolae [50]. Of special interest is the 

internalization of WNT3A-mediated internalization of LRP6 via caveolae. This 

process is crucial for regulating WNT signaling [94]. Pathogens like chlamydia, 

the Human Immunodeficiency Virus (HIV), SV40 and FimH-expressing E. coli 

are endocytosed via caveolae, indicating the importance of this uptake route in 

physiology and patho-physiology [53, 95]. It is speculated that pathogens follow a 

caveolar uptake route, to avoid degradation in the lysosomes. Several molecules 

can follow a clathrin-dependent or a caveolar uptake route. This is extremely 

important in deciding the fate of the receptor. The transforming growth factor β 

(TGFβ) receptor is an example of such a molecule. Internalization of the TGFβ 

receptor via a clathrin-dependent route promotes sustained signaling. This is 

because, molecules involved in receptor signaling like SARA and Smad2, are 

found in EEA1-positive endosomes. On the contrary, caveolar endocytosis of the 

TGFβ receptor leads to signal attenuation and receptor degradation, because 

molecules like Smad7 and Smurf2, which target the receptor for degradation, are 
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localized in caveosomes [96]. Thus, depending on the uptake route, a cell can 

manipulate signal transduction. Over the past few years, work done by several 

groups has suggested that caveolin-1 can act as a negative regulator of caveolar 

endocytosis, by stabilizing caveolae at the plasma membrane [50, 97].  

b) Cholesterol and Lipid Homeostasis: Cholesterol can regulate the synthesis of 

caveolin-1 in a cell. Caveolin-1, in turn, can affect cholesterol uptake and efflux. 

Bist et al were the first to show that caveolin-1 expression can be upregulated in 

response to cholesterol, through two sterol-regulatory element-like sequences in 

the caveolin-1 promoter region [98, 99].  Cholesterol can also affect the sub-

cellular localization of caveolin-1. It is a well-established fact that cholesterol 

depleting agents can cause caveolae to flatten and lead to caveolin-1 

internalization [70]. Caveolin-1 can affect the sub-cellular localization of 

cholesterol and its efflux. First, SR-BI, a high density lipoprotein receptor 

localizes to caveolae in human and murine cells, and is responsible for cholesterol 

uptake and transport to the endoplasmic reticulum [100, 101]. Caveolin-1 can 

then form a complex with cholesterol in the endoplasmic reticulum and help 

cholesterol transport to the plasma membrane [102]. Finally, it can control 

cellular cholesterol levels by governing cholesterol efflux [103]. 

c) Caveolin-1 and Cell Migration: Because of their ability to concentrate signaling 

molecules, caveolae play a significant role in cell migration. This is especially 

true in the case of endothelial cell migration. In migrating cells, caveolin-1 is seen 

at the leading edge of cells. It aligns with actin-rich stress fibers and  co-localizes 
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with the actin-binding protein, filamin [104]. The caveolin-1/filamin complexes 

can align with RHO-induced stress fiber formation. Caveolin-1 and the urokinase 

plasminogen-activated receptor (uPAR) can interact with β-1 integrins in caveolae 

[105]. This interaction regulates the activation of SRC and FAK kinases, and can 

regulate cell adhesion and migration. Loss of caveolin-1 leads to loss of focal 

adhesion complexes and impedes migration. Caveolae can also regulate the 

degradation of the extra-cellular matrix (ECM) via regulated secretion of 

proteases like matrix metalloproteases (specifically, MT1-MMP and MMP-2) 

[106]. Nitric oxide (NO) is a potent mediator of endothelial cell migration. It is 

derived from endothelial nitric oxide synthase (eNOS). Caveolin-1 can bind to 

eNOS in caveolae, and keep it in an inactive conformation. On provision of 

sufficient stimulus in the form of chemokines, there is disassociation of eNOS 

from the complex and generation of NO to mediate endothelial cell migration 

[107]. Thus, in this case, caveolin-1 controls migration via regulating eNOS-

generated NO. 

d) Caveolin-1 and Signal Transduction: Caveolae can control signal transduction by 

controlling the spatial and temporal localization of signaling molecules [108]. 

One way to imagine that is to speculate that in the absence of caveolae, signaling 

molecules are randomly distributed on the plasma membrane. However, 

introduction of caveolin-1 and subsequent caveolae formation, leads to clustering 

of molecules and leads to sustained and regulated signal transduction. This 

mechanism is very similar to that discussed in the section, pertaining to lipid rafts 
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and signal transduction. Another important role of caveolin-1 is to negatively 

regulate signal transduction. The scaffolding domain of caveolin-1, spanning 

residues 82-101 can interact with a variety of signaling molecules and keep them 

in an inactive conformation [109]. This is especially true for receptor and non-

receptor tyrosine kinase signaling, where absence of the ligand keeps the receptor 

bound to caveolin-1. However, on addition of the ligand, the receptor-caveolin-1 

interaction ceases and signal transduction can occur. Thus, loss of caveolin-1 can 

lead to aberrant signaling by growth factor receptors, a phenomenon which is 

commonly observed in several cancers.  

 

Caveolin-1 in Cancer Development – Tumor Suppressor or Oncogene: 

 The role of caveolin-1 in cancer development and progression has been a bone of 

contention among biologists. Initial studies in murine fibroblasts (NIH-3T3) cells showed 

that loss of caveolin-1 was sufficient to induce the transformed phenotype (anchorage-

independent growth and tumor formation in SCID mice) [110]. The same group also 

showed that expression of oncogenes like K-RAS, H-RAS, V-ABL and SRC were 

sufficient to reduce caveolin-1 expression in NIH-3T3 cells [111, 112]. Engelman et al 

showed that the CAV1 gene can be mapped to the D7S522 locus (chromosome 7q31.1), 

which is site commonly deleted in human cancers [72]. These findings strengthened the 

hypothesis that caveolin-1 functions as a potential tumor suppressor and its loss aids 

tumorigenesis. However, development of the caveolin-1 knock-out mice disproved the 

hypothesis, since these mice do not spontaneously form tumors, like other knock-out 
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mice models of classical tumor suppressors. However, when these knock-out mice where 

crossed with other tumor suppressor knock-out mice (INK4a knock-out), there seemed to 

be an increase in tumor formation in the double knock-outs, indicating that caveolin-1 

can syngergize with classical tumor suppressors and aid in their tumor suppressive 

activity [113]. Thus, caveolin-1 cannot be regarded as a tumor suppressor, in a classical 

sense. Caveolin-1 is down-regulated in several tumors like breast and ovarian cancer 

[114]. On the other hand, an increased expression of caveolin-1 has been reported to be 

associated with increased metastasis in prostate cancer. With regards to the colon, certain 

groups have reported that caveolin-1 is down-regulated in colon cancer tissue, as 

compared to normal colon tissue.  Other studies have revealed that caveolin-1 is over-

expressed in adenocarcinoma of the colon [115]. Thus, there is still a major conflict 

regarding caveolin-1 expression during colon cancer progression. 

With respect to its function during cancer development, the tumor suppressive activities 

of caveolin-1 have been attributed to its ability to bind to signaling molecules via its 

scaffolding domain, and negatively regulate their activity. Indeed, re-expression of 

caveolin-1 in transformed murine fibroblasts has been shown to be sufficient to down-

regulate signaling via the Ras-Raf-Erk pathway [116]. However, the other domains 

present in caveolin-1 can nullify its tumor suppressive functions. Caveolin-1 is tyrosine 

phosphorylated at residue 14 by several oncogenes, and this can help recruitment of GRB 

through its SH2 domain and lead to sustained signaling. With respect to human tumors, 

caveolin-1 seems to play a tumor-promoting role in certain types of cancers. In prostate 

cancer, caveolin-1 can maintain activated AKT by inhibiting serine/threonine 
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phosphatases PP1 and PP2A [117]. Caveolin-1 has the ability to be secreted by prostate 

cancer cells after phosphorylation at serine residue 80, and secreted caveolin-1 can act as 

an autocrine growth factor [118].  During the later stages of cancer, transformed cells 

become resistant to standard chemotherapeutic agents and acquire the multi-drug 

resistance (MDR) phenotype. This phenomenon is associated with an increase in 

expression of P-glycoprotein (P-gp). P-gp has been shown to be localized in caveolae in 

MDR-cells, implicating these membrane micro-domains in conferring the MDR 

phenotype [119].  

 

 

Statement of the Problem: 

Colorectal cancer is the second leading cause of cancer deaths in U.S.A. It is caused by 

an accumulation of mutations in tumor suppressors and oncogenes. The APC and K-RAS 

oncogenes are two commonly mutated oncogenes in colorectal cancer. Caveolin-1 is a 

protein, whose expression is altered during colorectal cancer progression. However, 

whether colon cancer progression is accompanied vy a loss or up-regulation of caveolin-1 

is still not clear. In a cDNA microarray study carried out in our laboratory, caveolin-1 

was found to be up-regulated both in response to a wild type APC tumor suppressor, and 

an activated K-RAS oncogene. It is plausible that caveolin-1 expression is regulated by 

these two genes during colorectal cancer progression. Caveolin-1 has been shown to 

regulate signal transduction both negatively and positively. It can attenuate signal 

transduction via its scaffolding domain. At the same time, it can increase signaling 
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pathways via various processes (like tyrosine phosphorylation at residue 14 or 

sequestration of inhibitory molecules). The role of caveolin-1 in signal transduction in 

colorectal cancer cells has not been evaluated. Another function, which caveolin-1 

performs, is regulation of caveolar endocytosis. Polyamines are pro-tumorigenic 

molecules, whose levels are elevated in colon cancer tissue as compared to normal 

colonic mucosa. Inhibitors of polyamine biosynthesis fail in cancer therapy, since the 

cells develop compensatory uptake mechanisms. Though polyamine uptake has not been 

elucidated in mammals, a caveolar endocytic uptake route has been speculated to be a 

possible mechanism of polyamine transport in mammals.  Caveolin-1 might play a major 

role in regulation of polyamine uptake, given the fact that these molecules are derived 

from the gut (dietary polyamines, as well as polyamines derived from bacterial flora).  

Based on the above observations, the hypothesis tested in this study was: 

Caveolin-1 is transcriptionally regulated by the APC tumor suppressor and the K-RAS 

oncogene, and affects cellular phenotypes like signaling and polyamine uptake. 

Specific Aim 1: Determine the role of APC and K-RAS in the transcriptional regulation of 

caveolin-1 in human colon cancer cells. 

Specific Aim 2: Determine the effect of caveolin-1 expression on different signal 

transduction pathways in human colon cancer cells. 

Specific Aim 3: Determine the role of caveolin-1 on endocytic phenotypes like polyamine 

uptake in human colon cancer cells. 
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Chapter 2  MATERIALS AND METHODS 
 
 
Cell Culture:  

The human colon cancer cell lines used in this study are enlisted in table 2. All cell lines 

were maintained in medium, supplemented with 10% fetal bovine serum (FBS) and 1% 

penicillin/streptomycin (P/S) ( or 1% P/S/ Glutamine where specified), in a humidified 

incubator at 37 ºC with 5% CO2. For experiments with the HT29-Mock and HT29-

caveolin-1 transfected cells, caveolin-1 expression was induced by the addition of 1 mM 

isopropyl-beta-D-thiogalactopyranoside (IPTG) for 24 hours. All experiments were 

carried out after 24 hours of IPTG addition. For experiments with the HT29-APC and 

HT29-β-Gal cells, zinc chloride (ZnCl2) at a final concentration of 300 µM was added to 

the cells. All experiments were carried at after 6, 24 or 48 hours after ZnCl2 addition, as 

indicated in experiments. For drug treatment, PD98059 (50 µM) or LY294002 (50 µM) 

was added 24 hours after cell plating. Cells were routinely tested for mycoplasma 

contamination. 

 

Reagents and antibodies:   

All chemicals and reagents were of the highest grade. LY294002 (PI-3-Kinase inhibitor), 

chelerythrine chloride (Protein Kinase C inhibitor), 12-O-tetradecanoylphorbol-13-

acetate (TPA) and PP2 (Src inhibitor) were obtained from Calbiochem, San Diego, CA. 

PD98059 (MEK inhibitor) was purchased from Alexis Biochemicals, San Diego, CA. 

Zinc chloride, puromycin, dimethyl sulfoxide (DMSO), methyl -β-cyclodextrin 

(membrane cholesterol extracting agent), IPTG, putrescine and  spermidine were 
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purchased from Sigma. Tritiated spermidine (specific activity 8Ci/mmol) was purchased 

from Perkin Elmer, and tritiated putrescine (specific activity 26Ci/mmol) was purchased 

from Amersham Biosciences. G418 sulfate was purchased from CellGro. TO-PRO-3 

iodide and alexa fluor 546/633 labeled transferrin were purchased from Molecular 

Probes, Eugene, OR. Lipofectamine 2000 and all media were from Invitrogen, Carlsbad, 

CA. The antibodies used for Western blotting are enlisted in table 3. The dilutions for 

Western blotting, as well as incubation condition for these antibodies are mentioned in 

table 3. All secondary antibodies were purchased from SantaCruz Biotechnology, 

Santacruz, CA. The secondary antibodies for immunoblots with primary antibodies from 

Cell Signaling Technology were from Cell Signaling Tehcnology, Inc., Danvers, MA.  

 

RNA Extraction and Semi-quantitative RT-PCR:  

For total cellular RNA extraction, cells (2.5 X 106    were plated in 100 mm plated. Cells 

were harvested by trypsinization after 48 hours of plating. Total cellular RNA was 

extracted using the Qiagen RNEASY Kit (Catalog Number: 74104) obtained from 

Qiagen, Valencia, CA, using manufacturer’s instructions. Reverse transcription was 

performed on 2 µg of total RNA with random primers and the Reverse Transcription 

System kit (Promega Corp., Madison, WI). The cDNA template (100 ng) obtained from 

the above reaction was amplified using specific primers and puReTaqTMReady-To-

GoTMPCR Beads (Amersham Biosciences Corp., Piscataway, NJ). For caveolin-1 RT-

PCR analysis, usually 200 ng of cDNA (for the 
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Table 2.1: List of colon cancer cell lines used in the study 
Cell Line Growth Conditions 

(Medium with 10% 
FBS and 1% P/S) 

Description Source 

HCT116 McCoy’s 5A medium Colorectal carcinoma cell line. 
They produce high levels of 
caveolin-1 

American Type 
Culture 
Collection 
(ATCC) 

HT29  McCoy’s 5A medium Colorectal carcinoma cell line. 
They do not produce caveolin-
1 

ATCC 

Caco2  MEM medium Colorectal adenocarcinoma 
cell line 

ATCC 

HCT116-
Mock and 
caveolin-1 
AS 

DMEM medium with 
0.5 µg/ml Puromycin 

HCT116 cells stably 
transfected with a caveolin-1 
anti-sense expression vector 

[120] 

HT29-Mock 
and 
Caveolin-1 

DMEM with heat 
inactivated FBC 

HT29  cells stably transfected 
with an IPTG-inducible 
caveolin-1 expression vector 

[121] 

Caco2-Mock, 
Low 
Caveolin-1 
and High 
Caveolin-1 

DMEM with 1% 
MEM-Non Essential 
Amino Acids, 1% P/S 
with Glutamine and 
650 µg/ml G418 

Caco2 cells stably transfected 
with a caveolin-1 expression 
vector 

[122] 

Hkh2 DMEM with 600 
µg/ml G418 

A clone derived from HCT116 
cells, where the activated K-
RAS oncogene has been 
disrupted through homologous 
recombination 

[123] 

HT29-APC 
and HT29-β-
Gal  

McCoy’s 5A medium 
with 1% P/S with 
Glutamine and 600 
µg/ml Hygromycin B 

HT29 cells which have been 
stably transfected with a full 
length APC gene, driven by a 
zinc inducible metallothionien 
promoter. The β-Gal cells 
serve as transfection control 

[124] 

Caco-Neo 
and Caco-K-
RAS 

MEM with 350 µg/ml 
G418 

Caco2 cells transfected with an 
activated K-RAS (G12V) 
expression vector 

[125] 
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HCT116 cells) and 500 ng of cDNA (for the Caco2 derived cells) was used. The PCR 

products were then resolved on agarose gels and photographed using the    software. PCR 

primers used, along with their Tm and amplicon sizes for various genes and enlisted in 

table 4.  All PCR primers were synthesized through Invitrogen Custom Primer Synthesis. 

For drug treatments, cells were treated as described in Cell Culture.  

 

Western Blotting:  

Cells (2 X 106 cells/ 100 mm plate) were plated for 48 hours. They were lysed in radio-

immunoprecipitation assay (RIPA) buffer with protease inhibitors (10 µg/ml Aprotinin, 

10 µg/ml phenyl-methyl-sulfony chloride (PMSF) and 50 µM sodium orthovanadate). 

Samples were kept on ice for 30 minutes, followed by centrifugation at 14,000 rpm for 10 

minutes. Supernatants were collected and protein concentration was determined with the 

Bio-Rad DC protein assay (Bio-Rad, Hercules, CA). Fifty micrograms of protein were 

resolved on a 12.5% SDS-PAGE gel and transferred overnight to a Hybond-C 

nitrocellulose membrane, at 4 ºC. The next day, the membrane was blocked in Blotto A 

[5% non-fat dry milk in Tris-buffered saline with 0,05% Tween-20 (TBST)] for 1 hour at 

room temperature. Membranes were probed with antibodies in blocking buffer for 2 

hours at room temperature, or overnight at 4 ºC, as described in table 3. Alternately, 

primary antibodies were diluted in 5% bovine serum albumin (BSA) in TBST.  After 

washing with TBST three times, the membrane was probed with horse-radish peroxidase 

(HRP)-conjugated secondary antibody, washed and protein was detected with an  
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Table 2.2: Antibodies used in Western Blotting 
Protein 1º Antibody Dilution 2º Antibody 

Dilution 
Source 

Caveolin – 1 1:1000 in Blotto A 1:10,000 – R Santacruz Biotechnology 
Flotillin – 1 ″  BD Biosciences 
NFκB – p50 ″ 1:2000 – M Santacruz Biotechnology 
APC 1:150 in Blotto A 1:2000 – M Oncogene 
β -actin 1:1000 in Blotto A 1:10,000 – M Sigma 
GAPDH 1:1000 in Blotto A 1:20,000 - M Chemicon 
Total ERK1/2 1:1000 in 3% Non-Fat 

Dry Milk in  
PBS-T 

1:2000 - R Upstate 

Total RAS ″ 1:5000 – R ″ 
MYC ″ 1:4000 - M ″ 
FOXO1 1:1000 in 5% Bovine 

Serum Albumin (BSA) 
in TBST 

1:2000 – R from 
Cell Signaling 

Cell Signaling Technology 

Phospho-Src (Y416) ″ ″ ″ 
Total Src ″ ″ ″ 
Phospho-p38 
(T180/Y182) 

″ ″ ″ 

Total p38 ″ ″ ″ 
Phospho-AKT (S473) ″ ″ ″ 
Total AKT ″ ″ ″ 
Phospho-JNK 
(T183/Y185) 

″ ″ ″ 

Total JNK ″ ″ ″ 
Phospho-PKC (Pan) ″ ″ ″ 
FOXO1 ″ ″ ″ 
c-Jun ″ ″ ″ 
c-Fos 1:1000 in Blotto A ″ ″ 
β -catenin 1:1000 in 5% Bovine 

Serum Albumin (BSA) 
in TBST 

″ ″ 

NFκB – p65 ″ ″ ″ 
Phospho-Cav-1 (Y14) ″ ″ ″ 
 

R – Rabbit 

M – Mouse 
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enhanced chemiluminescence detection reagent (Amersham). All blots were then stripped 

with Pierce Restore Western Blot Stripping Buffer (Pierce, Rockford, IL) as described by 

the manufacturer and reprobed with appropriate protein loading controls. 

 

TPA Treatment Experiments:  

Cells (2 X 106 cells/ 100 mm plate) were plated in complete growth medium. The next 

day, they were washed three times with serum-free medium and serum starved for 24 

hours. TPA at a final concentration of 50 ng/ml was added to the cells. The cells were 

then harvested after 10 minutes for lipid raft fractionation, 30 and 60 minutes for 

signaling pathways, and after 6 hours for mRNA, and protein for inflammatory 

molecules. 

 

Plasmids.  

The GFP-tagged dynamin II wild type (WT) and dynamin K44A (dominant negative) 

plasmids were from Dr. M. McNiven [126]. The GFP-tagged EpsD3∆2 (WT) and Eps15 

∆95/295 (dominant negative) were from Dr. A. Dautry-Varsat [127]. The human 

caveolin-1 promoter region, corresponding to -737 to -37 in the promoter region, cloned 

into the PGL2 vector was a kind gift from Dr. Vijay Shah [128]. The human caveolin-1 

promoter cloned into the PGL2 vector, with the putative FKHR biding sites, was obtained 

from Dr. Burgering [129]. The Renilla-TK plasmid was purchased from Promega, 

Madison, WI and used as a transfection efficiency control in all promoter-reporter 

transfection experiments.  
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Transfection of promoter–reporter constructs:  

For transfection with promoter-reporter constructs, 3 X 105 cells were plated per well, in 

6-well plates. The next day, cells were transfected with Lipofectamine 2000 transfection 

reagent, as described by the manufacturer. Typically, cells were transfected with 2 µg of 

promoter and 0.05 µg of Renilla-TK vector. The HT29-APC and HT29-β-Gal cells were 

transfected as previously described. Twenty four hours after transfection, fresh medium 

was added to the cells. The next day, the cells were lysed in Passive Lysis Buffer from 

the Dual Luciferase Assay kit, Promega, Madison, WI and dual luciferase activity was 

measured, as described by the manufacturer.  

 

Chromatin Immunoprecipitation (ChIP) Assay:  

HT29-APC and HT29-β-Gal cells (2 X 105 cells/100 mm plate) were plated and next day, 

treated with zinc chloride (ZnCl2) at a final concentration of 300 µM. Cells were 

harvested 6 and 24 hours after the addition od zinc and ChIP assay was carried out using 

the ChIP assay kit (Catalog No: 53006) from Active Motif, Carlsbad, CA. The antibodies 

used for the analysis were FOXO1 and FOXO3a. The primers used to amplify the 

caveolin-1 promoter region have been previously described. They amplify the putative 

FOXO binding regions in the caveolin-1 promoter. 

 

 

 



 50

Table 2.3: Primers used in RT-PCR 
Gene Amplicon 

Size (bp) 
Tm  
(ºC) 

Primer Sequence 

Caveolin -1 561 bp 60 F- 5’ TCA ACC GCG ACC CTA AAC ACC 3’ 
R- 5’ TGA AAT AGC TCA GAA GAG ACA T 3’ 

GAPDH (450 bp) 450 bp 51-65 F -5 -ACC ACA GTC CAT GCC ATC AC-3’ 
R - 5 -TCC ACC ACC CTG TTG CTG TA-3  

GAPDH (181 bp) 181 bp 51-65 F- 5 -TGG TAT CGT GGA AGG ACT CAT GAC-3  
R- 5 -AGT CCA GTG AGC TTC CCG TTC AGC-3  

Caveolin-1 ChIP 511 bp 60 F- 5′-GCTGCAGTGACCTATGAATG-3′ 
R- 5′-GAACTCATGGAAACAAATAGGG-3’ 

COX-2 249 bp 60.8 F- 5’- ACA TCT CTA CAC CGT TCC CAT-3’ 
R- 5’ – TGT GTG TCC CTT CTG GTT CTG- 3’ 
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RAS Activity Assay:  

Cells (2 X 106 cells/100 mm plate, or 3 X 106 cells/100 mm plate for serum-starved cells) 

were plated in complete growth medium for 24 hours. The next day, serum starvation was 

carried out as described in the TPA treatment. After overnight incubation, cells were 

lysed in Magnesium Lysis Buffer (MLB) and activated RAS levels  

were measured using the RAS activation assay kit (Catalog No: 17-218) from Upstate, 

Millipore, Billerica, MA. The RAS activity assay is based on the principle that GTP-

bound RAS will bind to RAF. The RAS-binding domain (RBD) of RAF is conjugated to 

Agarose beads. These beads are then used to pull down GTP-bound (active) RAS from a 

cell lysate and the beads probed with an anti-RAS antibody after precipitation and 

Western blotting.  

 

Endocytosis of fluorescent ligands:  

For uptake of fluorescent transferrin, 5 X 105 cells were plated on Lab-Tek Chamber 

slides for 18 hours. The next day, they were transfected with GFP-tagged plasmids (1 

µg/well) with Lipofectamine 2000, according to the manufacturer’s protocol. Twenty-

four hours after transfection, the cells were serum-starved for 30 minutes for transferrin 

uptake. Labeled transferrin (10 µg/ml) was added and the cells were incubated for 15 

minutes and 30 minutes. Cells were washed three times with serum-free medium and 

once with ice-cold PBS. They were then fixed with 4% paraformaldehyde for 30 minutes 

at RT. To visualize nuclei, the cells were then permeabalized with saponin (0.025% in 

PBS) for 15 minutes followed by nuclear staining with TO-PRO-3 iodide The stained 
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cells were visualized with a 100X oil immersion objective with a Zeiss LSM 510 MTA 

NLO confocal microscope using the appropriate lasers.  For flow cytometric analysis of 

transferrin uptake, HCT116 cells were transfected as described above. Following labeling 

with transferrin, cells were trypsinized and collected for flow cytometry. Cells were 

analyzed using a BD FACSAria scanning machine and  mean fluorescence intensity  

(MFI) was obtained. A control reaction at 4 ºC was carried out to control for surface-

bound transferrin and the MFI was subtracted from the MFI obtained at 37 ºC. 

 

Polyamine Uptake Assay (Carried out by David E. Stringer in our lab) : 

 For uptake of radio-labeled polyamines, 3 X 105 cells were plated in 6-well plates. After 

48 hours, cells were washed three times with serum-free medium. Uptake was initiated 

by the addition of 5-10 µM radio-labeled polyamine. Cells were incubated at 37 ºC for 

the indicated time and then washed three times with PBS containing 100X cold 

polyamines, followed by one wash with cold PBS alone. They were then lysed in 0.5% 

SDS in PBS at 37 ºC for 30 minutes. A control reaction was carried out at 4 ºC for the 

same time, to control for cell-surface bound polyamines. Lysates were counted using a 

Beckman LS 5000TD scintillation counter, and uptake was normalized to total cellular 

protein content. Temperature-dependent uptake of polyamines at 37 ºC was calculated by 

subtracting the uptake at 4 ºC from the total uptake at 37 ºC.  For inhibitor experiments, 

HCT116 were washed two times with serum free medium and incubated with inhibitors 

(5 mM methyl-β-cyclo-dextrin, 5 µM chelerythrine chloride, 10 µM PP2) for 1 hour at 37 
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ºC. Inhibitors were present in all subsequent steps of the experiment. Polyamine uptake 

was carried out as described above.  

 

Uptake of polyamines by GFP-transfected cells:  

Ten million HCT116 cells were plated in 150 mm dishes for 18 hours. They were then 

transfected with GFP-tagged plasmids with Lipofectamine 2000, as per the 

manufacturer’s protocol. Twenty-four hours after transfection, cells were washed three 

times with serum-free medium and 5 µM cold polyamine in serum-free medium was 

added to initiate uptake. Cells were incubated at 37 ºC for the indicated time and then 

washed three times with PBS. A control reaction was carried out at 4 ºC for the same 

time, to control for cell-surface bound polyamines. Cells were then trypsinized and GFP-

positive cells were sorted using a BD FACSAria scanning machine. GFP-positive cells 

were then lysed and polyamine content was measured using the method of Seiler et al 

[130]. 

 

Lipid raft fractionation: 

 Lipid raft fractionation was carried out by using a detergent-free, alkaline lysis method 

as described previously [74]. Briefly, HCT116 cells (7 X 106cells/150 mm plate) were 

plated for 48 hours. Each plate was then lysed with 2 ml of 500 mM sodium carbonate 

(pH-11.0). The lysate was sonicated for three 20-s bursts using a SONIC Vibra Cell 

sonicator. The lysate was then adjusted to 45% sucrose by mixing with equal volumes of 

90% sucrose prepared in Mes-buffered saline (MBS  - 25 mM Mes, pH 6.5, 0.15 M 
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NaCl), and placed at the bottom of an ultracentrifuge tube. A 5-35% discontinuous 

sucrose gradient was formed above (4 ml of 5% sucrose/4 ml of 35% sucrose; both in 

MBS containing 250 mM sodium carbonate) and centrifuged at 39,000 rpm for 16 hours  

in an SW40-Ti rotor (Beckman Instruments, Palo Alto, CA). A light-scattering band at 

the 5-35% sucrose interface was observed. This fraction contains caveolin-1/lipid raft 

proteins. Twelve 1 ml fractions were collected from top to bottom of the tube.  For 

detection of caveolin-1 in the fractions, equal volume from each fraction were loaded on 

a 12.5 % SDS-PAGE gel and visualized as described in Western Blotting. For labeling 

cells with radioactive spermidine, cells were plated for 48 hours and washed twice with 

serum-free medium. Tritiated spermidine  was added to the cells in serum-free medium 

and incubated at 4 ºC for 15 minutes. The cells were then lysed as previously described 

and 250 µL from each fraction was counted in a Beckman LS 5000TD scintillation 

counter. 

 

Uptake of Cholera Toxin and Labeling of Lipid Rafts 

For uptake of Alexa Fluor labeled-cholera toxin sub-unit B, 3 X 105 cells were plated in 

6-well plates. After 48 hours, cells were washed three times with PBS and medium 

containing 1 µg/ml of toxin was added for 30 minutes at 4 and 37 ºC. Following uptake, 

cells were washed three times with ice-cold PBS and lysed in 1X Reporter Lysis Buffer, 

Roche Applied Science (Catalog # 11897675001). Fluorescence intensity of lysates was 

measured using a Spectra Max Gemini fluorescence plate reader from Molecular 

Devices, and intensity was normalized to protein content. For labeling lipid rafts, 5 X 105 
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HCT116 cells were plated on Lab-Tek Chamber slides for 48 hours. They were then 

labeled with the Vibrant Lipid Raft labeling kit (Catalog # V-34404) from Invitrogen, 

Carlsbad, CA. To visualize nuclei, the cells were then permeabilized with saponin 

(0.025% in PBS) for 15 minutes followed by nuclear staining with TO-PRO-3 iodide. 

The stained cells were visualized with a 100X oil immersion objective with a Zeiss 410 

confocal microscope using the appropriate lasers. 

Statistical Analysis: 

 Statistical analysis was carried out using the paired t-test with Microsoft Excel Software. 
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CHAPTER 3  TRANSCRIPTIONAL REGULATION OF CAVEOLIN-1 IN 

HUMAN COLON TUMOR-DERIVED CELLS 

(cDNA microarray carried out by K.E. Fultz and N.A. Ignatenko) 

Introduction:  

Ever since its discovery as a substrate for phosphorylation by the Rous sarcoma virus, the 

regulation and expression of caveolin-1 has intrigued biologists. Initial work on the 

transcriptional regulation of caveolin-1 was mainly carried out in murine (NIH-3T3 cells) 

fibroblasts. Engelman et al were the first to show that cellular transformation was 

accompanied by a decrease in caveolin-1 levels [111]. They demonstrated that 

introduction of an activated H-RAS oncogene was sufficient to down-regulate caveolin-1 

mRNA levels. They also showed that this effect was not restricted to H-RAS, but was a 

phenomenon observed in NIH-3T3 cells transformed with other RAS isoforms. Also, 

caveolin-1 levels were down-regulated in response to other oncogenes like SRC and V-

ABL. Another study carried out by the same group established that caveolin-1 can be 

repressed by the MYC isoforms, C-MYC and N-MYC in NIH-3T3 cells [131]. Razani et 

al further demonstrated that caveolin-1 levels can be suppressed by the E6 protein of the 

human papilloma virus (HPV). This effect was through the down-regulation of p53. 

Another important observation of the study was that caveolin-1 down-regulation was 

critical for E6-mediated transformation, since re-expression of caveolin-1 in E6-

expressing NIH-3T3 cells was sufficient to rescue the transformed phenotype [132]. A 

hallmark of cancer cells is the ability to evade cellular senescence [1]. Work done by the 
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Lisanti group showed that caveolin-1 is up-regulated during cellular stresses like 

oxidative stress [133]. This is critical for the cells to undergo stress-mediated senescence. 

They speculated that cancer cells down-regulate caveolin-1, and thereby acquire 

resistance to stress-mediated senescence. The studies mentioned, thus far, have been 

carried out in murine fibroblasts. Caveolin-1 expression is regulated differently in murine 

and human fibroblasts. This is evident from the study carried out by Sasai et al, which 

shows that caveolin-1 down-regulation is not observed in human fibroblasts transformed 

with an activated RAS oncogene, indicating that there are fundamental differences 

between rodent and human fibroblast transformation [134].   

As an extrapolation of their studies carried out in rodent fibroblasts, Lisanti et al 

proposed that caveolin-1 is a tumor suppressor since CAV1 is localized to a region, which 

is often deleted in many human cancers [72]. Unfortunately, the regulation and 

expression of caveolin-1 in human cancers is far more complex. Caveolin-1 is up-

regulated in several tumors like bladder, urothelial, renal and prostate carcinoma [135]. In 

prostate cancer cells, caveolin-1 up-regulation is mediated via protein kinase C ε (PKCε) 

[136]. On the contrary, levels of caveolin-1 are reduced in tumors originating in the 

breast, cervix, ovary and mesenchyme [135]. In breast cancer, caveolin-1 expression is 

down-regulated by the activity of oncogenes like the Neu tyrosine kinase, and the P-I3 

kinase. [137, 138].  

As far as colon carcinogenesis is concerned, the expression levels of caveolin-1 are still a 

topic of hot debate. Several groups have shown that caveolin-1 is down-regulated in 

human colon cancers [121]. Work done by Bender et al revealed that caveolin-1 down-
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regulated is necessary for colon cancer progression, and ectopic expression of caveolin-1 

in caveolin-1 deficient cells was sufficient to reduce tumor growth in a SCID mouse 

model system. Using methylation-specific PCR, Lin et al showed that the caveolin-1 

gene promoter is methylated at CpG islands, leading to gene silencing and decreased 

caveolin-1 expression in sporadic colorectal cancer cases [139].  However, studies carried 

out by other groups have shown that caveolin-1 levels are, in fact, increased in colon 

cancer samples. Using immunohistochemistry (IHC), Fine et al demonstrated that 

caveolin-1 expression is elevated in colon adenocarcinoma samples, in comparison to 

normal colonic epithelial tissue. Their studies were further corroborated in findings by 

Patolla et al, which showed that caveolin-1 expression is increased in experimentally 

induced colon tumors in a murine model system [140]. Thus, there is still a controversy 

surrounding the expression of caveolin-1 in colorectal cancer. As far as regulation of 

expression of caveolin-1 in colorectal cancer is concerned, it seems that cacevolin-1 

transcriptional control is mainly exerted by tumor suppressors. Peroxisome proliferator 

activated receptor (PPARγ) is a tumor suppressor, often down-regulated in colon tumors 

[141]. Ligand-dependant activation of PPARγ up-regulates caveolin-1 expression in 

human-colon tumor derived cells [142]. In another study, it was shown that caveolin-1 

expression is transcriptionally controlled by a member of the forkhead (FKHR) family of 

transcription factors, FOXO3a in human colon cancer cells [129].  

In a cDNA microarray study carried out by a previous graduate student, Kimberley E. 

Fultz, caveolin-1 was identified as a transcriptional target of the tumor suppressor, APC 

and found to be upregulated, in response to induction of a wild type APC gene, in an 
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APC-deficient colon cancer cell line [143] . Table 3.1 shows the fold increases in 

caveolin-1 mRNA, in response to a wild type APC gene.  Also, in an independent cDNA 

microarray analysis by Ignatenko et al, , studying the effect of an activated K-RAS 

oncogene, caveolin-1 was discovered as a transcriptional target of the oncogene [144]. 

Table 3.1 shows the fold-increase in caveolin-1 mRNA in response to the K-RAS 

oncogene. In the present study, using a combination of genetic, pharmacological and 

biochemical approaches, we have investigated the role of the two colon-cancer related 

genes, APC and K-RAS in caveolin-1 expression in colon cancer cells. Our studies reveal 

that caveolin-1 is transcriptionally regulated by both APC and K-RAS genes, and that this 

has might have ramifications on colon cancer development.  

 

Results: 

Induction of a full-length APC gene in an APC-deficient colon tumor-derived cell line 

induces caveolin-1 mRNA and protein expression.  

The HT29 cells are a human colon adenocarcinoma cell line, which express a truncated 

APC gene.  The HT29-APC and HT29-β-gal cells are isogenic clones of the HT29 cells, 

which are stably transfected with a full length APC or a β-galactosidase gene (as a vector 

control) respectively, under the control of a zinc-inducible metallothionein promoter 

[124]. In order to verify the induction of a full length APC gene in the HT29 cells, 

proteins derived from zinc-treated cells were probed for the APC protein. As indicated in 

Figure 3.1A, there is a noticeable induction of the full length protein after 24 hours of  
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Table 3.1 Fold-increase in gene expression in response to APC or K-RAS 

 

GENE Systematic 
 

Normalized 
 

Standard 
Deviation 
 

t-test  
P-value 
 

Description 
 

APC AA487560 4.353  0.0245 Caveolin-1 

 AA194765 3.458  0.0013 FOXO1A 

 AA464600 0.389  0.0015 MYC 

K-RAS AA487560 3.125832 
 

0.65966 
 

7.27E-04 
 

Caveolin-1 
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zinc treatment. To further establish whether the system was functional, a known APC 

target protein, MAD1 was studied [145]. Figure 3.1B shows that there is a significant 

increase in MAD1 protein levels after induction of the full length APC gene in HT29 

cells. In order to validate the results obtained in the cDNA micro-array study, caveolin-1 

mRNA and protein expression were studied after induction of the full length APC 

protein. There was dramatic increase in caveolin-1 mRNA and protein in the HT29 cells, 

after the induction of a full length APC gene, as shown in Figure 3.2A and 3.2B. This 

confirmed the cDNA micro-array results. 

 

APC induces caveolin-1 mRNA via inducing the activator, FOXO1 and repressing the 

negative regulator, C-MYC.  

The C-MYC oncogene is a transcriptional target of the APC tumor suppressor [145]. It 

has been shown to down-regulate caveolin-1 expression in murine fibroblasts.  Other 

studies have revealed that the FKHR family of transcription factors can induce caveolin-1 

in colon cancer cells. In the same study by Kimberley E. Fultz, FOXO1 was identified as 

a target of the APC tumor suppressor gene, and is upregulated in response to a wild type 

APC gene [143] (Table 3.1). We first validated whether induction of a full length APC 

gene in the HT29 colon cancer cells leads to a concurrent increase in FOXO1 protein 

levels, and a decrease in C-MYC protein levels. Immunoblotting analysis of cell lysates 

expressing a full length APC gene showed that FOXO1 levels increased, and C-MYC 

levels decreased in the APC-expressing HT29 cells, as shown in Figure 3.3 A and 3.3 B. 
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Figure 3.1 A 
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Figure 3.1 Induction of wild type APC gene in the HT29-APC cells induces MAD 1 
expression. 
3.1 A and B. Cells (2.5 X 106 cells/100 mm plate) were grown for 24 hours and then 
treated with 300 µM ZnCl2 for 24 hours. They were then lysed in RIPA buffer. Lysates 
were resolved on a 5 % (for APC – 300 kD full lenth and 212 kD truncated) and 12.5 % 
(for MAD1 – 24 kD) SDS-PAGE gel and probed for APC and MAD1 by 
immunoblotting.  
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Figure 3.2 A 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
             
Figure 3.2 B 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

  

ction
rotein expression.

  
 
  
  
  
  
  
  
  
  
  
  
 
Figure 3.2 Indu
1 mRNA and p

 of wild type APC gene in the HT29-APC cells induces caveolin-
 

.2 A and B. Cells (2.5 X 106 cells/100 mm plate) were grown for 24 hours and then 

described in materials and methods, and caveolin-1 

3
treated with 300 µM ZnCl2 for 24 hours for RNA extraction and 48 hours for protein 
expression. RNA was extracted as 
mRNA quantified by semi-quantitative RT-PCR. For protein expression analysis, cells 
were lysed in RIPA buffer after 48 hours of Zn treatment. Lysates were resolved on a 
12.5 % SDS-PAGE gel and probed for caveolin-1 (21-24 kD) by immunoblotting 
 
 
 



 64

 
 
Figure 3.3 A 
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Figure 3.3  Induction of wild type APC gene in the HT29-APC cells induces FOXO1 
and decrease C-MYC

   

 
.3 A and B. Cells (2.5 X 106 cells/100 mm plate) were grown for 24 hours and then 
eated with 300 µM ZnCl  for 24 hours. They were then lysed in RIPA buffer. Lysates 

 

3
tr 2
were resolved on a 12.5 % SDS-PAGE gel and probed for C-MYC and FOXO1 by 
immunoblotting.  
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 Thus, expression of a full length APC gene might induce caveolin-1 levels via two 

dependent pathways, as shown in Figure 3.4. 

 order to test which of the pathways was involved; HT29-APC and HT29-β-gal cells 

were transfected with a caveolin-1 promoter-reporter construct which spans the sequence 

-737 to -37 in the caveolin-1 promoter region. This sequence contains the putative 

initiator elements (INR) that are known to be binding sites for MYC and consequent 

MYC-dependent suppression of gene expression [131]. As seen in Figure 3.5 A, 

induction of wild type APC gene leads to a significant increase in the caveolin-1 

promoter reporter activity. In order to confirm whether this effect was mediated by an 

APC-dependent decrease in MYC expression, a C-MYC expression vector was co-

transfected with the caveolin-1 promoter reporter. Figure 3.5 B demonstrates that 

expression of C-MYC protein decreases the APC-dependent caveolin-1 promoter reporter 

activity. There is no effect of C-MYC expression in the HT29-β-gal cells, indicating that 

the effect if mediated via expression of a full length APC gene.  

Another plausible mechanism is the upregulation of caveolin-1 via FOXO1. In order to 

test this, HT29-APC and HT29-β-gal cells were transfected with a caveolin-1 promoter 

reporter construct, which encompasses the distal caveolin-1 promoter region (-2080 to -

1569), and contains a previously characterized FKHR-binding site at position -1814 

[129]. After induction of wild type APC gene with zinc treatment, there was a significant 

increase in the caveolin-1 promoter reporter activity, as compared to the untreated cells 

(Figure 3.6 B). Figure 3.3 A has already demonstrated that FOXO1 is expressed in these 

cells, after zinc treatment. As a final confirmatory test to determine whether APC- 

in

In
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Figure 3.4  
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Figure 3.5 A 

igure 3.5 B 

igure 3.5 A  
ells and this effect can be abrogated by co-transfecting the cells with a C-MYC 
xpression vector.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
F
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
F PC induces caveolin-1 promoter reporter activity in the HT29-APC
c
e  
.5 A and B. Cells (0.5 X 106 cells/well in 6-plate) were grown for 24 hours and 
ansfected with a caveolin-1 promoter reporter. Twenty-four hours later, Zn was added. 
fter 48 hours of Zn addition, cells were lysed and luciferase activity measured as in 

materials and methods. In figure 3.5 B, cells were co-transfected with a C-MYC 
expression vector as shown in the figure.  

3
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dependent upregulation of caveolin-1, in part, is mediated via the induction of FOXO1, 

we performed a Chromatin Immunoprecipitation Assay (ChIP) using a FOXO1 antibody. 

The PCR primers were designed to amplify the FKHR-binding site at position -1814 

upstream of the transcription start site. ChIP assay revealed that there is an amplication of 

the 511 bp fragment, corresponding to the caveolin-1 promoter sequence encompassing 

the FKHR binding site (Figure 3.6A). No PCR product was detected in the control 

samples, and very little product was seen in the HT29-β-gal cells, indicating that the 

sequence amplified, does indeed, correspond to the region containing the FKHR-binding 

site.  

 

An activated K-RAS oncogene induces caveolin-1 expression in human colon tumor -

derived  cells. 

The cDNA micro-array analysis was carried out in the Caco-Neo/Caco-Kras model 

stem [144]. These isogenic cells are transfected either with an empty vector (Caco-

 We first established whether these cells express an activated K-RAS 

sy

Neo) or with an expression vector, encoding the cDNA for an activated K-RAS oncogene 

(G12V) [125].

protein by performing a Ras activity assay. As shown in Figure 3.7 A, both the K-RAS 

espressing clones, Kras #6 and Kras #26 show higher levels of GTP-bound RAS as 

compared to the vector control Neo#3. Validation of the microarray results was then 

performed with semi-quantitative RT-PCR and immunoblotting. Caveolin-1 mRNA and 

protein levels were significantly increased in the K-RAS expressing clones, as compared 

to the vector control cells (Figure 3.7 B and 3.7 C).  
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Figure 3.6 A 

 

 

 

 

 

 

 

igure 3.6 B 
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Figure 3.6 FOXO1 binds to the caveolin-1 promoter sequence and induces promoter 
reporter activity 
3.6 A ChIP analysis was carried out according to materials and methods using FOXO1 
antibody, and the caveolin-1 promoter region was amplified. 
3.6 B  A caveolin-1 promoter reporter construct with the consensus FKHR binding site 
was transfected in the HT29 cells. Following 48 hours of Zn treatment, luciferase activity 

as measured.   
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Figure 3.7 A 
 
 
 
 
 
 
 
 
 

Figure 3.7 B 
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Figure 3.7 C 

  

igure 3.7 An activated K-RAS oncogene induces caveolin-1 expression in the Caco2 
ells 
.7 A Cells were grown for 48 hours to sub-confluency and lysed in MLB buffer. RAS 
ctivity was carried out as described in materials and methods.  

ere grown for 24 hours and total RNA extracted as described in materials 
nd methods. Caveolin-1 mRNA was quantified using semi-quantitative RT-PCR 
.7 C Cells were grown to sub-confluency for 48 hours, and lysed in RIPA buffer. 
ysates w
munoblotting 
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L ere resolved on a 12.5% SDS-PAGE and probed for caveolin-1 (21-24 kD) by 
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We wanted to confirm whether the K-RAS effect seen in the Caco cell system was 

specific to a certain codon in the K-RAS gene. In order to test that, another isogenic cell 

ne system was employed. The HCT116 cells are a colon adenocarcinoma cell line, 

hich possess a mutation in the K-RAS gene at codon 13 (G13D). The Hkh2 cells are 

erived from the HCT116 cells, wherein the activated K-RAS oncogene has been 

isrupted by homologous recombination [123]. Ras activity assay revealed that the 

CT116 cells have significant higher levels of GTP-bound RAS as compared to the 

kh2 cells (Figure 3.8 A). Caveolin-1 mRNA and protein levels were significantly 

pregulated in the HCT116 cells, as compared to the Hkh2 cells (Figure 3.8 B and 3.8 C). 
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K-RAS-dependent caveolin-1 upregulation occurs at the level of transcription.  

In order to assess whether the effect observed was because of increased transcription or 

increased caveolin-1 mRNA stability, the Caco isogenic clones were transfected with a 

caveolin-1 promoter reporter construct. As shown in Figure 3.9, an activated K-RAS 

oncogene increases caveolin-1 promoter reporter activity in the Caco isogenic cell 

cystem.  

 

K-RAS-dependent caveolin-1 upregulation occurs via activation of the P-I3 Kinase/AKT 

signaling pathway.  
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Figure 3.8 A 

 

 

 

 

 

 

Figure 3.8 B 
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Figure 3.8 C 

 

igure 3.8 Disruption of the K-RAS oncogene decreases caveolin-1 expression in the 
CT116 cells 

.8 A Cells were grown for 48 hours to sub-confluency and lysed in MLB buffer. RAS 
ctivity was carried out as described in materials and methods.  
.8 B Cells were grown for 24 hours and total RNA extracted as described in materials 

aveolin-1 mRNA was quantified using semi-quantitative RT-PCR 
.8 C Cells were grown to sub-confluency for 48 hours, and lysed in RIPA buffer. 
ysates were 
munoblotting 
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Figure 3.9 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.9 An activated K-RAS induces caveolin-1 promoter activity in the Caco2 
ogenic cell lines 
ells (0.5 X 106 cells/well in 6-plate) were grown for 24 hours and transfected with a 
aveolin-1 promoter reporter. After 48 hours of transfection, cells were lysed and 
ciferase activity measured as in materials and methods.  
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Figure 3.10 

 

Figure 3.10 RAS signaling pathways and use of pharmacological inhibitors to 
perturb RAS-dependent signaling pathways. Adopted from J. Cell Physio, 2002, 
August 92 (192). Page: 125-130 
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Activation of the RAS oncogene can upregulate several signaling pathways in 

transformed cells, which in turn can have different outcomes. Figure 3.10 shows some of 

the signaling pathways which can be activated via the RAS oncogene, and 

pharmacological interventions which can inhibit each of these pathways. In order to 

assess the role of these pathways in K-RAS mediated caveolin-1 up-regulation, we used 

PD98059 to inhibit the Raf/Mek/Erk pathway [146] and LY294002 to inhibit the P-

I3Kinase/ AKT pathway [147]. As shown in Figure 3.11, treatment of the Caco-Kras #26 

cells lead to a significant decrease in both phospho-ERK and phospho-AKT levels, 

indicating that both PD98059 and LY294002 were able to inhibit the activity of MEK 

and P-I3 kinase respectively. We then checked the levels of caveolin-1 mRNA and 

protein levels in PD98059 and LY294002 treated cells. As shown in Figure 3.12 A and 

.12 B, there is a decrease in caveolin-1 mRNA and protein levels in LY294002-treated 

ells. However, PD98059 has an effect on caveolin-1 mRNA but has no effect on protein 

vels in the Caco-Kras #26 cells. To confirm that the effect of LY294002 on caveolin-1 

xpression was at the level of transcription, we transfected the cells with a caveolin-1 

romoter reporter construct. Treatment with LY294002 diminished promoter reporter 

ctivity, indicating that caveolin-1 is regulated by the P-I3 kinase pathway at the level of 

anscription (Figure 3.13).  
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Discussion:  

-1 is a 

umor suppressor gene. Our work also demonstrates that 

aveolin-1 is upregulated in colon cancer cell lines which have a mutated K-RAS allele. 

his upregulation is independent of the activating mutation present in the gene. The APC 

mor suppressor is mutated in 85% of all colon cancer cases [8].  In our study, we found 

at introduction of a wild type APC gene, in an APC-deficient colon cancer cell line 

induces caveolin-1 expression at the level of transcription. The C-MYC oncogene has 

been shown to be a transcriptional target of the APC tumor suppressor [145]. It is known 

to repress caveolin-1 transcription by binding to the INR elements present in the 

caveolin-1 promoter region [131]. These are pyrimidine rich regions to which MYC 

isoforms can bind to, and repress transcription. Work done in this dissertation shows that 

APC-dependent upregulation of caveolin-1 may, in part, be via the downregulation of C-

MYC. The MYC-dependent repression of caveolin-1 has also been reported in prostate 

cancer cells [148].  However, further studies showing direct binding of MYC protein to 

the INR elements in the caveolin-1 promoter region needs to be done to verify the effect 

of C-MYC in APC-dependent caveolin-1 regulation. Van den Heuvel et al have shown 

that caveolin-1 is regulated by the FKHR group of transcription factors [129]. 

 

 

 

 

In the present study, using human colon cancer cells, we have shown that caveolin
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Figure 3.11 A 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11 B 

 

 

 

 

 

Figure 3.11 A and B PD98059 and LY294002 abrogate ERK and AKT signaling in 

3.11 A and B 

 

 

 

 

 

Caco-Kras#26 cells 
Cells were grown in PD98059 (50 µM – Figure 3.11 A) or LY294002 ((50 

12.5% SDS-PAGE and probed for phospho-ERK (42 kD, 44 kD), total ERK (42 kD, 44 

 

 

 

 

 

 

µM – Figure 3.11 B) for 48 hours, and lysed in RIPA buffer. Lysates were resolved on a 

kD), phospho-AKT (60 kD) and total AKT (60 kD) by immunoblotting 
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Figure 3.12 A 

 

igure 3.12 B

 

 
 
 
 
 
 
 
 
 
 
 
F  

igure 3.12 A and B  L protein expression 
 Caco-Kras#26 cells 

.12 A and B 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

F Y294002 abrogates caveolin-1 mRNA and 
in
3 Cells were grown in PD98059 (50 µM – Figure 3.11 A) or LY294002 ((50 

M – Figure 3.11 B) for 24 hours (for RNA extraction) or 48 hours for protein 
expression. In figure 3.12 A, RNA was extracted as described in materials and methods 

s 
uffer. Lysates were resolved on a 12.5% SDS-PAGE and probed for 

µ

and caveolin-1 mRNA quantified by semi-quantitative RT-PCR. In figure 3.12 B, cell
were lysed in RIPA b
caveolin-1 (21 kD, 24 kD) by immunoblotting 
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Figure 3.13 

igure 3.13 Inhibition of the P-I3 Kinase pathway abolishes caveolin-1 promoter 
ctivity in Caco-Kras#26 cells 
ells (0.5 X 106 cells/well in 6-plate) were grown for 24 hours and transfected with a 

oter reporter. The next day, fresh medium with 50 µM LY294002 was 
dded. After 48 hours, cells were lysed and luciferase activity measured as in materials 
nd method. 
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Though their work showed the role of FOXO3a in induction of caveolin-1 in human 

colon cancer cells, it is plausible that other FKHR family members might have the same 

effect. This is because all members of this family bind to the same consensus DNA 

sequence, TTGTTTAC [149]. In our system, we saw that expression of the full length 

APC gene, in the HT29-APC cells showed an induction of FOXO1 protein. Using a distal 

aveolin-1 promoter reporter construct, we saw that induction of the full length APC 

rotein led to an increase in the activity of the promoter. This promoter reporter construct 

as an FKHR canonical binding site at position -1814 upstream of the start of 

anscription [129]. To confirm whether the increase in promoter activity was because of 

inding of FOXO1, we performed a ChIP assay and found that FOXO1 bound to the 

TGTTTAC  transcriptionally 

gulate caveolin-1 expression in human colon cancer cells via two independent 

echanisms: induction of the activator FOXO1, and inhibition of the repressor, C-MYC. 

owever, these might not be the only mechanism of caveolin-1 induction via APC. 

PARγ can upregulate caveolin-1 in human colon tumor-derived cells. Several groups 

ave shown that PPARγ can act as a tumor suppressor in an APC-wild type background 

50]. Though we have not tested it, another possible mechanism of APC-dependent 

pregulation of caveolin-1 might be via PPARγ [142].   

Another aspect of this study was to study the role of an activated K-RAS oncogene on 

 that caveolin-1 was transcriptionally upregulated by this 

c
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T  site in the caveolin-1 promoter region. Thus, APC might
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caveolin-1 expression. We found

oncogene. This effect was independent of the kind of activating mutation, since both 

G12V and G13D mutations (from two different cell lines) were sufficient to upregulate 
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caveolin-1 expression in human colon tumor-derived cells. An activated K-RAS can 

ediate signal transduction via multiple pathways, leading to various cancer phenotypes 

ke decreased apoptosis, increased proliferation and migration [151]. Using 

harmacological inhibitors to block these pathways, the P-I3 Kinase pathway was found 

 be involved in K-RAS mediated caveolin-1 expression in these colon cancer cell lines. 

cannot be ruled out. AKT can phosphorylate the FKHR family of transcription factors 

m

li

p

to

There was a reduction in caveolin-1 mRNA levels with the MEK inhibitor, PD98059. 

However, no change was seen in protein levels, indicating that there is a post-

transcriptional mechanism (like increased translation or increased protein stability) which 

might explain no change in protein levels. The P-I3 Kinase/AKT pathway is an important 

signal transduction pathway, involved in cell survival and apoptosis resistance [152]. In 

studies carried out by Engelman et al, the RAS oncogene was shown to downregulate 

caveolin-1 expression in NIH-3T3 cells [111]. However, in a study carried out by Sasai et 

al in human dermal fibroblasts, an activated K-RAS oncogene was not sufficient to 

downregulate caveolin-1 expression levels [134]. The authors explained this apparent 

discrepancy in their results, as compared to those obtained by Engelman et al, on the 

difference in murine and human telomere lengths. Thus, transformation by oncogenes in 

murine cell culture systems is differentially regulated as compared to human cell culture 

systems. This has been corroborated by studies carried out by several other studies [153]. 

The P-I3 Kinase/AKT pathway has been implicated in progestin- mediated caveolin-1 

expression in human breast cancer cells, and this is necessary for breast cancer 

proliferation [154]. Also, AKT-dependent down-regulation of FOXO transcription factors 
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and inhibit their nuclear localization and subsequent transactivation potential [155]. The 

full-length caveolin-1 promoter has a FKHR binding site at -1814 and three near-perfect 

 

 

 

 

 

sites at −1584, −1069 and −679. The -737 to -37 promoter encompasses the -679 site. 

Thus, AKT might regulate caveolin-1 expression via FKHR phosphorylation.  

Our work reveals that caveolin-1 is transcriptionally regulated by the APC tumor 

suppressor and the K-RAS oncogenes in colon cancer cells. The APC tumor suppressor is 

mutated in as many as 85% of diagnosed colorectal cancer cases, and is often considered 

to be an initiating mutation [8]. The K-RAS oncogene can be mutated in 35% cases of 

sporadic colorectal cancer, and occurs at the later stages of cancer development [30, 156].  

Thus, caveolin-1 expression might be differentially regulated at different stages of 

colorectal cancer progression. In the initial stages, following an APC mutation, there 

might be downregulation of caveolin-1. However, acquisition of a K-RAS mutation might 

then be a potential mechanism to upregulate caveolin-1. The K-RAS dependent 

upregulation of caveolin-1 seems to be dependent on an APC mutation, or a defective 

WNT signaling, since the Caco2 cells and the HCT116 cells possess mutations in APC 

and β-catenin, respectively [8, 157]. This has implications in tumorigenesis. Caveolin-1 

has been shown to induce cellular senescence [133]. 
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Figure 3.14  

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

Figure 3.14  Regulation of caveolin-1 expression by APC and K-RAS in human 

 

 

 

 

 

 

 

 

 

 

 

colorectal cancer cells 
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Loss of the APC tumor suppressor is also associated with an evasion of senescence [158]. 

Thus, caveolin-1 might be a mediator of APC-dependent cellular senescence. In colon 

ancer cells, caveolin-1 has been shown to be necessary for the localization and secretion 

f K-RAS-dependent upregulation of the tumor protease, cathepsin B [120]. Furthermore, 

aveolin-1 has been shown to be necessary for the activation of the P-I3 Kinase/ AKT 

athway [159].  In prostate cells, caveolin-1 can confer a survival advantage by 

aintaining an activated AKT through negative regulation of the AKT phosphatases, 

1 [117]. Acquisition of a K-RAS mutation, and consequent upregulation of 

aveolin-1, might aid in cancer progression by increasing the metastatic potential of 

ancer c

PC tumor suppressor and the K-RAS oncogene at different stages of colorectal 

arcinogenesis, caveolin-1 might play pleiotropic roles in cancer development, depending 

n the stage of cancer.  
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CHAPTER 4  CAVEOLIN-1 INCREASES BASAL SIGNALING, AND 

SIGNALING IN RESPONSE TO TPA IN COLON CANCER CELLS 

igures contributed by Rebecca Henkhaus as mentioned in figure legends) 

troduction: 

(F

 

In  

ignal transduction is a highly complex process, involving spatial and temporal 

gulation of protein-protein interactions between ligands, receptors and kinases [160]. 

ctive state. However, on addition of stimulus like extracellular 

gands, there is a rapid and controlled activation of these molecules leading to sustained 

gnal transduction. In the absence of caveolae, this enrichment of molecules in specific 

S

re

Extra-cellular ligands bind to receptors on the plasma membrane, which are kept in an 

inactive conformation [161]. Ligand-receptor interaction leads to recruitment of signaling 

molecules, which in turn, transmit the signal to the cell, leading to various changes like 

cytoskeletal remodeling and transcription.  

A cell may adopt various mechanisms to control signaling. One way of doing that is to 

cluster molecules in membrane microdomains like lipid rafts and caveolae [45]. The 

basic premise for this mechanism is that lipid rafts and caveolae help regulate the spatial 

localization of molecules, and facilitate protein-protein interaction. After elucidation of 

various molecules like the SRC family of tyrosine kinases and heterotrimeric G proteins 

which cluster in biochemically purified lipid rafts and caveolae, Lisati et al were the first 

to propose the “caveolae signaling hypothesis” [108]. The main premise of their theory 

was that caveolin-1 serves to compartmentalize signaling molecules in caveolae. These 

molecules are in an ina

li

si
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areas of the plasma membrane is absent, l ading to abberant signaling. For example, 

localization of a receptor tyrosine kinase  caveolae would enable recruitment of 

signaling molecules like GRB2 after addition of ligand. Thus, in this case, signaling by 

the receptor tyrosine kinase is confined to a ecific sub-cellular area.  Another means of 

regulating signal transduction is via a scaffold protein, which helps bring signaling 

molecules together in a controlled fashion. Because of the presence of a scaffolding 

domain in caveolin-1, Okamoto et al were the first to propose that this domain is critical 

for th lding 

domain olin-1 

cribed in 

hapter 1). The caveolin-1 binding protein possesses a stretch of aromatic amino acid 

he caveolin-1 binding domain (CBD) [162].  

s in fact, a major reason for classifying it as a 

e

 in

sp

e temporal regulation of signal transduction [109]. The caveolin-1 scaffo

 (CSD) spans amino acid sequences 82-101. Through these residues, cave

can bind to and regulate the activities of a myriad of signaling moclecules (Des

c

residues, called t

The CSD is central in modulating signal transduction via negatively regulating the 

activity of molecules. Several molecules like H-RAS, the SRC family of tyrosine kinases 

and Protein Kinase C α (PKC α) interact with the CSD and their activity is negatively 

regulated by caveolin-1. In the presence of an activating stimulus, this inhibitory 

interaction is released and signal transduction can occur. This ability of caveolin-1 to 

negatively regulate signaling molecules wa

tumor suppressor. It was shown to bind to wild type H-RAS protein, however, this 

interaction is inhibited in the presence of a mutationally activated H-RAS (G12V) 

protein, indicating the critical role of caveolin-1 in negatively regulating the mitogenic 

activity of this molecule [74]. This ability of caveolin-1 to regulate mitogenesis via the 
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CSD can be extended to molecules like SRC and PKCα. Another example of caveolin-1-

dependent control of signaling is the endothelial nitric oxide synthase enzyme (eNOS). 

The eNOS enzyme is targeted to caveolae via dual acylation (myristoylation and 

palmitoylation) [163]. The dual acylation modification is considered to be a caveolae 

localization signal (also seen in the SRC family of tyrosine kinases). In caveolae, the 

eNOS enzyme can interact with cavolin-1 through its CBD [164]. Calmodulin leads to 

the disassociation of eNOS from caveolin-1, with a concurrent increase in eNOS enzyme 

activity [165]. All these studies, which essentially proved a negative regulatory role for 

caveolin-1, were carried out in in vitro cell culture systems.  

However, with the generation of caveolin-1 knock-out mice, it became increasingly clear 

that assigning a negative regulatory role to caveolin-1 was not sufficient to explain the 

signaling defects seen in these mice [166]. Several studies have shown that caveolin-1 

can act as a positive regulator of signal transduction. A classical example of this kind of 

an interaction is the insulin receptor signaling. Caveolin-1 can bind to the insulin 

receptor, and regulate the outcome of insulin receptor signaling [167]. Indeed, this 

phenotype is recapitulated in caveolin-1 knock-out mice which demonstrate impaired 

insulin receptor signaling and insulin resistance [168]. Another receptor tyrosine kinase, 

the Eph1A receptor has been shown to be positively regulated by caveolin-1 [169].  

Recently, a novel role of caveolin-1 in T-cell activation has been proposed [170]. In this 

activation module, caveolin-1 in antigen-presenting cells (APCs) binds to CD26 on the T-

cell. This leads to caveolin-1 phosphorylation and subsequent expression of CD86, which 
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is a co-stimulatory molecule for T-cell activation [171].  Caveolin-1 has been shown to 

be necessary for RAC1 activation in vascular smooth muscle cells [172].  

A stimulatory role for caveolin-1 has also been proposed in patho-physiological 

conditions like cancer. Caveolin-1 has been shown to maintain activated AKT in prostate 

cancer cells, through interaction and inhibition of the phosphatases, PP2A and PP1 [117]. 

It can potentiate ligand-independent (estrogen) nuclear translocation and signaling by the 

estrogen receptor α (ERα) in MCF7 breast cancer cells [173]. In prostate cancer cells, 

caveolin-1 can enhance ligand-dependent activation of the androgen receptor [174]. 

The role of caveolin-1 in signal transduction processes in colon cancer cells has not been 

elucidated. In the present study, we have evaluated the role of caveolin-1 in basal 

signaling, as well as signaling in response to membrane stimuli like phorbol esters (TPA). 

Our work reveals that caveolin-1 plays a role in signal transduction by the AKT pathway, 

and SRC tyrosine kinases, and regulates the expression of genes like cyclo-oxygenase 2 

(COX-2), in response to TPA. 

 

RESULTS: 

Caveolin-1-dependent regulation of basal signaling in colon cancer cells .  

The expression of caveolin-1 is highly variable in human colon-tumor derived cells. In 

order to study the effect of caveolin-1 on signal transduction, we used two cell lines, 

HCT116 (with high levels of caveolin-1 expression) and Caco2 cells (with no caveolin-1 

expression), and isogenic clones of each of these cell lines where caveolin-1 expression 

has been modulated. Figure 4.1 A and 4.1 B show expression of caveolin-1 in these 
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caveolin-1 modified cells.  We then wished to test what effect caveolin-1 expression has 

on the basal levels of activation of the MAPK pathways (ERK, JNK and p38), AKT and 

SRC signaling. As seen in Figure 4.2 A, expression of caveolin-1 increases basal levels 

of ERK activation in the Caco2 cells. Similarly, caveolin-1 ablation decreases ERK 

activation in the HCT116 cells. This effect is not restricted to ERK. Caveolin-1 

expression leads to an increase in basal levels of AKT activation (Figure 4.2 B). 

However, caveolin-1 expression does not alter SRC activity levels in colon cancer cells 

(Figure 4.2 C). Phosphorylation of p38 and JNK were not assessed as previous work in 

our lab has shown no basal level of activity of these two kinases. The total protein levels 

of these two kinases were unaltered in the cell lines tested (Figure 4.2 D)  

 

Caveolin-1-dependent regulation of nuclear localization of transcription factors involved 

in cancer development.. 

In order to elucidate an effect of signal transduction pathways on nuclear localization of 

 localization of another member of the AP1 family of 

anscription factors, c-FOS (Figure 4.3 B). Nuclear localization of the p65 and p50 sub-

FκB family of transcription factors is unaltered in the caveolin-1 modified  

oncogenic transcription factors, we fractionated the caveolin-1 modified cells into nuclear 

and cytoplasmic fractions, and probed for the presence of transcription factors of the AP1 

family, NFκB family, β-catenin and proliferating cell nuclear antigen (PCNA). As shown 

in Figure 4.3 A, caveolin-1 modulates the nuclear localization of c-JUN in the nucleus, 

with an increase seen with a concurrent decrease in caveolin-1 expression. However,there 

is no significant effect on the

tr

units of the N



 92

Figure 4.1 A 
 

   

   

   

   

   

        

 

  

  

  

  

  

  

 

igure 4.1 Modulation of caveolin-1 in colon cancer cells. 
4.1 A and B. Cells (2.5 X 106 cells/100 mm plate) were grown for 48 hours and lysed in 

1 (cav-1 – 21-24 kD) by immunoblotting.  
 transfected and caveolin-1 anti-sense transfected HCT116 cells. 

Mock, Low Cav-1, High Cav-1 = Mock transfected and caveolin-1 transfected Caco2 

   

 

 

   

   

   

   

   

            

Figure 4.1 B 

  

  

  

  

  

  

   

 

F

RIPA buffer. Lysates were resolved on a 12.5 % SDS-PAGE gel and probed for caveolin-

Mock, Cav-1 AS = Mock

cells. 
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Figure 4.2 A            

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
    
Figure 4.2 B 
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Figure 4.2 C 
 
  
  
  
  

 
 
 
 
 
 

igure 4.2 D
 
 
 
 
 
 
 
 
 
 
 

 
 
   
         

igure 4.2 Caveolin-1 affects basal level of P-ERK and P-AKT, but not SRC, JNK 
nd p38 signaling in colon cancer cells   
.2 A, B, C and D. Cells (2.5 X 106 cells/100 mm plate) were grown for 48 hours and 
sed in RIPA buffer. Lysates were resolved on a 12.5 % SDS-PAGE gel and probed for 
-ERK (42/44 kD), ERK (42/44 kD), P-AKT (60 kD), AKT (60 kD), P-SRC (60 kD), 
RC (60 kD), JNK, p38 and β-actin (44 kD)by immunoblotting.  
ock, Cav-1 AS = Mock transfected and caveolin-1 anti-sense transfected HCT116 cells. 
ock, Low Cav-1, High Cav-1 = Mock transfected and caveolin-1 transfected Caco2 
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cells (Figure 4.4 A and 4.4 B). Also, no effect of caveolin-1 expression was observed in 

e nuclear localization of β-catenin and PCNA (Figure 4.5 A and 4.5 B).  

aveolin-1 expression alters TPA-dependent protein kinase C activation and COX-2 

th

 

C

expression  in colon cancer cells.  

 order to assess whether caveolin-1 plays a role on membrane-dependent signaling, we 

mployed a phorbol ester, TPA. TPA is known to activate classical and novel PKC 

oforms, and ma ae [175]. These studies 

 out in the Caco2-Mock and the Caco2-Low Cav-1 cells, since caveolin-1 

ligomers in the High Cav-1 cells [122]. As seen in Figure 4.6 A, loss of 

s to a decrease in TPA-dependent activation in the HCT116 cells. 

ression of caveolin-1 in the Caco2 cells leads to a sustained activation of 

C on the addition of TPA (Figure 4.6 B). The next logical step was to 

nslated into a phenotype. TPA is known to activate the NFκB and the AP1 

eral cell types. We transfected the caveolin-1 modified cell lines with an 

P1 1 has an effect of 

 signaling in these cells. As seen in Figure 4.7 A, caveolin-1 expression 

A-dependent activation of NFκB in Caco2 cells. Conversely, loss of 

eases TPA-dependent NFκB  and AP1 activation in the HCT116 cells 

which have been transfected with a caveolin-1 anti-sense construct. As a 

 the effect of caveolin-1 on TPA-dependent signaling, we looked at a 

ne, COX-2. As seen in Figure 4.8 A, both COX-2 mRNA and promoter  

In

e

is ny of them have been known to localize to caveol

were all carried

tends to form o

caveolin-1 lead

Conversely, exp

protein kinase 

check if this tra

pathway is sev

NFκB  or an A

TPA-dependent

accentuates TP

caveolin-1 decr

(Figure 4.7 B), 

confirmation of

down-stream ge

reporter construct, and checked whether caveolin-
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Figure 4.3 A and B 
 
 

 

 

 

    

colon cancer cells    

 
 
 
 
 
 
 
 
 
 

 

 

 

 

Figure 4.3 Caveolin-1 affects nuclear localization of c-JUN but not c-FOS in human 

4.3 A and B Cells (2.5 X 106 cells/100 mm plate) were grown for 48 hours and lysed in 
RIPA buffer. Cells were pelleted by trypsinization and fractionated into nuclear and 
cytoplasmic fractions, as described in Materials and Methods. Lysates were resolved on a 
12.5 % SDS-PAGE gel and probed for c-JUN, c-FOS and GAPDH (36 kD) by 
immunoblotting.  
1 = Caco2 – Mock 
2 = Caco2 – Low Cav-1 
3 = Caco2 – High Cav-1 
4 = HCT116 – Mock 
5 = HCT116 – Caveolin-1 antisense transfected cells 
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Figure 4.4 A and B 

 

 

 

 

 

igure 4.4 Caveolin-1 does not affect nuclear localization of NFκB-p65 and NFκB-
50 in human colon cancer cells    
.4 A and B Cells (2.5 X 106 cells/100 mm plate) were grown for 48 hours and lysed in 
IPA buffer. Cells were pelleted by trypsinization and fractionated into nuclear and 
ytoplasmic fractions, as described in Materials and Methods. Lysates were resolved on a 
2.5 % SDS-PAGE gel and probed for NFκB-p65, NFκB-p50 and GAPDH (36 kD) by 

munoblotting.  
 = Caco2 – Mock 
 = Caco2 – Low Cav-1 
 = Caco2 – High Cav-1 
 = HCT116 – Mock 

sense transfected cells 
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Figure 4.5 A and B 

     

 
 
 
 
 
 

 

in and PCNA in 

to nuclear and 
s described in Materials and Methods. Lysates were resolved on a 

2.5 % SDS-PAGE gel and probed for β-catenin, PCNA and GAPDH (36 kD) by 
immunoblotting.  

 
 
 
 
 
 
 
 
 
 
 

     

Figure 4.5 Caveolin-1 does not affect nuclear localization of β-caten
human colon cancer cells    
4.5 A and B Cells (2.5 X 106 cells/100 mm plate) were grown for 48 hours and lysed in 
RIPA buffer. Cells were pelleted by trypsinization and fractionated in
cytoplasmic fractions, a
1

1 = Caco2 – Mock 
2 = Caco2 – Low Cav-1 
3 = Caco2 – High Cav-1 
4 = HCT116 – Mock 
5 = HCT116 – Caveolin-1 antisense transfected cells 
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reporter activity levels are elevated in the Caco2 cells with expression of caveolin-1. The 

CT116 cells do not produce any endogenous COX-2 [176]. However, when the 

aveolin-1 modified HCT116 cells were transfected with a COX-2 promoter reporter 

onstruct, following TPA addition there was a significant decrease in COX-2 promoter 

ctivity in the cells which express the caveolin-1 anti-sense construct (Figure 4.8 B).  

PA-dependent activation of signaling pathways is altered by caveolin-1 expression in 

H

c

c

a

 

T

HCT116 cells.  

PA is known to activate numerous signaling pathways like ERK, JNK, p38, AKT and 

RC [

K  and p38 activation in the HCT116 (Figure 4.9 A. and  4.9 B). JNK activation was 

ot assessed in the TPA-treated HCT116 cells, since previous groups have shown that 

PA has no effect on JNK activation in HCT116 cells [178]. We then assessed the role of 

aveolin-1 on TPA-dependent AKT and SRC activation. As seen in Figure 4.10 A and 

.10 B, caveolin-1 expression increases TPA-dependent AKT and SRC activation in the 

CT116 cells.  

ractionation of caveolin-1-modified cells shows altered distribution of signaling 

T

S 177]. Caveolin-1 expression had no significant effect on TPA-dependent ERK, 

JN

n

T

c

4

H

F

molecules in a sucrose density gradient centrifugation. 

To confirm the effect of caveolin-1 expression on localization of signaling molecules, a 

sucrose density gradient centrifugation of TPA-treated HCT116-Mock and Cav-1 anti-

sense cells were carried out. As shown in Figure 4.11 A, there is a significant association  
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Figure 4.6 A 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   

 

  

  

  

Figure 4.6 B 

 

  

  

  
 

  

  

C activation in colon cancer cells   

starved overnight. TPA (50ng/ml) was added and cells were lysed in RIPA buffer after 

phospho-PKC (pan-phospho) and β-actin (44 kD) by immunoblotting.  

 

 

 
 

 

  

   

Figure 4.6 A and B Caveolin-1 expression increases TPA-dependent protein kinase 

4.6 A and B Cells (4 X 106 cells/100 mm plate) were grown for 24 hours and serum 

indicated time points. Lysates were resolved on a 10 % SDS-PAGE gel and probed for 
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Figure 4. 7 A 

 

 

 

 

 

Figure 4.7 B 

igure 4.7 A and B Caveolin-1 expression increases TPA-dependent AP1 and NFκB 
cer cells   

6 cells/well in 6-well plate) were grown for 24 hours and 
ansfected with xt day, cells were 
eated with TPA (50ng/ml) for 6 hours and luciferase assay carried out as described in 
aterials and methods. (From Rebecca Henkhaus) 
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Figure 4.8 B 

 
 
 
 
 
 
 
 
 
 
 

 

on increases TPA-dependent COX-2 

 

Figure 4.8 A 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

  

 

 

Figure 4.8 A and B Caveolin-1 expressi
production in colon cancer cells   
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4.8 A  Cells were grown in 100 mm plates for 24 hours and serum starved for an 
additional 24 hours. The next day, TPA (50 ng/ml was added) and RNA extracted after 6 
hours and COX-2 mRNA quantified by RT-PCR . 
Cells (0.5 X 106 cells/well in 6-well plate) were grown for 24 hours and transfected with 
 COX-2 promoter reporter plasmid. The next day, cells were treated with TPA 

(50ng/ml) for 6 hours and luciferase assay carried out as described in materials and 
ethods.  

4.8 B  HCT116 cells (0.5 X 106 cells/well in 6-well plate) were grown for 24 hours and 
ansfected with a COX-2 promoter reporter plasmid. The next day, cells were treated 

with TPA (50ng/ml) for 6 hours and luciferase assay was performed (From Rebecca 
enkhaus) 
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Figure 4.9 A 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.9 B 

 

 

 

 

 
    

 

Figure 4.9 A and B Caveolin-1 expression does not affect TPA-dependent ERK and 
38 activation in colon HCT116 cells  

4.9 A and B Cells (4 X 106 cells/100 mm plate) were grown for 24 hours and serum 
arved overnight. TPA (50ng/ml) was added and cells were lysed in RIPA buffer after 

indicated time points. Lysates were resolved on a 10 % and 12.5 % SDS-PAGE gel and 
robed for phospho-ERK (42/44 kD), total ERK (42/44 kD), phospho-p38 and total p38 

by immunoblotting.  
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Figure 4.10 A 
 

igure 4.10 B 

igure 4.10 A and B Caveolin-1 expression increases TPA-dependent SRC and AKT 
activation in HCT116 cells   

 
dded and cells were lysed in RIPA buffer after 
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F

4.10 A and B Cells (4 X 106 cells/100 mm plate) were grown for 24 hours and serum
starved overnight. TPA (50ng/ml) was a
indicated time points. Lysates were resolved on a 10 % and 12.5 % SDS-PAGE gel and 
probed for phospho-SRC (60 kD), total SRC (60 kD), phospho-AKT (60 kD) and total 
AKT (60 kD) by immunoblotting.  
 
 
 



 106

of phospho-PKC with the caveolin-1 rich fractions in the sucrose density gradient 

actions. This is not the case with the caveolin-1 anti-sense transfected HCT116 cells, 

here there is significantly less phospho-PKC associated with the caveolin-1 rich 

actions in the gradient (Figure 4.11 B).  

fr

w

fr

 

DISCUSSION 

Due to its ability to form caveolae, and bind to signaling molecules via the scaffolding 

domain, caveolin-1 has been attributed the role of a capacitor in signal transduction. 

Initial studies carried out in in vitro systems demonstrated its role as a negative regulator 

of signaling, wherein it bound to molecules and prevented them from signaling. 

However, generation of caveolin-1 knock-out mice revealed that such a view point was 

o simplistic. Indeed, further work done by several groups revealed that caveolin-1 can 

effect of signal transduction under certain circumstances, wherein it binds 

 mo

 this chapter, we have discussed the effect of caveolin-1 expression of signal 

ansduction pathways governing oncogenic transformation of colon cancer cells. Our 

odel system involves use of transformed colon cells, and hence, may not be an ideal 

stem to study such phenotypes. Despite these constraints, we have shown that caveolin-

 expression markedly affects signaling in colon cancer cells. 

to

have a positive 

to lecules and can lead to sustained signaling.  

In

tr

m

sy

1

Caveolin-1 alters basal level of signaling by the ERK and the AKT pathways. The ERK 

pathway is one of the MAPK pathways, and controls cell proliferation and apoptosis 

[179].  It is often up-regulated in cancer cells, and confers apoptosis resistance. Engelman  
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Figure 4.11 A 
 
 
 
 

 

 

 

 

 

 

 

 

Figure 4.11 B 

Figure 4.11 Caveolin-1 expression modifies phospho-PKC distribution in HCT116 

Cells (42.5 X 106 cells/100 mm plate) were grown for 248 hours andserum-starved for an 

was loaded on sucrose density gradients, as described in materials and methods. Fractions 
21/24 kD)  by 

immunoblotting.  
 

 

 

 

 

 

 

cells, in a sucrose density gradient after TPA treatment 

additional 24 hours. They were then treated with 50 ng/ml TPA and lysed. Equal protein 

were probed for phospho-PKC (pan-phospho) and caveolin-1 (
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Figure 4.12  

 

 

 

 

 

 

igure 4.12 P ncer cells 
Cells (2.5 X 10 r. 

ells were lysed in RIPA buffer. Lysates were resolved on a 12.5 % SDS-PAGE gel and 
probed for phospho-caveolin-1 (tyrosine 14) and caveolin-1 by immunoblotting. (From 

ebecca Henkhaus) 
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et al showed that caveolin-1 expression can down-regulate the mitogenic activity of the 

ERK pathway [116]. However, the results of our studies conflict with their findings. This 

could be due to several reasons. Firstly, we have used colon cancer cells, which are 

ansformed and already possess activated mitogenic signaling. Along with concurrent 

xpression of caveolin-1, there is also an increase in phospho-tyrosine caveolin-1 

yrosine 14 l studies have revealed the 

hospho-caveolin-1 (tyrosine residue 14) can recruit signaling molecules like GRB7 

80]. GRB7 is a member of the GRB family of adaptor proteins and regulates the 

ctivation of the RAS-RAF-MEK-ERK pathway. It regulates cell proliferation via 

ecruitment of signaling molecules like SHC, and has been implicated in tumor 

rogression [181]. Though we have not shown direct interaction of caveolin-1 with 

RB7, it is plausible that ERK activation is upregulated in caveolin-1-expresisng cells 

ia this mechanism. Caveolin-1 has also been shown to regulate H-RAS signaling [154]. 

t the 

 

i et al have shown that caveolin-1 maintains an activated AKT in 

prostate cancer cells, via inhibition of PP2A and PP1 [117]. Thus, both ERK and AKT 

dependent signaling might be up-regulated in cells, expressing caveolin-1.  

The AP1 and the NFκB family of transcription factors regulate the expression of various 

genes, involved in processes like stress response, migration, apoptosis and proliferation. 

[183]. Both these families of transcription factors have been implicated in colon cancer 

development and progression [184, 185].  Nuclear localization of the AP1 family of 

tr

e

(t ) expression in these cells (Figure 4.12). Severa

p

[1

a

r

p

G

v

A non-mutated form of the H-RAS oncogene has been shown to be up-regulated a

protein level in a small subset of colon cancers, and could explain the upregulation of

ERK activity [182]. L
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transcription factors was altered in cells expressing caveolin-1. There was a consistent 

ecrease in c-JUN nuclear localization in cells which expressed caveolin-1, indicating 

at caveolin-1 might regulate AP1 mediated transcription in human colon-tumor derived 

ctivation has 

been implicated in AKT and SRC activation [190-192]. Thus, TPA-dependent increase in 

d

th

cells. However, we did not see any effect on the nuclear localization of the NFκB 

subunits, p65 and p50.  We also studied the nuclear localization of PCNA and β-catenin. 

Caveolin-1 has been known sequester β-catenin in caveolae and inhibit WNT signaling 

[186]. However, we did not see any effect of caveolin-1 expression on nuclear 

localization of β-catenin in our cell lines. 

Over the past two decades, several studies have established a strong link between 

inflammation and cancer [187]. In order to evaluate the role of caveolin-1 expression on 

the response to an inflammatory stimulus, we treated the caveolin-1 modified cells with a 

phorbol ester TPA, which is known to induce an inflammatory response [188]. TPA-

dependent protein kinase C activation was significantly elevated in cells expressing 

caveolin-1. Caveolin-1 has been shown to regulate TPA treatment-dependent protein 

kinase C α (PKCα) translocation to caveolae [189]. Thus, caveolin-1 might regulate TPA-

dependent PKC activation by regulating its plasma membrane localization to caveolae. 

The TPA effect on signaling was further confirmed by a decrease in NFκB and AP1 

signaling in caveolin-1 null cells. Finally, we saw that caveolin-1 regulates the expression 

of a down-stream mediator of TPA- signaling, like COX-2. The caveolin-1 dependent 

differences in TPA signaling that we saw in the colon cancer cells arises, in part, from 

differential activation of the AKT and SRC pathway. Protein Kinase C a



 111

AKT and SRC phosphorylation is significantly augmented in the HCT116 cells, via a 

caveolin-1 dependent manner. This effect is not seen with the activation of the MAPK 

signaling cascade. This might be because both AKT and SRC are lipid-modified 

molecules (myristoylation and palmitoylation) and hence, signaling by these two 

molecules might depend on caveolin-1 and caveolae. As a final confirmation, it was seen 

that caveolin-1 expression increases protein kinase C localization in caveolin-1 rich 

fractions in sucrose density gradients, indicating that this localization might be critical for 

the regulation of signal transduction in response to stimuli.  
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CHAPTER 5 CAVEOLIN-1 INFLUENCES CELLULAR PHENOTYPES LIKE 

POLYAMINE UPTAKE IN HUMAN COLON CANCER CELLS 

(Figures contributed by Karen L. Kachel and Nathaniel S. Rial as explained in 

figure legends) 

Introduction:  

The polyamines putrescine, spermidine and spermine are ubiquitous, low molecular 

weight aliphatic amines [193, 194]. They are essential for normal growth and 

development, and their tissue levels are often increased in cancer [195]. The polyamines 

can influence gene expression, interact with membrane phospholipids, and influence ion 

channels to name a few of their functions. Their intracellular pools are tightly regulated. 

A loss in pool homeostasis leads to apoptosis [196]. Intracellular polyamine contents are 

regulated by four processes: biosynthesis, catabolism, uptake  and efflux [193, 194]. The 

ey enzymes in polyamine biosynthesis and catabolism have been cloned and 

haracterized. Genes involved in polyamine transport in prokaryotes (the PotD, PotE and 

otF set of genes in E.coli) and unicellular eukaryotes (LmPOT1 in L. major), have been 

entified [197, 198]. Despite sustained efforts in the last two decades, mechanisms of 

olyamine uptake in mammals are still largely unknown. 

Byers et al showed that the defect in a polyamine-uptake deficient CHO cell line 

ould be rescued by transfection of human DNA, isolated from cells proficient in 

olyamine transport [199]. Felschow et al used a photoaffinity labeling approach to 

olate membrane proteins, which might have a role in uptake. Though their results 

vealed the presence of two proteins, which had high affinity for polyamines, the exact 

k

c

P

id

p

 

c

p
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role of these proteins in polyamine uptake are still unclear [200]. Fransson et al were the 

rst to show involvement of cell surface heparin sulfate proteoglycans (HSPG) in 

olyamine uptake. They used a genetic approach and demonstrated that a mutant CHO 

ell line, deficient in HSPG biosynthesis, had reduced uptake, and an inhibitor of HSPG 

b  

independ lized in 

lls in vitro with difluoromethyl ornithine (DFMO), a polyamine 

ibitor, led to an increase in uptake, because of an increased affinity of 

es. So endocytosis is broadly 

classified into dynamin-dependent and –independent processes [51]. Dynamin dependent 

fi

p

c

iosynthesis abrogated uptake in normal cells [201]. Following this observation, two

ent groups reported that fluorescent derivatives of polyamines loca

mammalian cells in discrete vesicles [202, 203]. The Fransson group then showed that 

treatment of ce

biosynthesis inh

HSPG to exogenous polyamines [204]. Their studies also showed that polyamine uptake 

in CHO cells was mediated by the HSPG, Glypican-1 and that polyamine bound HSPG 

colocalized with caveolin-1 positive endocytic vesicles [205]. Recently, Soulet et al have 

shown that a fluorescent analog of polyamines accumulates in the cytoplasm of CHO 

cells, via a two-step mechanism into small vesicles, reminiscent of an endocytic 

mechanism [206]. These prior studies allude to endocyotsis as a possible mechanism of 

polyamine uptake in mammalian cells. However, the nature of the endocytic pathway, 

involved in polyamine uptake by mammalian cells is not known.  Endocytosis is a 

highly dynamic process, involved in various cellular processes, including uptake of 

nutrients and growth factor signaling [207]. It is classified into various sub-types based 

on the requirement of certain proteins. The GTPase dynamin is ubiquitously expressed 

and is required for a large subset of endocytic process
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processes are further sub-classified as clathrin-dependent and independent (16). Lipid 

raft/caveolar endocytosis is a sub-set of dynamin-dependent, clathrin-independent 

endocytosis. Lipid rafts are highly specialized micro-domains in the plasma membrane 

[34]. Caveolin-1 is a lipid raft protein required for the formation of flask shaped 

invaginations in the plasma membrane, called caveolae. These invaginations are highly 

dynamic and are involved in constitutive endocytic trafficking of ligands like albumin 

and cholera toxin [51, 208]. Caveolae formation is impaired in cells without caveolin-1 

[56]. Thus, caveolin-1 stabilizes caveolae at the plasma membrane.  

Using a combination of genetic, biochemical and pharmacological approaches, we have 

investigated the role of different endocytic pathways in polyamine uptake by human 

colon-tumor derived cells. These cells show high levels of polyamine uptake, making 

them a good model system to study this process. Our work reveals that polyamine uptake 

follows a dynamin dependent, clathrin independent endocytic route. Polyamines tend to 

associate with lipid rafts in these cells, and their uptake is negatively regulated by 

caveolin-1. Finally, we show that oncogenes like K-RAS regulate polyamine uptake by 

modulating caveolin-1 phosphorylation.  
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Results: 

Polyamine uptake is regulated by the GTPase dynamin in colon cancer cells.  

To investigate the role of endocytosis in polyamine uptake, a human colon cancer cell 

line, HCT116, was treated with an inhibitor of endocytosis, brefeldin A, or incubated at 4 

°C [209]. This inhibited putrescine and spermidine uptake in these cells (data not shown).  

Also, we found that treatment with a known inhibitor of macropinocytosis, amiloride, had 

no effect on polyamine uptake in HCT116 cells (data not shown) [209]. In order to 

further dissect the exact nature of the endocytic pathways involved in polyamine uptake, 

the HCT116 cells were transfected with a GFP-tagged form of the GTPase dynamin II 

(referred to as WT) and its dominant negative form (K44A). To assess whether the 

construct was functional, uptake of Alexa-Fluor 546-conjugated transferring (from 

Molecular Probes) in transfected HCT116 cells was assessed. Transferrin is an iron-

binding protein and is internalized via a dynamin-dependent, clathrin-dependent 

yed a role in putrescine and spermidine uptake. 

CT116 cells were transfected with the GFP-tagged constructs. Twenty four hours after  

endocytic route by mammalian cells [127, 210]. In the HCT116 cells expressing the WT 

form, internalized transferrin colocalised with GFP-tagged dynamin in discrete vesicles 

seen as yellow areas (Figure 5.1A). This was not seen in cells transfected with the 

dynamin K44A (Figure 5.1A) indicating that transferrin uptake was completely 

abolished. When transferrin-positive, GFP-positive cells were sorted, the cells expressing 

wild type dynamin had significantly more mean fluorescence intensity (MFI) as 

compared to the cells expressing the dominant negative (DN) isoform (Figure 5.1B). 

Next, we evaluated whether dynamin pla

H
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Figure 5.1 A     

Dynamin WT                                             Dynamin K44A 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.1 B     

 

 

 
 
 
 
 
 

 

 

 
 
 

Figure 5.1. Expression of a dominant negative form of dynamin abrogates 
transferrin uptake in HCT116 cells 
A.  HCT116 cells were transfected with DynWT and DynK44A, as described in materials 
and methods. Eighteen hours after-transfection, cells were treated with Alexa Fluor 546-
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transferrin was analyzed using a Zeiss confocal microscope 

 

 

 

 

 
 
 
 
 
 
 
 

transferrin conjugate and processed as described in materials and methods. Uptake of 

B. HCT116 cells were transfected with DynWT and DynK44A, as described in materials and 
methods. Eighteen hours after-transfection, cells were serum-starved for 1 hour and treated with 
10 µl of Alexa-Fluor 633 transferrin for 30 minutes. Cells were trypsinized and collected for 
FACS analysis. MFI was calculated after cells were sorted in a BDFacs Aria machine. 
In all figures, * indicates a p-value of <0.01 
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Figure 5.2 A 

 

igure 5.2 B
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igure 5.2 Expression of a dominant negative form of dynamin abrogates polyamine 
ptake in HCT116 cells 
. HCT116 cells were transfected with DynWT and DynK44A. Twenty four hours after 
ansfection, cells were washed twice with serum free medium. Putrescine uptake was 
ssayed as described in Materials and Methods 
. HCT116 cells were transfected with DynWT and DynK44A. Twenty four hours after 
nsfection, cells were washed twice with serum free medium. Spermidine uptake was 

ssayed as described in Materials and Methods. In all figures, * indicates a p-value of 
0.01. 
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transfection, the cells were treated with cold polyamines for an hour and GFP-positive 

ells were collected by FACS. This method ensures that a pure population of cells, 

xpressing the construct of interest, is analysed.  Intracellular polyamine content of WT 

nd K44A-expressing HCT116 cells revealed that putrescine uptake was decreased by 

bout 75% (p<0.01) in the K44A-expressing cells and compared to the WT (Figure 

.2A). Spermidine uptake was also significantly decreased in cells expressing the 

e form of dynamin II (Figure 5.2B). 

lathrin-m  colon cancer 

c

e

a

a

5

dominant negativ

 

C ediated endocytosis does not influence polyamine uptake by

cells.  

he adaptor protein, Eps15 plays a pivotal role in the internalization of clathrin-coated 

its. To investigate the role of this protein in polyamine uptake, the HCT116 cells were 

ansiently transfected with GFP-tagged forms of the wild type form (D3∆2) and its 

ominant negative counterpart (∆95/295). Uptake of transferrin was assessed in the 

 to ensure that the construct was functioning. As shown in Figure 5.3A, 

istinct red  the 

ells expressing wild type Eps15. Areas of colocalisation of GFP-tagged Eps15 and 

lexa-fluor 546 conjugated transferrin were seen as yellow or orange vesicles (Figure 

.3A).  Transferrin uptake was abolished in cells expressing the dominant negative form 

igure 5.3A). There was a siginificant reduction (50%) in MFI on fluorescent transferrin 

etween the WT and DN Eps15 expressing cells (Figure 5.3B). The HCT116 cells were  

T

p

tr

d

transfected cells

d granular vesicles were seen in the cytoplasm and peri-nuclear region of

c

A

5
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Figure 5.3 A 
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igure 5.3 B
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Figure 5.3. Expression of a dominant negative form of epsin 15 abrogates 

A.  HCT116 cells were transfected with Eps15 WT and Eps15 DN, as described in 

Fluor 546-transferrin conjugate and processed as described in materials and methods. 

B. HCT116 cells were transfected with Eps15 WT and Eps15 DN, as described in material

transferring uptake in HCT116 cells 

materials and methods. Eighteen hours after-transfection, cells were treated with Alexa 

Uptake of transferrin was analyzed using a Zeiss confocal microscope 

s 
nd methods. Eighteen hours after-transfection, cells were serum-starved for 1 hour and treated 
ith 10 µl of Alexa-Fluor 633 transferrin for 30 minutes. Cells were trypsinized and collected for 

FI was calculated after cells were sorted in a BDFacs Aria machine. 
ndicates a p-value of <0.01 
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Figure 5.4 A 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4 B 
            
            
  
  

 
 
 
 
 
 
 
 
 
 
 
 

            

Figure 5.4 Expression of a dominant negative form of epsin 15 does not alter 
olyamine uptake in HCT116 cells 

A. HCT116 cells were transfected with Eps15 WT and Eps15 DN. Twenty four hours 
fter transfection, cells were washed twice with serum free medium. Putrescine uptake 

was assayed as described in Materials and Methods 
. HCT116 cells were transfected with Eps15 WT and Eps15 DN. Twenty four hours 

after ransfection, cells were washed twice with serum free medium. Spermidine uptake 
as assayed as described in Materials and Methods 

In all figures, * indicates a p-value of <0.01. 
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then transfected with the constructs and polyamine uptake was measured. As seen in 

gure 5.4A, expression of a dominant negative form of the adaptor protein, Eps15 had no 

ffect on putrescine internalization by the HCT116 cells. Similarly, internalization of 

ermidine was unperturbed in cells expressing Eps15∆95/295 (Figure 5.4B).  

olyam  density gradient 

fi

e

sp

 

P ines associate with lipid raft/caveolae fractions in sucrose

centrifugation and their uptake is inhibited by drugs disrupting caveolar endocytosis.  

 distinct endocytic pathway, different from the traditional clathrin-coated pathway has 

een characterized, and involves the internalization of ligands and small molecules via 

pid rafts. Lipid raft rich areas in the plasma membrane can be readily separated from the 

st of the plasma membrane components based on their density. The technique usually 

volves lysing cells in a hypertonic alkaline buffer and fractionating the lysate on a 

ucrose density gradient. By this method, lipid raft/caveolin-1 rich 

radient. Th

urity of the fractionation, we assessed the migration of a common lipid raft marker 

lotillin-1 in the fractions by Western blotting. Flotillin-1 was primarily found in fractions 

, 5 and 6 of the sucrose density gradient, indicating that these fractions correspond to 

pid raft/caveolae rich domains (Figure 5.5A). Immunoblotting for caveolin  revealed 

at its migration was similar to that of flotillin-1. In order to assess whether polyamines 

ethods.  

A

b

li

re

in

discontinuous s

membrane micro-domains typically migrate to the interface of the 5%-35% layer in the 

g

p

f

4

li -1

th

associate with lipid raft/ caveolar fractions, HCT116 cells were labeled at 4 ºC with 

e heavier organelles are found in the lower fractions.  In order to assess the 

tritiated spermidine for 15 minutes and then lysed as described in Materials and M
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Figure 5.5 A 
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Figure 5.5 B 

 
 
 

Figure 5.5. Polyamines associate with lipid raft/caveolin-1 rich fractions in a sucrose 
density gradient, and this is independent of caveolin-1 expression 
A. HCT116-Mock cells were grown to sub-confluency in 150 mm plates. Plates were 
washed twice with serum free medium and labeled with tritiated spermidine for 15 
minutes at 4 ºC. Cells were then lyzed, fractions collected and counted as described in 
Materials and Methods. Same experiments were run without the radiolabel. Fractions 
were collected and resolved on an SDS-PAGE gel and immunoblotted for caveolin-1 (21-

4 kD) and flotillin-1. 
. Same as in A, with HCT116 caveolin-1 anti-sense cells 
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Figure 5.6 A 
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Figure 5.6 A and B Inhibitors of lipid raft endocytosis perturb polyamine uptake in 
HCT116 cells. 
5.6A . HCT116 cells were plated for 48 hours. They were then serum starved and treated 
with various inhibitors of endocytosis for 30-60 minutes at 37 ºC. Polyamine uptake with 
radiolabeled putrescine was assessed, as described in Materials and Methods. 

.6B. HCT116 cells were plated for 48 hours. They were then serum starved and treated 
ith various inhibitors of endocytosis for 30-60 minutes at 37 ºC. Polyamine uptake with 
diolabeled spermidine was assessed, as described in Materials and Methods. 
 all figures, *, ** and *** indicates a p-value of <0.01. 
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Figure 5.7 A 

 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
Figure 5.7 B  
 
 
 
 
 
 
 
 

 

 

 

igure 5.7 A and B Loss of caveolin-1 increases cholera toxin uptake in HCT116 
cells 

igure 5.7 A. HCT116-Mock and Caveolin-1 Anti-Sense transfected cells were grown to 
sub-confluency and lysed in RIPA buffer. Equal amounts of protein were resolved on 

DS-PAGE gels and probed for caveolin-1 (21-24 kD). 

igure 5.7 B HCT116-Mock and Caveolin-1 anti-sense transfected cells were plated for 
8 hours and cholera toxin uptake carried out, as described in materials and methods. 
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Lysates were fractionated on a discontinuous sucrose density gradient. The radiolabel 

rimarily localized to flotillin-1/caveolin-1 rich fractions 4-6 with small amounts seen in 

e heavier fractions. We also found that the association of spermidine with lipid raft 

actions is independent of the expression of caveolin -1 (Figure 5.5B). 

  Internalisation of lipid rafts can be blocked by various agents including methyl-β-

PP2 and chelerythrine chloride [211]. Methyl-β-cyclodextrin decreased 

utrescine uptak

permidine uptake (Figure 5.6B). The Src kinase inhibitor, PP2, d d 

permidine uptake by about 40% and 70% respectively (Figure 5.6A and B). 

helerythrine chloride, a pan-protein kinase C inhibitor also significantly reduced 

olyamine uptake in HCT116 cells (Figure 5.6A and B).  

oss of caveolin-1 increases polyamine uptake in colon cancer cells.

p

th

fr

  

cyclodextrin, 

p e to about 30% of the control (Figure 5.6A). The same effect was seen on 

s ecreased putrescine an

s

C

p

 

L  

 lipid raft-associated protein and is involved in the formation of caveolae 

08]. To a

xpression, we used a HCT116-derived cell line where caveolin-1 expression had been 

blated using an anti-sense construct. As shown in Figure 5.7A, the anti-sense transfected 

ells show almost no expression of caveolin-1, as compared to the mock-transfected 

ounterpart. As a control to assess whether loss of caveloin-1 increased caveolar 

ndocytosis, we assessed the uptake of cholera toxin subunit B. There was an increase in  

ptake of fluorescent labeled cholera toxin subunit B in the HCT116 cells expressing the  

Caveolin-1 is a

[2 ssess whether the lipid-raft dependent uptake was affected by caveolin-1 

e

a

c

c

e

u
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Figure 5.8 A 

 

 

 

 

 

 

 

 

 

Figure 5.8 B 

 

 

 

 

 

igure 5.8 A and B Loss of caveolin-1 increases polyamine uptake in HCT116 cells. 

d, as described in 

5.8 B HCT116-Mock and Caveolin-1 Anti-Sense transfected cells were plated for 48 

 

 

 

 

 

 

 

F
 5.8 A HCT116-Mock and Caveolin-1 Anti-Sense transfected cells were plated for 48 
hours. Polyamine uptake with radiolabeled putrescine was assesse
Materials and Methods  

hours. Polyamine uptake with radiolabeled spermidine was assessed, as described in 
Materials and Methods. (From Karen L. Kachel) 
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Figure 5.9 A 
 

 

 

 

 

igure 5.9 B
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Figure 5.9 C 
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Figure 5.9  Ec
cells. 

topic expression of caveolin-1 decreases polyamine uptake in HT29 

.9 A. HT29-Mock and Caveolin-1 transfected cells were plated for 24 hours. Following 
cubation, IPTG (1mM) was added for an additional 24 hours. Cells were then lysed, 

nd e
 (21-24 kD). 
.9 B. HT29-Mock and Caveolin-1 transfected lls were plated for 24 hours. Following 
cubation, IPTG (1mM) was added for an ad
diolabeled putrescine was assessed, as described in Materials and Methods. 

.9 C. HT29-Mock and Caveolin-1 transfected cells were plated for 24 hours. Following 
cubation, IPTG (1mM) was added for an additional 24 hours. Polyamine uptake with 

idine was assessed, as described in Materials and Methods. 

5
in
a
1

qual amounts of protein were resolved on SDS-PAGE gels and probed for caveolin-

5  ce
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caveolin-1 anti-sense construct, as compared to the mock transfected controls (Figure 

.7B). We sought to determine whether caveolin-1 expression affected polyamine uptake 

 these cells. Caveolin-1 loss dramatically increased putrescine uptake in the HCT116 

ells, with a 50% increase in putrescine uptake seen in the caveolin-1 anti-sense 

ansfected cells.(Figure 5.8A). Similar results were seen with spermidine uptake with a 

 being seen with the anti-sense transfected cells (Figure 5.8B).  

ctopic expr

5

in

c

tr

2-fold increase

 

E ession of caveolin-1 decreases polyamine uptake in colon cancer cells.  

In Figures 5.8A and B, we saw that loss of caveolin-1 led to an increase in polyamine 

ployed HT29 cells which had been stably 

ansfected with a caveolin-1 expression vector. As shown in Figure 5.9A, there was a 

bust induction of caveolin-1 protein in HT29-Cav-1 transfected cells following IPTG 

eatment for 24 hours. Under these conditions, we assessed whether caveolin-1 

xpression affected polyamine uptake. There was no significant difference between the 

ock with IPTG treatment and caveolin-1 transfected cells. However, on 

duction of caveolin-1 with the addition of IPTG, there was a significant decrease 

 to 

uptake. To check if the reverse is true we em

tr

ro

tr

e

mock, m

in

(p<0.01) in putrescine internalization by the caveolin-1 expressing cells, as compared

the mock transfected and IPTG treated counterparts (Figure 5.9B). The same effect was 

observed with spermidine uptake, with a dramatic reduction (p<0.01) in uptake following 

caveolin-1 induction in the HT29 cells (Figure 5.9C).  
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Figure 5.10 A 

 

 

 
 
 

 

 
 

 

Figure 5.10 B 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10 A and B An activated K-RAS increase cholera toxin uptake in HCT116 
cells 
5.10 A HCT116 and Hkh2 cells were grown to sub-confluency and analyzed for an 
activated K-RAS using the Ras Activation Assay Kit (Catalog # 17-218) from Upstate, 
Millipore Corporation using the manufacturer’s protocol. 
5.10 B HCT116 and Hkh2 cells were grown for 48 hours and cholera toxin uptake was 
assayed as described in materials and methods.  
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Activated K-RAS increases polyamine uptake in colon cancer cells 

Bachrach et al have shown that various oncogenes can increase polyamine uptake [212]. 

We wanted to understand whether an activated K-RAS influences polyamine uptake by 

odulating caveolar endocytosis. To test this, we employed the HCT116 and a derived 

lone Hkh2 where the activated K-RAS has been disrupted by homologous 

The HCT116 cells have higher levels of active (GTP-bound) K-RAS 

Fig ) and higher levels 

f phospho-caveolin-1 as compared to HKh2 cells (Figure 5.11A). They also have a 

igher level of activated Src as seen by increased phosphorylated tyrosine 416 levels in 

igure reatment of the HCT116 cells with the Src kinase inhibitor, PP2 

ecreased both activated Src and phospho-caveolin-1 levels (Figures 5.12A and 5.12B). 

a significant decrease in uptake of cholera toxin subunit B (Figure 5.12C).  

inally, we so

olyamine uptake. As seen in Figure 5.13A and 5.13B, an activated K-RAS oncogene 

ramatically increases both putrescine and spermidine uptake in human colon cancer 

ells. 

iscussion: 

m

c

recombination. 

( ure 5.10A), higher uptake of cholera toxin subunit B (Figure 5.10B

o

h

F  5.11B. T

d

There was also 

F ught to see whether these differences in phospho-caveolin-1 levels affected 

p

d

c

 

D  

e have investigated the role of various proteins involved in endocytosis in relationship 

 polyamine uptake. Work done by previous groups has alluded to an endocytic pathway 

.   

e that polyamines are internalised via a  

W

to

for polyamine uptake [206]. Our studies dissect the nature of the endocytic pathway

The principal findings of our work demonstrat
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Figure 5.11 A 
 

 

 

 

 

 

 

 

Figure 5.11 B  

 

 

 

 

 

 

Figure 5.11 A and B. An activated K-RAS increases caveolin-1 phosphorylation and 
SRC activity in HCT116 cells 
5.11 A and B Cells were grown for 48 hours to sub-confluency and lysed in RIPA buffer. 
Lysates were resolved on a 12.5 % SDS-PAGE gel and probed for phospho-caveolin-1 

immunoblotting.  

 

 

 

 

 

 

 

(24 kD), total caveolin-1 (21-24 kD), phospho-SRC (60 kD) and total SRC (60 kD) by 
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Figure 5.12 A  

 

 

igure 5.12 B
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Figure 5.12 C 

 

 

igure 5.12 Th -1 

.12 A, B and C. HCT116 cells were grown for 48 hours to sub-confluency, and treated 
ith PP2 (20 µM) for 30 minutes in serum-free medium. Cells were either lysed and 

or phospho-SRC, total SRC, phospho-caveolin-1 and total caveolin-1, or assayed 
ra toxin uptake. 
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Figure 5.13 A 

igure 5.13 
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Figure 5.13 An activated K-RAS increases polyamine uptake in HCT116 cells 

was assessed, as described in Materials and Methods. (From 
aren L. Kachel) 

5.13 A. HCT116 and Hkh2 cells were plated for 48 hours. Polyamine uptake with 
radiolabeled putrescine was assessed, as described in Materials and Methods. 
5.13 B. HCT116 and Hkh2 cells were plated for 48 hours. Polyamine uptake with 
radiolabeled spermidine 
K
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dynamin-dependent, clathrin-independent endocytic route. They localize to lipid rafts and 

re internalised via a caveolar endocytic pathway, which is negatively regulated by 

aveolin-1.  

Our study shows that polyamines are taken up by a dynamin- dependent 

echanism in human colon tumor derived cells. The GTPase dynamin regulates a major 

b-set of endocytosis-dependent uptake and trafficking. It is involved in the blebbing of 

brane and subsequent internalization. Expression of a dominant negative 

rm of

ansferrin. When the same construct was expressed in HCT116 cells and polyamine 

ptake measured, we found that dynamin K44A dramatically reduced the uptake of 

idine and putrescine.  Dynamin dependent endocytosis is further sub-classified as 

lathrin-depenent, caveolin-1/lipid raft dependent and clathrin-independent/caveolin-1 

dependent [50]. In order to further understand the involvement of these pathways, we 

sed a dominant negative form of the adaptor protein, Eps15 to perturb clathrin-

cytosis. Eps15 is involved in the assembly of clathrin triskelions at the 

 these pits 

27]. Expression of Eps15 ∆95/295 completely inhibited the uptake of transferrin by 

CT116 cells, indicating cessation of clathrin-dependent endocytosis. However, this 

onstruct did not have any effect on the internalization of putrescine and spermidine. This 

ointed towards a dynamin –dependent/clathrin-independent pathway of polyamine 

a

c

 

m

su

the plasma mem

fo  this protein completely abrogates the uptake of the iron-binding protein 

tr

u

sperm

c

in

u

dependent endo

site of endocytosis. The dominant negative form impedes the formation of

[1

H

c

p

internalization. 
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 Lipid raft/caveolar endocytosis is a subset of dynamin-dependent endocytic 

nt to check 

 revealed the presence of caveolin-1 in the same fractions as the lipid-raft marker 

rotein, flotillin-1. Flotlillin-1 is known to localize to lipid rafts and can form a hetero-

ligomeric complex with caveolin-1 in the membrane microdomains [213, 214]. To 

idine was primarily localized to the caveolae rich 

a m

processes. We first fractionated the HCT116 cells on a sucrose density gradie

whether caveolin-1 localized in raft rich fractions. Immunoblotting analysis of the 

fractions

p

o

assess whether polyamines associate with these caveolae fractions, we labeled HCT116 

cells with tritiated spermidine. Following fractionation of the labeled cells on a sucrose 

density gradient, we found that sperm

plasm embrane fractions. This association with lipid rafts was also found in the 

HCT116-caveolin-1 anti-sense cells, indicating that polyamines associate lipid rafts 

independent of caveolin-1. The cholesterol extracting agent methyl-β-cyclodextrin has 

been shown to inhibit lipid raft endocytosis. Treatment with methyl-β-cyclodextrin 

decreased putrescine and spermidine uptake to about 30% of the vehicle controls.  Also, 

lipid raft endocytosis requires the participation of tyrosine kinases like Src, and protein 

kinase C.  Use of the Src kinase inhibitor PP2 decreased putrescine and spermidine 

uptake by HCT116 cells, by 60% and 30% respectively.  Protein Kinase C has been 

implicated in caveolar endocytosis [91]. Treatment with an inhibitor, chelerythrine 

choride, decreased the uptake of both putrescine and spermidine indicating that Protein 

Kinase C is involved in the internalisation of polyamines. At this stage, it needs to be 

mentioned that some of the inhibitors are not selective and can perturb clathrin-dependent 

endocytosis [215].  
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 We used a genetic approach to determine if caveolar endocytosis plays a role in 

polyamine uptake. Caveolin-1 is a negative regulator of caveolar endocytosis and acts to 

stabilize caveolae at the plasma membrane [97]. This effect was also seen in the 

internalization of the polyamines, putrescine and spermidine. The uptake of these two 

polyamines significantly increased with loss of caveolin-1 in the HCT116 cells, as 

reported for other ligands of caveolar endocytosis [216, 217].  

As previously mentioned, several ligands like cholera toxin subunit-B (CT-B) can be 

internalized via caveolae. The CT-B binds to the ganglioside GM1 in lipid rafts and is 

endocytosed via caveolae. Pang et al have reported that GM1 levels in lipid raft decide 

the extent of caveolar endocytosis of CT-B in human colon cancer cells [218]. In order to 

understand whether the caveolin-1 effect we observed in the HCT116 cells was because 

of GM1 expression, we used another cell line, HT29. The HT29 cells express very low 

levels of caveolin-1 and we used an IPTG-inducible caveolin-1 transfected clone to 

assess the effects of ectopic expression of caveolin-1 on polyamine internalisation. The 

HT29 cells express very low levels of GM1, as compared to HCT116 cells (Figure 5.14). 

This expression is independent of caveolin-1 levels. Polyamine uptake was dramatically 

decreased in the HT29 cells after caveolin-1 expression. Thus, caveolin-1 is a negative 

regulator of polyamine uptake and this effect is independent of GM1 expression.  

 Polyamine metabolism is de-regulated during carcinogenesis. Activated 

oncogenes have been shown to increase polyamine uptake in transformed cells [212]. 

However, no mechanism for this observation has been proposed. We saw that an 

activated K-RAS increases polyamine uptake in colon cancer cells. This is through the  
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Figure 5.14  
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Figure 5.14 HCT116 cells show higher GM1 staining, as compared to HT29 cells 

 

 

 

 

 

 

 

 

 

 

 

5.14 HCT116 and HHT29 cells were grown on LAB-TEK chamber slides and stained for 

 

 

 

 

 

lipid rafts, as described in materials and methods. 
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phosphorylation of caveolin-1 at tyrosine residue 14. This phosphorylation event leads to 

increased budding of caveolae at the plasma membrane with a concurrent increase in 

-1 

hosphorylation at tyrosine residue 14. Our finding is consistent with the observation that 

utocrine motility factor receptor (AMF-R) endocytosis, which is endocytosed via 

aveolae, is increased in RAS transformed –NIH3T3 fibroblasts [97].  

polyamine uptake and biosynthesis [221]. 

antizyme in regulation of polyamine imal, 

indicating that passive diffusion was not a m or-

derived cells (data not shown)

mechanism for polyamine uptake in ma

polyamine spermine colocalises with caveo

aveolin-1 acts to stabilize caveolae at the plasma membrane and is a negative regulator 

f caveolar endocytosis. Our work provides a mechanism for internalization of 

olyamines via a dynamin-dependent and clathrin-independent mechanism. Belting et al 

ave also shown the involvement of heparin sulfate proteoglycans (HSPG) as a possible 

ehicle for polyamine uptake.  HSPG are localized to lipid rafts in various cell types 

22]. Binding of polyamines to HSPG and their subsequent internalization via caveolae 

caveolar endocytosis rate [93, 219]. This effect was blocked with the use of the Src 

kinase inhibitor, PP2 as indicated by a decrease in polyamine uptake and a decrease in 

amount of phospho-caveolin-1 following PP2 treatment [220]. Thus, our data show that 

an activated K-RAS increases polyamine uptake by increasing Src-dependent caveolin

p

a

c

 Antizyme, a polyamine-regulated gene, has been shown to negatively regulate 

Our study does not address the role of 

uptake. Uptake of polyamines at 4 OC was min

ajor route of uptake in human colon tum

. Several groups have alluded to an endocytic dependent 

mmlian cells. Belting et al have shown that the 

lin-1 positive endosomes in CHO cells. 

C

o

p

h

v

[2
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is an interesting mechanism for polyamine uptake. HSPG like glypicans can activate Src 

nd polyamine binding to such molecules might possibly lead to  clustering of HSPG and 

ctivation of their caveolar endocytic process [223]. Soulet et al have used a fluorescent 

ro  uptake in CHO cells. Their studies reveal that receptor-

e involved in polyamine uptake by these cells [206]. However, 

 is necessary to point out that they employed the End1, LEX1 and LEX2 mutant cells. 

ke, 

sis [224]. The LEX1 cells are defective 

 fusion between late endosome and lysosomes [225]. The LEX2 mutants show impaired 

aturation of multivesicular bodies [226]. Thus, the studies by this group have mainly 

cused on polyamine trafficking following internalization. Our work is different from 

ther studies, in that it focuses primarily on internalization of polyamines rather than 

afficking. We have not addressed the fate of internalized polyamines using fluorescent 

ession of caveolin-

a

a

p be for studying polyamine

m diated endocytosis is not 

it

The End1 mutant cells show impaired endosomal acidification and transferrin upta

indicating a defect in clathrin-dependent endocyto

in

m

fo

o

tr

labeled probes, because we are concerned that bulky fluorescent adducts may influence 

the intracellular trafficking of these small cations.  

 Our work sheds light on how colon cells can take up polyamines. The intestinal 

tract is a rich source of polyamines originating from enteric bacteria and diet [227]. 

Caveolar endocytosis might be a potential mechanism by which polyamines from the gut 

can be internalized. The colonic epithelium is highly polarized and there might be 

different mechanisms of uptake in the apical and basolateral sides of the colonic 

epithelium. Several groups have shown that caveolin-1 is primarily expressed on the 

apical side of the lumen [228] . Other groups have shown that the expr
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1 is not restricted to the apical side [122, 229]. Thus, there is still an apparent dichotomy 

regarding caveolin-1 expression in the colon. Nonetheless, caveolin-1 is a potential 

regulator of polyamine uptake by human colon-tumor derived cells. Caveolin-1 is often 

down-regulated in human colon cancers [121]. Thus, one could speculate that loss of 

caveolin-1 would lead to an increase in polyamine uptake during colon carcinogenesis. 

Also, mutations like K-RAS, which occur at later stages of colon carcinogenesis could 

possibly confer resistance to DFMO, since the cells can rapidly develop compensatory 

endocytic uptake mechanisms. Thus, a caveolin-1 dependent uptake route could prove to 

be a potential therapeutic target in cancer chemotherapy. 
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CHAPTER 6  CONCLUDING REMARKS 

 

In the present research, the regulation and function of caveolin-1, a novel transcription 

target of the APC tumor suppressor and the K-RAS oncogene has been studied. This work 

reveals that the wild type (full length) APC tumor suppressor gene is capable of inducing 

the expression of caveolin-1, through the induction of FOXO1, a member of the FKHR 

mily fa of transcription factors, and the repression of the C-MYC oncogene. Another 

finding of this study is that an activated K-RAS oncogene induces caveolin-1 expression 

in colon cancer cells, and this induction is independent of the activating mutation. An 

activated K-RAS induces caveolin-1 through the activation of the P-I3 Kinase/ AKT 

pathway in the colon tumor-derived cells we have used in our study. Kim et al have seen 

that there is a positive correlation between AKT expression and caveolin-1 in human 

colon cancer tissues [230]. The expression of caveolin-1 in colon cancer has remained 

controversial, where studies have shown that there is both and increase or a decrease in 

caveolin-1 expression in colon cancer development and progression. This work provides 

a possible mechanism for the apparent disparity in these studies. In the earlier stages, 

because of an initiating APC mutation, there might be a down-regulation of caveolin-1 

expression. However, if the same tumor then acquires a mutation in the K-RAS oncogene, 

there might be a subsequent up-regulation of caveolin-1 in the same tumor. The studies 

which analyzed the expression of caveolin-1 in human colon tumor samples did not 

correlate it with the genotype of the tumor.  
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Functionally, this stage-specific and mutation-dependent expression of caveolin-1 might 

ave differing consequences on colon cancer progression and development. In the earlier 

ages of cancer, down-regulation of caveolin-1 via acquisition of an APC mutation might 

ffect various phenotypes associated with tumor promotion. The present research has 

own that loss of caveolin-1 leads to an increase in polyamine uptake in these colon 

ancer cells. Polyamines are pro-tumorigenic molecules whose intra-cellular levels 

crease during cancer development [194]. They have been implicated in tumor 

romotion and progression. Cancer cells acquire polyamines primarily via biosynthesis 

nd uptake. Though biosynthesis inhibitors of the polyamine pathway, like DFMO have 

een efficacious in in vitro models, their effect is not translated clinically because of 

evelopment of compensatory uptake mechanisms. Our study reveals that caveolin-1 

ight regulate polyamine uptake in colon cells, and its loss leads to an increased uptake. 

olyamine uptake is not the only anti-tumorigenic phenotype associated with caveolin-1. 

Several other groups 95 and DCC localize 

to lipid rafts in colon cancer cell. This locali tion is extremely critical in regulating their 

h

st

a

sh

c

in

p

a

b

d

m

P

have shown that pro-apoptotic proteins like CD

za

functions, since destabilizing lipid rafts alter their function [231-233]. Thus, loss of 

caveolin-1 in the earlier stages of colon cancer development might lead to destabilization 

of lipid rafts, and confer apoptosis resistance to these cells.  

However, the role of caveolin-1 might be reversed when its expression levels increase 

because of an activating mutation in the K-RAS oncogene. In our studies we have seen 

that the P-I3Kinase/ AKT pathway is responsible for caveolin-1 up-regulation. Since Kim 

et al have reported that there is an increased expression of caveolin-1 and AKT in colon 
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cancers, it would be exciting to speculate that this correlation is seen because of an AKT-

dependent up-regulation of caveolin-1 mRNA.  Caveolin-1 has been shown to maintain 

an activated AKT in prostate cancer cells. A positive correlation between phospho-AKT 

levels and caveolin-1 expression was seen by the work presented in this dissertation. This 

implies that caveolin-1 expression via AKT might, in fact, constitute a positive feed back 

loop leading to more AKT signaling.  Another impact of caveolin-1 was on the effect of 

TPA-mediated signaling in colon-tumor derived cells. In this study, we found that 

presence of caveolin-1 augmented TPA-dependent protein kinase C activation and down-

stream signaling. Though TPA is an artifical inducer of inflammation, our studies reveal 

that caveolin-1 has effects of membrane dependent-signaling processes like protein 

kinase C signaling. Akre et al have shown that tumor promoting agents like secondary 

bile acids can activate protein kinase C and increase membrane translocation of caveolin-

1 in human colon cancer cells [234]. Thus, caveolin-1 expression at later stages of colon 

cancer development, via a K-RAS dependent mechanism might alter cellular signaling to 

inflammatory stimuli like bile acids.  

Our working model regarding the regulation and functions of caveolin-1 during colon 

cancer development and progression is summarized in Figure 6.1. In this study, we found 

that caveolin-1 has pleiotropic effects, including some which can be classified as 

potentially tumor suppressive, whereas some effects which have tumor-promoting 

activities. This is not a novel finding where a protein has differing functions depending 

on the stage of cancer development. The TGFβ protein is a classical example of such a 

protein which has growth inhibitory effects on the epithelium in the earlier stages of  
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development and progression 

 
 

Figure 6.1 Regulation of caveolin-1 expression, and its role in colon cancer 
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carcinogenesis. However, in the later stages, it acquires a pro-tumorigenic role by 

increasing EMT and immunosuppression [135].  

In summary, our study reveals how the caveolin-1 protein is regulated by the APC and K-

RAS genes during colon cancer development, and its implications on the transformed 

 

 

 

 

 

 

 

 

 

 

phenotype.  

 

 

 

 

 

 



 152

CHAPTER 7  FUTURE PERSPECTIVES 

 

The present study involves understanding how CAV1 is regulated by the APC tumor 

suppressor and the K-RAS oncogene during colorectal carcinogenesis, and how this 

impacts cellular phenotypes like signal transduction and polyamine uptake. However the 

work done in this dissertation raises several questions. 

1) What is the relevance of caveolin-1 expression in signal transduction, in colorectal 

carcinogenesis, from a physiological perspective? 

In this study, the role of caveolin-1 in basal signaling and signaling in response to an 

inflammatory stimulus (TPA) was found to be stimulatory. Pro-inflammatory stimuli 

associated with an increased risk of colorectal carcinogenesis are secondary bile acids 

like deoxycholic acid [235]. These molecules have been shown to activate protein kinase 

 signaling [236]. In fact, PKC-dependent signaling is thought to be a one of the primary 

ed in this 

issertation, it would be interesting to see the effect of these compounds on cellular 

gnaling. Jean-Louis et al have shown that bile acids, like deoxycholic acid, increase 

embrane cholesterol content [237]. Their studies were done in a cell line model, 

CT116 cells, which express high levels of caveolin-1. Caveolin-1 is known to regulate 

embrane cholesterol. Thus, as an after-thought to the above experiment, a study 

ddressing the role of caveolin-1 in bile acid signaling would address the question 

hether caveolin-1 regulates bile acid signaling by regulating membrane cholesterol 

ontent. Another aspect of this study is to understand the effect of other bile acids like 

C

mediator of bile acid-dependent phenotypes. Though this has not been address

d

si

m

H

m

a

w

c
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urso-deoxycholic acid (thought to possess tumor suppressive properties) on membrane-

 factors affect colorectal carcinogenesis 

s caveolin-1 expression affect colon cancer development in an in vivo 

urine model of intestinal cancer?  

This dissertation, and work done by Sasai et al, clearly show that caveolin-1 is differentially 

regulated in rodent and human cells [134]. Thus, a murine model system might not be an ideal 

system to study the transcriptional regulation of caveolin-1 by tumor suppressors and 

oncogenes. A better approach to answer that question would be to see a correlation of caveolin-

1 expression in human colon tumor samples, and genotypes of the patients (discussed in the 

next section). It would be worthwhile to test how caveolin-1 expression affects cellular 

phenotypes like polyamine uptake in mice. This would have clear implications in colorectal 

carcinogenesis. Several researchers have independently shown that polyamines have a pro-

tumorigenic effect on colon carcinogenesis. Paulsen et al have shown that polyamines in diet 

can increase the rate of intestinal carcinogenesis, when administered along with the stomach 

carcinogen azoxymethane (AOM), in an in vivo mouse model [238]. The relevance of dietary 

polyamines, and polyamines originating from the activity of the gut flora, has recently come 

into light from the fact, that, though DFMO is a potent inhibitor of polyamine biosynthesis, its 

effects in vivo remain restricted, because cells develop the ability to scavenge intestinal luminal 

polyamines. Indeed, several independent researchers have shown that if luminal polyamine 

dependent signaling processes and the role caveolin-1 has to play in this process. This 

kind of a study would explain how luminal risk

through the expression of proteins like caveolin-1. A current graduate student, Nathaniel 

S. Rial, is addressing this in our laboratory. 

2) How doe

m
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content is regulated, e olishing gut microflora, 

through antibiotic treatment, the efficacy of DFMO increases considerably [238, 239]. Our 

la al 

p e 

m  a 

m human APC gene, and spontaneously 

d ne 

le n-1 knockout mice have been shown to 

b er 

d n 

p ce 

w ng 

d he 

re le 

c

ither by restricting dietary polyamines or ab

boratory has shown that increasing dietary polyamines can lead to an increase in intestin

olyamine content in Min mice [240]. The Min mouse model has long been used as a murin

odel to study small intestinal tumorigenesis [241]. These mice are heterozygous for

utation in codon 850 of the murine homologue of the 

evelop small intestinal polyps. These mice are known to have higher intestinal polyami

vels, as compared to their WT counterparts. Caveoli

e defective in caveolar endocytosis and have been used as a model to study canc

evelopment [242]. However, no one has tested the effect of the knockout phenotypes o

olyamine uptake and intestinal carcinogenesis. One would expect that these knockout mi

ould show a difference in polyamine uptake as compared to their WT counterparts. Knocki

own caveolin-1 expression in the Min mice would provide important information on t

levance of polyamine uptake on colorectal carcinogenesis, and also elucidate the ro

aveolin-1 might play during carcinogenesis. 

3) How does caveolin-1 expression in colon cancer specimens, correlate with the 

genotype (APC and K-RAS mutation status) of the cancer? 

In this study, APC and K-RAS were found to regulate caveolin-1 expression. However, 

this work was done in cell culture. It would be interesting to evaluate the expression of 

caveolin-1 in human colon tumor samples, and correlate them with their genotype. One 

would expect to see a down-regulation in tumors harboring an APC mutation, but not in 

tumors with both APC and K-RAS mutations.  
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