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                                                            ABSTRACT 
 
Normal tissue structure and function are maintained by a dynamic interaction between 

epithelial cells and the stroma consisting of fibroblasts, adipose, vasculature and resident 

immune cells, and a multitude of cytokines and growth factors. Stroma was usually 

studied in the background of the malignant lesion, only in recent years researchers have 

started considering its role before carcinogenic lesions appear. Recent studies have shown 

that stromal cells and their products can cause the transformation of adjacent cells 

through transient signaling during phenomena like adipogenesis and inflammation by 

secreting various cytokines and chemokines into the matrix which can lead to apoptosis 

resistance, proliferation, mutations etc. Research in the last few years has demonstrated a 

functional role for stroma in the initiation and progression of breast, colon and prostate 

carcinomas.  

 

In this study effect of adipogenesis and/or inflammation on prostaglandin biosynthesis is 

investigated and the effects that these prostaglandins can have on epithelial cells is 

highlighted. This work demonstrates that normal colonic fibroblasts CCD18Co can 

produce anti-tumorigenic and pro-tumorigenic prostaglandins during adipogenesis and 

that this signaling is mediated via COX-2 activation. Although deoxycholic acid (DCA), 

a secondary bile acid that is responsible for inflammation in the gastro-intestinal tract, 

induces COX-2 signaling in the fibroblasts the downstream signaling of prostaglandin 

synthases is suppressed. Adipogenesis also leads to an increased polyamine catabolism.  
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Effects of the prostaglandins were studied on various epithelial colon cancer cell lines. It 

was seen that 15d-PGJ2 causes growth inhibition and apoptosis in all cell lines tested and 

it was demonstrated that an activated K-RAS suppressed this phenomena. It was also seen 

that 15d-PGJ2 treatment could induce MAPK signaling and that an activated K-RAS 

suppressed JNK activation via AKT and MKK4. 

 

In conclusion this work reports that colonic fibroblasts can produce anti-tumorigenic 

factors like 15d-PGJ2 which may then induce apoptosis in epithelial cancer cells. This 

would be suppressed by an activated K-RAS and at the same time 15d-PGJ2 mediated 

MAPK signaling could confer a growth advantage for these cells and thus aid in tumor 

progression. 
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I. INTRODUCTION 

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

It is very important to unravel the molecular genetics of the disease in order to gain a 

better insight in transformation and the progression of the disease. Colon cancer like most 

other cancers is a result of accumulation of multiple mutations in the cell which enable 

the cell to evade growth regulation and gain immortality. Normal cells are subject to 

stringent control mechanisms, but in the event of genetic modification like mutation, gene 

amplification, gene silencing, loss of heterozygosity (LOH) etc. a cell can escape the tight 

controls that it is normally subjected to. In case of colon cancer the histological 

progression from normal mucosa to carcinoma has been well defined by Vogelstein and 

others. Fearon and Vogelstein developed a model of the above mentioned progression 

which is known as Vogelgram. Figure 1.1 shows the sequence of genes that are typically 

involved in initiation and progression of colon carcinogenesis.  

Most colorectal cancers are genetically unstable and this instability can result due to 

chromosomal instability (CIN), microsatellite instability (MIN) or chromosomal 

translocations. Colon cancer cells exhibiting the CIN phenotype are aneuploid, and 

exhibit a higher frequency of chromosomal misssegragation[1].  

CIN phenotype results in solid tumors and is characterized by an increased rate of 

chromosomal gains and losses; it is the prevalent phenotype of the CIN and MIN[2, 3]. 

Approximately 15% of colorectal cancers show MIN phenotype characterized by an 

increased mutation rate at the nucleotide level and lack of aneuploidy. These mutations 

are found mainly in the repetitive   microsatellite sequences[4]. 
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Figure 1.1: Initiation and progression of carcinogenesis in colon. 
This model of cancer development was proposed by Dr. Bert Vogelstein and supports the 
idea of cancer being a multi-step process. In colon cancer the molecular genetics involved 
has been well defined and as shown in the above figure. More then 85% of colorectal 
cancer show APC as the initiating mutation which then progresses towards adenoma and 
finally to carcinoma with further mutations in oncogenes like K-RAS or other tumor 
suppressor genes like p53 and SMAD4. 
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MIN phenotype is a result of mutations in mismatch repair genes[5]. The genetic 

alterations resulting into CIN have not been researched extensively although it is 

speculated that CIN phenotype most likely is caused by mutations in genes required for 

the fidelity of chromosome segregation. It has been shown that expression of an APC 

mutant in MIN cells can reduce the spindle checkpoint response thereby increasing the 

chances of these cells to display CIN phenotype in addition to MIN. This then indicates 

that mutations in APC could contribute to CIN[6]. Most patients with the autosomal-

dominantly inherited hereditary nonpolyposis colorectal cancer (HNPCC) syndrome 

exhibit MIN phenotype, but microsatellite instability is known to occur in a few cases of 

sporadic colon cancer as well. Functional inactivation of mismatch repair (MMR) genes 

due to germline and/or somatic mutations or epigenetic mechanisms such as promoter 

hyper-methylation can contribute to MIN phenotype. 

About 1-2% of sporadic and approximately 67% of the HNPCC associated colorectal 

adenomas exhibit microsatellite instability. Microsatellite instability could be an 

important player in tumor initiation and/or tumor progression. In other words 

microsatellite instability could lead to adenoma and eventually carcinoma formation in 

the colon or could be a result of transformation and can then contribute to tumor 

progression[7]. 

Mutations in genes that control mitosis, DNA damage repair, centrosome structure and 

function can lead to CIN phenotype. Sporadic mutations in APC gene or patients with 

familial adenomatous polyposis (FAP) with a germ-line mutation in one of the APC 
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alleles have been known to usually develop CIN phenotype. Patients with FAP usually 

develop hundreds to thousands of polyps in colon and rectum that can be detected by the 

time the person reaches adolescence. There are about 700 different APC mutations that 

have been reported to contribute towards FAP, but the most commonly seen mutations 

are the ones that lead to insertion of a premature stop codon caused by a nonsense 

mutation, deletion or frame shift mutation in APC gene, which results in a truncated 

protein. Most patients show a somatic mutation in the second APC allele or LOH at the 

APC locus, this is known as second hit  as suggested by Knudsen’s two-hit hypothesis[8, 

9]. There are three variants of FAP known as Gardner syndrome, Turcot syndrome and 

attenuated adenomatous polyposis coli (AAPC). Gardner and Turcot syndrome show 

extra-intestinal manifestations whereby patients develop soft tissue tumors or central 

nervous system malignancies respectively. AAPC is a less severe form of FAP and 

patients develop fewer polyps (30-100) compared to FAP patients[10]. 

 

HNPCC is a common form of hereditary colorectal cancer and is caused by mutations in 

one of the mismatch repair genes like hMLH1, hMSH2, hMSH6 and PMS2. Cells with 

HNPCC would still have one normal allele and thus have normal DNA repair 

mechanism. In event of a somatic hit whereby the other allele will also become mutated 

the cell would loose its ability to correct errors made during cell replication. One major 

difference between FAP and HNPCC is that patients suffering from HNPCC might not 

have an increased number of polyps though the cancer develops via a polyp precursor. 

Somatic inactivation of the normal allele or the second hit can occur via deletion resulting 
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in LOH, mutation or epigenetic silencing leading to a mismatch repair deficiency in these 

cells. These cells would then have a 100-1000 fold higher mutation rate compared to the 

normal cells[11]. People with HNPCC are at a higher risk of developing large adenomas 

which serve as the precursors of carcinomas[12]. Other then FAP and HNPCC there are 

hamartomatous polyposis syndromes which include Peutz–Jeghers syndrome and 

juvenile polyposis. These are very rare and occur at a very young age and the patients 

have multiple polyps that are non-malignant but could predispose the child to various 

complications and cancer[10].  

 

    Prostaglandins and 15d-PGJ2 as a PPARγ ligand__ 

Prostaglandins are the products of arachidonic acid metabolism. Arachidonic acid is 

released from the cell membrane via the action of the enzyme phospholipase A2. 

Arachidonic acid is then converted to PGH2 primarily by the COX-2 enzyme also known 

as PGG/H synthase. PGH2 is further metabolized to other prostaglandins such as PGE2 

and PGD2. PGD2 gets further metabolized to 15-deoxy-Delta12,14-prostaglandin J2[13].  

Figure 1.2, shows a cartoon of PG synthesis. 

15-dPGJ2,  a dehydration product of PGD2 is known to be induced in the resolution 

phase of inflammation [14]. 15d-PGJ2 is a member of cyclopentanone family of 

prostaglandins and has a reactive α,β-unsaturated carbonyl group located in the 

cyclopentanone ring. Many of the 15d-PGJ2 mediated effects are through this reactive 

group [15]. PGD2 is formed from arachidonic acid via the action of a specific PGD2 

synthase. Conversion of PGD2 to 15d-PGJ2 is non enzymatic and occurs spontaneously 
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in aqueous solutions. No specific synthase or receptors have been characterized for 15d-

PGJ2. 15d-PGJ2 does show weak affinity for DP1 and DP2, receptors for PGD2 [16].  

Prostaglandins are important in inflammation and for proliferation. PGE2 is one of the 

major metabolites of the arachidonic acid pathway and is found in significant amounts in 

tumor tissues with K-RAS activation or COX-2 up-regulation [17, 18]. Inhibition of 

COX-2 enzyme in severe combined immunodeficient disease mice leads to suppression 

of tumor growth. This effect was dependent on prostaglandin E2 synthase suppression[6]. 

Studies have shown that 15d-PGJ2 has stronger anti-tumorigenic properties compared to 

its parent compound PGD2 [20]. 15d-PGJ2 induces apoptosis and growth inhibition in 

many cell lines including the colon cancer cell lines [21-23]. It was believed that 15d-

PGJ2 induces apoptosis in many tumor cell lines via PPARγ. PGJ2 and 15d-PGJ2 are 

natural ligands for Peroxisome proliferator-activated receptor gamma (PPARγ) [24]. It 

has been shown that 15d-PGJ2 mediated growth inhibition and apoptosis could also occur 

in PPARγ independent fashion[25, 26].PPARγ is located in the cytoplasm but when 

activated by 15d-PGJ2 it migrates to the nucleus. It is possible that 15d-PGJ2 ligation, 

induces dissociation from the co-repressors which might permit interactions with co-

activators like RXR[16]. Upon activation by 15d-PGJ2, PPARγ can induce synthesis of 

IκB and thus inhibit NFκB activation. There is evidence that in addition to the PPARγ 

based inactivation of NFκB, 15d-PGJ2 can covalently bind to IκB kinase (IKK) and  
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Figure 1.2: Prostaglandin Biosynthesis 
Arachidonic acid (AA) is generated from the membrane phospholipids by the action of 
PLA2. AA is then converted to PGH2 by the oxidative action of constitutive or inducible 
cyclooxygenase enzymes. PGH2 then acts as the precursor to all prostaglandins. 
Conversion of PGH2 to other prostaglandins depends on the specific synthase availability 
in the cell. Finally non-enzymatic reactions can cause major structural and functional 
changes as seen in the case of PGD2[19].
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inhibit its function and therefore the activation of NFκB[15, 27]. 15d-PGJ2 has a 

proposed role in PPARγ mediated regulation of autoimmune diseases. 15d-PGJ2 has been 

shown to exhibit anti-inflammatory properties in diseases like rheumatoid arthritis[28]. 

There is some speculation regarding 15d-PGJ2 playing an important role in the induction 

of adipogenesis via PPARγ, and promoting differentiation of pre-adipocytes into mature 

triglyceride containing fat cells[29]. Eberhart et al had shown that COX-2 gene 

expression was up-regulated in colorectal adenomas and carcinomas[30]. There have 

been many studies showing that Non-steroidal anti-inflammatory drugs (NSAID) can 

reduce the risk of colon cancer by inhibiting COX-2 and thus inhibiting prostaglandin 

biosynthesis. COX-2 is not expressed constitutively in most cells and tissues but is 

induced in response to pro-inflammatory cytokines, hormones, and tumor promoters[31]. 

In most gastric cancers COX-2 derived production of PGE2 has been shown to be up-

regulated[32]. It has been recently shown that PGE2 reversed NSAID induced adenoma 

regression in APCMin mice and that PGE2 can accelerate intestinal adenoma growth in 

APCMin mice[19, 33]. Mutoh et al performed studies with mice which had specific 

prostaglandin receptor knocked out and discovered that formation of aberrant crypt foci 

in azoxymethane treated mice decreased when EP4 was knocked out but not with any 

other receptors. EP1 through EP4 are PGE2 specific receptors. Their studies showed 

similar results in human colon cancer cell line HCA7. Their studies indicate that PGE2 

might contribute towards colorectal carcinogenesis through EP1 and/or EP4[34]. Thus it 

is clear that PGe2 and 15d-PGJ2 have opposite functions in most cells and tissues. It is 
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important to study their levels during carcinogenesis and other molecular events like 

inflammation.  

 

    PPARγ__ 

Peroxisome proliferator-activated receptor gamma (PPARγ) is a member of the nuclear 

hormone receptor superfamily. PPARγ was first found in adipocytes, where it plays a 

very important role in differentiation. It regulates genes mainly functional in lipid and 

glucose metabolism[35]. PPARγ forms a heterodimer with retinoid X receptor (RXR) and 

this heterodimer functions as transcription factor. PPARγ is activated by both natural (15-

dPGJ2) and synthetic ligands (rosiglitazone and ciglitazone)[25]. Once active, 

PPARγ/RXR binds to the Peroxisome Proliferator Response Element (PPRE) on the 

target gene, it then recruits co-activator proteins to modulate expression of different 

genes[36]. PPARγ is found in many cell types including monocytes, macrophages, liver, 

breast, prostate, and colon. Activation of PPARγ is found to have an anti-proliferative 

effect against the cancers listed in Table 1.1. Activation of PPARγ is known to induce 

differentiation and thus inhibit proliferation of cancer cells. Colon cancer cells are found 

to have a very high amount of PPARγ expression[31]. PPARγ activation leads to 

apoptotic response and growth inhibition in many tumor tissues like human breast, lung, 

colon, prostate, bladder, gastric and thyroid carcinoma cells in vitro [24].  

 

 

 



 

 

25 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1.1: List of cancers affected by PPARγ[14]. 
 

 

 

 

 

 

 

PPARγ activation leads to antiproliferative effect in following 
cancers. 

Liposarcoma 
Colon cancer 
Breast cancer 
Prostate cancer 
Myeloid leukemia 
Neuroblastoma 
Glioblastoma 
Lumphoma 
Lung cancer 
Cervical cancer 
Bladder cancer 
Head and neck cancer 
Esophageal cancer 
Gastric cancer 
Pancreatic cancer 
Choriocarcinoma 

              Names 
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Mutations in PPARγ gene have been reported in many cases of colon cancer [5]. Thus it 

is of importance to understand the signaling mechanisms that are modulated by PPARγ in 

colon cells. McAlpine et al have recently shown that PPARγ deficiency in APCMin/+ 

mice leads to an increase in tumorigenesis. They established mice with PPARγ gene 

knocked out specifically in the intestine using the Villen-Cre transgenic mice. They 

observed an increase in the number of tumors in the intestine of heterozygous and 

homozygous intestine-specific knock outs of PPARγ[37]. PPARγ plays an important role 

in adipogenesis and insulin sensitization. PPARγ plays a crucial role in differentiation of 

pre-adipocytes into adipocytes[38]. 

 

    Apoptosis__ 

One of the hallmarks of cancers is the ability to evade apoptosis. Apoptosis itself is under 

the control of many extrinsic and intrinsic factors. Apoptosis also known as programmed 

cell death is very important for normal physiological development throughout an 

individual’s life. The players involved in apoptosis can be divided into sensors and 

effectors. Sensors being the players involved in sensing the changes in intra or/and extra-

cellular environment and are important decision makers of a cells fate to either live or 

die.  Once the decision is made these sensors transmit the signal to the effectors which 

would then trigger signals leading to apoptosis.  
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Figure 1.3: Apoptosis 
The above figure shows few of the signaling events involved in apoptosis. There are pro 
and anti-apoptotic factors and interplay between them contributes to the final decision 
making of whether cells will apoptose or not. Mitochondria play a very important role in 
this process. Mitochondrial membrane potential gets affected leading to the release of 
cytochrome-c which triggers the caspases leading to cell death. 
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Biochemically apoptosis is characterized by induction of a sequence of caspases which 

ultimately results in destruction of sub-cellular organs and the genome. Most of the times 

apoptosis involves mitochondrial release of Cytochrome-c into the cytoplasm which then 

is responsible for triggering the caspase cascade. Cytochrome-c release further depends 

on the BCL-2 family of proteins which consists of pro and anti-apoptotic members. 

Apoptosis is characterized by membrane blebbing, cytosol extrusion, chromosome 

degradation and nuclear fragmentation. The corpse is then swallowed by neighboring 

cells[39, 40]. Figure 1.3, shows some of the signaling involved in the process. There are a 

myriad of genes involved in the regulation of apoptosis. Mutations in these genes could 

lead to de-regulation of apoptosis which could then contribute towards tumorigenesis. 

Activation of proto-oncogenes like BCL-2, c-Myc, K-RAS or inactivation/loss of tumor 

suppressor genes like RB, p53, APC, PTEN can contribute towards evasion of apoptosis 

thereby aiding in tumor initiation and/or progression.   Most of the oncogenes and tumor 

suppressor genes have been studied in great detail. Of primary interest to colon cancer are 

APC, K-RAS, PPARγ and p53. 

 

    K-RAS__ 

Ras family of genes encode for small GTP-binding proteins that function as important 

switches for a multitude of signaling pathways. Ras family comprises of three known 

proto-oncogenes K-RAS, N-RAS and H-RAS. These are small membrane bound proteins 

that are active in GTP-bound state and inactive in GDP-bound state. Though the gene is 

ubiquitously expressed mRNA analysis indicates that the expression levels are different  
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Figure 1.4:  RAS signaling 
(Adapted from J Cell Physiol. 2002 Aug;192(2):125-30.)  

An activated K-RAS can act as a convergent point for many pathways triggered by 
various different extracellular stimuli. These could be growth factors, cytokines, 
hormones or neurotransmitters. These factors activate cell surface receptors like tyrosine 
kinase receptors or epidermal growth factor receptors and cytokine receptors. Once 
activated Ras proteins work to activate a multitude of kinases finally effecting important 
processes like remodeling of cytoskeleton, transcription, translation, apoptosis and cell 
cycle progression.   
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in different tissues. Ras activation depends on its interaction with guanine exchange 

factors (GEFs). Under normal physiological conditions Ras is inactivated after a brief 

period by GTPase activating proteins (GAPS), as GAPS induce GTP hydrolysis leaving 

the Ras protein in GDP bound  inactive state[41]. Figure 1.4, shows some of the 

pathways that are switched on by K-RAS activation. Ras proteins control many important 

features of cell cycle e.g. transcription, translation, cytoskeleton organization, Golgi 

trafficking etc. Different ras genes activations are important in different human tumors 

indicating a cell-specific role for each of them. K-RAS activation is predominantly found 

in colon and pancreatic  

carcinomas, H-RAS is activated in cancers of bladder and kidney, and N--RAS mutations 

are important in myeloid and lymphoid disorders[42, 43].  K-RAS mutations are seen 

predominantly in colorectal, Pancreatic and lung cancers. Evidence for K-RAS mutations 

in colorectal neoplasia were seen in early 1980’s. Point mutations in codon 12, 13 or 61 

of K-RAS led to its constitutive activation in these tumors[22]. K-RAS activation can 

induce changes in cell survival, apoptosis, angiogenesis, invasion and metastasis[44-46].  

There is evidence linking K-RAS activation centrosome amplification and chromosome 

amplification[47-49].  K-RAS activation can modulate apoptotic regulation in a positive 

or a negative fashion depending on the cell type. There is some evidence that it can 

contribute to apoptotic resistance by inducing MAPK signaling. MAPKs like ERK and 

AKT can contribute to apoptosis resistance[50]. Ward et al observed that tumors with an 

activated K-RAS had lower apoptotic index. There results indicate that K-RAS activation 

could be responsible for an increase the levels of the anti-apoptotic protein BCL-2 and 
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thereby could be linked to apoptosis inhibition[51]. There has been increasing evidence 

linking K-RAS activation with apoptosis resistance in many different model systems 

including colorectal cancer[52]. 

 

    Adipogenesis, Inflammation and cancer__ 

Obesity has been linked with diabetes and cardiovascular diseases for a long time but in 

the past few decades accumulating evidence indicates that obesity can be linked to non-

insulin-dependent diabetes, hypertension, cancer, gallbladder disease, and atherosclerosis. 

Preadipocytes that are committed to the adipocyte lineage are present in the body 

throughout life. These cells then terminally differentiate into adipocytes once 

adipogenesis is triggered by extra-cellular or intra-cellular stimulus. Adipocytes not only 

play an important role in regulating energy balance but also are important in other 

physiological processes by their paracrine/autocrine functions. [53]. Fibroblasts are the 

pre-dominant cells in stroma and can differentiate into the cell type required in the organ. 

Differentiation of fibroblasts depends on the stimulus present in the stroma. Under the 

adipogenesis inducing conditions fibroblasts differentiate into pre-adipocytes and finally 

into mature adipocytes. Pre-adipocytes and adipocytes form an important fraction of the 

stroma and serve as paracrine/autocrine cells while undergoing adipogenesis and after 

becoming mature adipocytes. It is known that stroma plays a very important role in tumor 

initiation and progression. Leptin is one such adipokine that is up-regulated in the serum 

of obese people. It is a product of the obese (ob) gene, and is a multifunctional hormone 

produced and released by adipocytes[54].  Ogunwobi et al showed that leptin could have 
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proliferative effects on the colon cancer cell line HT29[55]. There is evidence suggesting 

direct link between leptin and cancers like breast, prostate, gynecological cancers, 

gastrointestinal cancers, leukemia [54, 56, 57].  

Leptin has been shown to increase the production of PGE2 and PGF2α[58]. On the other 

hand Fain et al showed that arachidonic acid or PGE2 stimulate leptin release in the 

subcutaneous adipose tissue of obese people. They also showed that when COX-2 

activity was inhibited, leptin expression decreased significantly[59]. Somasundar et al 

showed that leptin enhances growth of various human cancer cell lines like esophagus 

(KYSE410 and 150), breast (ZR75-1 and MCF-7) and prostate (DU145 and PC-3)[60]. In 

addition Hardwick et al have shown that colon cancer cell lines like HT 29, CACO-2, 

DLD-1, SW 480, HCT 116, and LS 174-T express leptin receptor. They showed the 

presence of leptin receptor in the normal and polyp tissues of colon. They also showed 

that the receptor was functional and was linked to proliferative signaling in colon cancer 

cells in vivo and in vitro[61].  

A tumor’s micro-environment consists of various cell types like neutrophils, 

macrophages, mast cells and lymphocytes. These cells are recruited by the multitude of 

cytokines and chemokines produced by the tumor cells and play a very important role in 

inflammation in the stroma. Fibroblasts act as important contributors to the inflammatory 

process that underlies tumorigenesis. Fibroblasts express important inflammatory 

mediators linked to carcinogenesis, including Cox-2 and PGE2[62] both COX-2 and 

PGES are highly expressed in most tumors[63]. Inspite of being major cell type in the 

stroma surrounding the tumor, research on fibroblasts have been limited with regards to  
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Figure 1.5: Role of fibroblasts in inflammation linked cell proliferation 
The above diagram shows how chronic inflammation can lead to formation of tumor 
associated fibroblasts and finally limitless growth potential in the epithelial layers[64]. 
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inflammation-associated tumorigenesis[64]. Figure 1.5, shows a simplistic diagram of 

how inflammation can contribute to tumorigenesis with the aid of fibroblasts.Thus it has 

become increasingly important to study the effects of phenomena like adipogenesis in the 

stroma, on epithelial cells in normal and cancer tissue. It is important to understand the 

changes that take place in the normal stromal fibroblasts during processes like 

adipogenesis and inflammation as it will give us a better insight into the role played by 

normal fibroblasts during tumor initiation and progression. 

 

    Objectives of this dissertation__ 

Several risk factors have been identified for colon cancer, including inflammation and 

obesity. Both involve changes in the colorectal prostaglandin levels. The overall 

objective of this study was to determine sources and consequences of prostaglandin 

biosynthesis during colorectal tumorigenesis. 

The specific aims of this dissertation were: 

To characterize prostaglandin synthase levels in normal and neoplastic tissues. Stromal 

fibroblasts were assessed as a potential source of prostaglandins in colon. Adipogenesis 

and inflammation affect the levels and types of prostaglandins present in the tissue, it was 

one of the aims to understand the changes in prostaglandin levels and their secretion 

patterns in the colonic fibroblasts undergoing adipogenesis or inflammation. 

 

To address the role of specific gene mutations on epithelial responses to prostaglandins. 

Development of colorectal carcinogenesis involves mutations in important tumor 
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suppressor genes like APC.p53, PPARγ  and oncogenes like K-RAS. The effects of these 

genes on 15d-PGJ2 mediated signaling in colon cancer cell lines were studied in detail. 

 

To investigate the mechanism of K-RAS mediated modulation of 15d-PGJ2 apoptosis and 

signaling in colon cancer cells. K-RAS activation has been linked with increased 

resistance to many apoptosis inducing agents. It is important to understand the 

mechanistic details of K-RAS activation on these processes in order to gain a better 

insight into the development and progression of the disease.  
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II MATERIALS AND METHODS 

    Materials__ 

Cell culture reagents were purchased from Invitrogen Corp. (Carlsbad-CA). The specific 

primers were purchased from Invitrogen Corp. Antibodies for detection of PPARγ, 

GADD45 and C/EBPβ were purchased from Santa Cruz Biotechnology (Santa Cruz-

CA).15d-PGJ2, PGD2 and PGE2 were purchased from Cayman Chemical Co. (Ann 

Arbor, MI) Metaphosphoric acid (MPA) and triethanolamine (TEAM) and Indomethacin 

were purchased from Sigma-Aldrich, Inc (St. Louis-MO). Antibodies against poly ADP-

ribose polymerases (PARP), total Caspase-3, cleaved Caspase-3, BCL-2, BAX, and 

BAK,p-53, PO4-MKK4, PO4-ERK, PO4-p38, PO4-JNK, PO4-AKT, PO4-c-Jun, PO4-ATF-

2, PO4-MKK3, total MKK4, total ERK, total p38, total AKT, total c-Jun, total ATF-2, 

and total MKK3 were purchased from Cell Signaling technology, Inc. (Boston-MA). 

M30 Cytodeath, fluorescein antibody was purchased from Roche Biosciences 

(Indianapolis-IN). Antibodies against COX-2, PGES and PGDS were purchased from 

Cayman Chemical Co. Primary antibody for β-Actin was purchased from Sigma-Aldrich 

and primary antibody for GAPDH was purchased from Ambion. Secondary antibodies 

were purchased from Cell Signaling technology, Inc and Santa Cruze biotechnology-Inc, 

(Santa Cruze-CA) buthionine sulfoximine, dexamethasone, insulin, and 3-Isobutyl-1-

Methylxanthine were purchased from Sigma.  GF 109203X hydrochloride (PKC 

Inhibitor) and 2-(4-Morpholinyl)-8-phenyl-4H-1-benzopyran-4-one (LY 294002 –PI3-K 

Inhibitor) were purchased from Calbiochem (San Diego-CA).GW9662 and Ciglitazone 

were purchased from Cayman Chemical Co. 
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    Cell lines and the growth conditions__ 

The Caco-2 and HT29 cell lines were purchased from the American Type Culture 

Collection (ATCC) (Rockville-MD). Caco-2 cells were maintained in minimum essential 

α-medium (MEM) (Invitrogen Corps.) and HT29 cells were maintained in McCoy’s 5A 

medium (Mc5A) (Life Technologies, Inc. Rockville-MD). Both the mediums were 

supplemented with 10% FBS. MEM and Mc5A were also supplemented with 1% 

penicillin/streptomycin and 1% penicillin/streptomycin/glutamine respectively. 

 Caco-2 clonal cells stably transfected with pcDNA3 empty vector (Caco/Neo) or with 

pcDNA3-K-RAS plasmid (different K-RAS clones) were used. These cells were 

maintained in the medium supplemented with 350ug/mL of Geneticin. HT29-APC and 

HT29-βGal were obtained from Drs. Bert Vogelstein and Kenneth Kinzler, Johns 

Hopkins University, Baltimore-MD). These were maintained in medium with 600ug/mL 

of Hygromycin B (Sigma Chemical Co., St. Louis-MO). APC expression was induced 

with 300uM ZnCl2 (Sigma).  

Colorectal carcinoma cell line HCT116 which has one normal K-RAS allele and one K-

RAS allele with a point mutation in codon 13, was obtained from ATCC. HCT116 cells 

were maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 

10% FBS, penicillin, and streptomycin. HKe3 and HKh2 the K-RAS disrupted clones of 

HCT116 cells were obtained from Dr.S.Shirasawa and Dr.T.Sasazuki  HKe3 and HKh2 

cells were maintained in the same medium as HCT116 except 600ug/ml of G418 was 

added for selection. For all experiments cells were serum starved for 24 hours before 
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treatment with 15d-PGJ2. During treatment cells were maintained in 1% FBS containing 

medium. Cells were maintained at 37 0C with 95% air and 5% CO2. 

HCT116p53Null cells were obtained from Dr. Jesse Martinez (originally from Dr. Bert 

Vogelstein) and were maintained in the same conditions as HCT116 wild type cells.  

Normal human fibroblast cell line CCD18Co’s were purchased from ATCC. Cells were 

maintained in MEM containing 10% FBS, 1% penicillin/streptomycin/glutamine, 1% 

non-essential-MEM-amino acids and 1% sodium pyruvate. Adipogenesis was induced in 

these cells using same basal medium with adipogenesis inducing cocktail (AIC). AIC 

consisted of insulin, dexamethasone and 3-methyl-isobutyl-xanthine (IBMX) 

Non small cell lung carcinoma cell line A549 and its isogenic clone A549Rho cells were 

obtained from Dr. Amanda Baker’s laboratory. A549 cells were maintained in DMEM 

containing 10% FBS, 1% penicillin/streptomycin. A549Rho cells were maintained in 

DMEM with 10% FBS, 1% penicillin/streptomycin, 1M HEPES buffer, 100nM Sodium 

Pyruvate, 100ng/ml Uridine and 5ong/ml of Ethidium Bromide.  

 

    Cell Viability Assay__ 

Cells were serum starved overnight. Cells were treated with either increasing 

concentration of 15d-PGJ2 (in case of HT29p cells for 48 hours) or with 4uM 15d-PGJ2 

in 1% serum containing medium with or without 300uM ZnCl2 (HT29-βGal and HT29-

APC for 24 hours). Cells were trypsinized after the specified treatment time and viable 

cell number was assessed using Vi-cell; cell viability analyzer. Vi-cell uses the trypan 
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blue dye exclusion method. (http://www.beckmancoulter.com/literature/Bioresearch/AR-

9725A.pdf) (Beckman Coulter, Inc- CA).       

 

    Apoptosis Assay__ 

Apoptosis assay was performed using the Annexin-V-FLUOS Staining Kit from Roche 

Biosciences (Indianapolis-IN). The assay was performed according to the manufacturer’s 

instructions. Briefly after treatment cells were harvested with trypsin, pelleted and 

washed with 1x PBS. Cells were then incubated with annexin V and propidium iodide for 

15 minutes in dark. Cells were then sorted using flow cytometry (BD Facscan). 

 

    ROS detection Assay__ 

Cells were serum starved for 24 hours. Cells were then treated with 15d-PGJ2 in the 

medium containing 1% serum. After one hour cells were washed and treated with 5-(and-

6)-chloromethyl-2',7'-dichlorodihydrofluorescein diacetate, acetyl ester (CM-H2DCFDA) 

(Invitrogen, Carlsbad-CA) for 30 minutes. After treatment cells were harvested with 

trypsin, pelleted and washed with 1x PBS. Cells were then pelleted and re-suspended in 

1X PBS. Finally cells were treated with propidium iodide for 2 minutes and sorted with 

flow cytometry. 

 

    Protein Extraction__ 

Cells were serum starved overnight and then subjected to respective treatments. Samples 

were lysed using lysis radioimmunoprecipitation assay (RIPA) buffer (PBS, 1% NP-40, 
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0.5% sodium deoxycholate, 0.1% SDS, 30 ug/mL aprotinin, 100 mM sodium 

orthovanidate, and a 10 mg/mL PMSF). Samples were passed through a syringe in order 

to homogenize and kept on ice for 60 minutes, followed by the centrifugation at 

13 000 × g for 10 min. Supernatants were collected and protein concentration was 

determined with the Bio-Rad DC protein assay. 

 

    Mitochondrial and Cytosolic Fractionation__ 

Cells were serum starved overnight and then treated with 4uM 15d-PGJ2 for 18 hours. 

Mitochondrial and cytosolic fractions were then extracted using Mitochondria/Cytosol 

Fractionation Kit from BioVision (Mountain View-CA). Extraction was performed 

according to manufacturer’s instructions in short cells were pelleted and washed with ice-

cold 1XPBS for 10 minutes. Cells were then suspended in cytosol Extraction Buffer Mix 

containing DTT and protease inhibitor cocktail provided in the kit. Cells were kept on ice 

for 10 minutes and then homogenized in ice-cold Dounce Homogenizer by performing 

approximately 45 to 50 passes with the grinder. Homogenate was centrifuged for 10 

minutes at 4oC for 10 minutes. Supernatant was collected as cytosolic fraction and the 

pellet was resuspended in Mitochondrial Extraction Buffer Mix containing DTT and 

protease inhibitor cocktail. Protein content in these fractions was determined using Bio-

Rad DC protein assay. 
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    Western Analysis __ 

Protein lysates from cells were collected under required conditions after subculture using 

radioimmunoprecipitation assay (RIPA) buffer (PBS, 1% NP-40, 0.5% sodium 

deoxycholate, 0.1% SDS, 30 g/mL aprotinin, 100 mM sodium orthovanidate, and a 10 

mg/mL PMSF). Following 30 min incubation on ice, they were centrifuged at 13 000 × g 

for 10 min. Protein concentration of the supernatant was determined with the Bio-Rad 

DC protein assay. Protein lysates were separated on a 12.5%SDS-PAGE gel followed by 

overnight transfer to Hybon-C nitrocellulose membrane (Amersham) using 

electrophoresis. Blots were blocked in BlottoA (5% w/v nonfat dry milk, 0.1% Tween 20, 

and Tris-buffered saline (TBS) consisting of 10 mM Tris-HCl, pH 8.0, 150 mM NaCl) 

for 2 h at room temperature. Blots were then incubated for the required time in the 

primary antibody. The blots were washed in Tris-buffered saline/0.05% Tween-20. The 

primary antibody was detected with a secondary antibody conjugated to horseradish 

peroxidase for 1 h at room temperature. Blots were washed and protein was detected with 

an enhanced chemiluminescence detection reagent (Amersham). 

 

    Nuclear and cytoplasmic extraction__ 

Cells were subcultured for the required time and then pelleted using trypsin. Pellets were 

made as dry as possible and then weighed. Nuclear and cytoplasmic fractions were 

separated using the NE-PER Nuclear and Cytoplasmic Extraction Kit from Pierce 

Biotechnology (Rockford-IL). Fractions were separated using the manufacturer’s 

protocol.  
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    Immunofluorescence__ 

Cells were seeded in chambered glass slides. Samples were serum starved for 24 hours 

and then treated with 4uM 15d-PGJ2 for 24 hours in presence of 1% serum. Cells were 

fixed using paraformaldehyde on the glass slides and were permeabilized using methanol. 

Slides were rinsed with ice cold 1X PBS and then washed three times for 5 minutes each 

on shaker with the same. Samples were blocked for 10 minutes in the blocking buffer (1X 

PBS with 0.1% tween 20 and 1% BSA). Samples were stained for Cytokeratin-18 with 

M30 Cytodeath, fluorescein antibody (1:250 dilution in the blocking buffer) for one hour 

at room temperature. Slides were rinsed three times with ice cold 1X PBS and then 

washed three times for 5 minutes each on the shaker. To counter stain for the nucleus 

slides were incubated in 1:1000 dilution of TOPRO (Molecular Probes) and then rinsed 

with 1X PBS. Samples were mounted with anti FADE containing mounting medium 

(Invitrogen-Carlsbad, CA). Samples were assessed using a confocal microscope. 

 

    Glutathione Assay__ 

Cells were serum starved for 24 hours and then treated with 4uM 15d-PGJ2 for 4 hours. 

Cells were scraped using a rubber policeman and homogenized using a sonicator. Cells 

were then de-proteinized using MPA and TEAM as instructed in the kit. In short samples 

were mixed with the same volume of MPA reagent and allowed to stand at room 

temperature for 5 minutes. Samples were then centrifuged at 2500g for 2 minutes; 

supernatant was collected for further estimation. 50ul of 4uM TEAM reagent was used 

per ml of the sample to increase the pH. 50ul of samples were added to the wells in a 96 
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well plate and the Glutathione assay was performed according to the manufacturer’s 

instructions. Glutathione assay kit was purchased from Cayman Chemical (Ann Arbor, 

MI).  

 

    RNA Isolation and Reverse Transcription __ 

Total RNA was extracted from cells using TRIzol® reagent. Reverse transcription was 

performed on 2 g of total RNA with random primers using Reverse Transcription 

System kit (Promega Corp., Madison, WC) as per manufacturer's protocol. 

 

    Semiquantitative RT-PCR __ 

100 nanograms of cDNAs from Caco/neo and K-RAS clones were used for 

semiquantitative RT-PCR. PCR reactions were performed with puReTaqTMReady-To-

GoTMPCR Beads (Amersham Biosciences Corp.). Sequence of specific PCR primers for 

PPARγ were: a sense primer, 5 -GGC CGA GAA GGA GAA GCT GTT-3 , and an 

antisense primer, 5 -CCG GAT GGC CAA CCT CTT T-3 . The specific primer 

sequences for the housekeeping gene GADPH were: a sense primer, 5 -TGG TAT CGT 

GGA AGG ACT CAT GAC-3  and an antisense primer, 5 -AGT CCA GTG AGC TTC 

CCG TTC AGC-3 . Sequence for ADIPSIN were: a sense primer, 5 -GCG CAC CTG 

GCG CAG GCG TCC TG-3 , and an antisense primer, 5 -GCA CTG CGC GCA GCA 

CGT CGT A-3 . Sequence for h-Adipocyte Lipid Binding Protein (hALBP) were: a sense 

primer, 5 -AGT CAA GAG CAC CAT AAC CTT AGA-3 , and an antisense primer, 5 -

CCT TGG CTT ATG CTC TCT CAT AA-3 .  For h-PGDS the sequence was a sense 
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primer, 5 -GAG AGC AGA AAT TAT TCG TTAC-3 , and an antisense primer, 5 -CCA 

GAG TGT CCA CAA TAG CA-3 . Sequence for m-PGES was a sense primer, 5 -CTC 

TGC AGC ACG CTG CTG G-3 , and an antisense primer, 5 -GTA GGT CAC GGA 

GCG GAT GG-3 . Sequence for COX-2 primers was a sense primer, 5 -GTG CAA CAC 

TTG AGT GGC TAT-3 , and an antisense primer, 5 -AGC TTG CCT GGT GAA TGA 

T-3 . A different size of GAPDH was used as a control for h-PGDS, m-PGES and COX-

2. GAPDH sequence for those primers was a sense primer, 5 -ACC ACA GTC CAT 

GCC ATC AC-3 , and an antisense primer, 5 -TCC ACC ACC CTG TTG CTG TA-3   

Following PCR, samples were run on 2% agarose gel containing 0.5 g/mL ethidium 

bromide and photographed with the EagleEye system. Quantification of the bands was 

done using densitometric analysis (ImageQuant; Molecular Dynamics).  

 

    Transient co-transfections__ 

Cells were grown overnight in antibiotic free medium. Cells were then transfected with 

pGL2-basic or pGL2-PPRE containing plasmid. PCNA3-β-Gal was used as the 

transfection control. Cells were incubated with the plasmids and lipofactamine 

(Invitrogen) for 6 hours in serum free medium. Following the lipofactamine treatment 

medium 20% serum containing medium was added and cells were incubated for 24 hours. 

Cells were then treated with 15d-PGJ2, GW or 15d-PGJ2 and GW both in 10% serum 

and antibiotic containing medium. After 24 hour cells were lysed and used for Luciferase 

assay and β-Galactosidase assay.  
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    Protein extraction from transfected cells__ 

Transfected cells were washed with 1X ice cold PBS. Cells were then harvested using 

trypsin. Cells were then lysed using Triton-Lysis buffer (buffer contains 1% Triton-X, 

25mM Gly-Gly, 15mM MgSO4, 4mM EGTA in 100ml of distilled water. 100mM DTT 

was added just before use).Samples were centrifuged at 10,000rpm for 5 minutes at 40C. 

Protein content was measured using DCA method. The extract was then used for 

Luciferase assay and β-Galactosidase assay. 

 

    Luciferase Assay__ 

Samples were made up in 10ul of the Triton-Lysis buffer in a manner that each sample 

had 10ug protein, in clear eppendorf tubes. Samples were tested in triplicates. 50ul of 

Luciferase mixture was added to each sample. Samples were read in the Luminometer to 

detect Luciferase activity. 

 

    β-Galactosidase Assay__ 

10ug protein from each sample was added in wells of 96 well plate. Samples were tested 

in triplicates. Volume in each well was made up to 30ul with Triton-Lysis buffer. 50ul of 

cleavage buffer with β-Mercaptoethanol was added to each well. 17ul of 4mg/ml of 

ONPG was added to each well and the plate was incubated at 370C for 30 minutes. 125ul 

of stop buffer was added to each well and cells were read in the micro-plate reader at 

420nm. 
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    Oil Red O staining__ 

CCD18Co cells were seeded on chambered slides and were treated with AIC or normal 

growth medium post-confluency for 3 to 6 days. Oil Red O staining kit was used for this 

procedure. (Poly Scientific R&D Corp., Bay Shore-NY). Samples were then fixed using 

4% paraformaldehhyde for 20 minutes at room temperature. Slides were rinsed with 1X 

PBS and then washed twice with 1X PBS for 10 minutes each on the shaker. Samples 

were incubated with Absolute Propylene Glycol for 2 minutes. Samples were then 

incubated with Oil Red O solution for two hours. Samples were differentiated for 1 

minute using 85% Propylene Glycol solution for 1 minute. Slides were rinsed twice with 

distilled water. Samples were stained with Harris Hematoxylin solution for 15 seconds to 

stain for the nucleus. Slides were rinsed twice and mounted with Glycerin Jelly mounting 

medium. Pictures were taken under 60X magnification. 

 

    SSAT Enzyme Activity __ 

Measurement of SSAT enzyme activity was performed as follows. Cells were harvested 

on day 3 and day 6 post AIC treatment. Cells were pelleted and washed with ice cold 

1XPBS(140 mM NaCl, 2 mM KCl, 8.1 mM Na2HPO4, and 0.9 mM K2HPO4). Pellets 

were then treated with SSAT lysis buffer (50 mM Tris-HCl, 2.5 mM DTT, and 0.1 mM 

EDTA, pH 7.5). Samples were then frozen until further use. [14C]-acetylcoenzyme A and 

unlabeled spermidine were used to perform radiochemical SSAT activity assay. The 

assay measures SSAT activity was performed by assessing labeled acetylspermidine 

synthesized from [14C]-acetylcoenzyme A and unlabeled spermidine. One unit of enzyme 
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activity is the amount that catalyzes the synthesis of 1 pmol acetylspermidine/min/mg 

protein at 30°C. 

 

    Polyamine Analysis __ 

Cells were harvested at day 3 and day 6 post AIC treatments. Cells were pelleted and 

washed with cold 1X PBS. Pellets were then treated with 0.1 N HCL in the proportion 

4 × 107 cells per 900 L to extract polyamines. Samples were homogenized by 

sonication, following which 0.2 N HClO4, was added. Samples were left at 40C overnight 

and then centrifuged at 13 000 rpm for 10 min at 4°C. Supernatants were analyzed by 

reverse-phase high-performance liquid chromatography with 1,7-diaminoheptane as an 

internal standard. 

 

    Real-Time PCR analysis of SSAT RNA__ 

Total RNA was isolated from CCD18Co cells grown in AIC containing medium or 

normal growth medium using the Qiagen RNeasy Kit according to the manufacturer’s 

protocol.  Reverse transcription was completed using the TaqMan Reverse Transcription 

Reagents Kit (Applied Biosystems, Foster City, CA).  One μg of total RNA was 

transcribed into cDNA in a 100 μl reaction using random hexamers under thermal 

conditions recommended by the protocol.  Real-time PCR amplification was performed 

with the ABI PRISM 7700 SDS instrument (Applied Biosystems, Foster City, CA), under 

the universal thermal cycling conditions recommended by the Assay-on-Demand 

products protocol.  Each 50 μl reaction included 25 μl TaqMan Universal PCR master 
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mix, 10 μl of the resulting cDNA from the reverse transcription step, and 15 μl diluted 

SSAT primer and probe mixes ordered from Assay-on-Demand products (Applied 

Biosystems, Foster City, CA). No-template controls were included in each plate to 

monitor the potential PCR contamination.  SSAT gene expression was analyzed in 

animals treated with sulindac for one or four weeks.  Each reaction was run in duplicates. 

To determine the relative expression level of the SSAT gene, the comparative CT method 

was used. The CT values of the SSAT gene in control and treated animals were 

normalized by the endogenous reference (ΔCT = CT(target) - CT(18S)).  Normalized CT values 

from treated animals were compared with ones from control animals (ΔΔCT = ΔCT(treatment) 

- ΔCT(control)). The relative expression of the SSAT gene was calculated via the equation 2 

-ΔΔCT.  Data were presented as a ratio of the relative expression of SSAT in sulindac-

treated animals to the relative expression SSAT in control animals.  

 

    siRNA Treatment __ 

ON-TARGET plus PPARγ siRNA was purchased from Dharmacon (Lafayette-CO). 

Manufacturer’s protocol was followed for the assay. Cells were seeded in six well plates 

and grown overnight. Cells were then transfected with 25nM, 50nM, 75nM PPARγ 

siRNA or 100nM scrambled siRNA with the low-toxicity DharmaFECT siRNA 

transfection reagent for 36 hours. Cells were then incubated with normal growth medium 

or medium containing AIC for 3 days. Cells were then used for RNA extraction and oil 

red O staining. 
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    Statistics __ 

Statistical analysis of experimental data was performed with the paired t-test (Microsoft 

Excel, Microsoft Corp.). Heteroscedastic, two tailed distribution T-test was used to 

analyze our results. A p value of < 0.05 was considered to be significant. 
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III. CHARACTERIZATION OF PROSTAGLANDIN BIOSYNTHESIS AND 

POLYAMINE CATABOLISM DURING ADIPOGENESIS AND INFLAMMATION 

OF NORMAL HUMAN COLONIC FIBROBLASTS 

 

    Introduction 

Adipose tissue stores energy in the form of triglycerides when there is a nutritional 

excess. These stores are then used for sustenance during starvation[65]. Adipocytes can 

secrete hormones like leptin that are important in regulating adipose tissue mass and 

other important processes like angiogenesis. Leptin is secreted by these cells in human 

plasma and can then act on other tissues[66]. More importantly pre-adipocytes can 

secrete many important factors while they are undergoing adipogenesis. Adipogenesis is 

an ongoing process in human tissues and both decreased and increased mass if adipose 

tissue is related to many diseases thus a better understanding of the molecular basis of 

adipogenesis is an important area of research. Adipogenesis is a result of transcriptional 

activation of adipocyte specific genes and the molecular changes that take place during 

the process of a fibroblast transitioning into a pre-adipocyte and finally a mature 

adipocyte has been well characterized[53]. Pre-adipocytes have to first stop the cell cycle 

and enter a phase of growth arrest; this is usually achieved by contact inhibition. There is 

some evidence indicating that even in the absence of contact inhibition cells can 

differentiate into adipocytes[67]. Once the pre-adipocytes enter growth arrest, they can 

undergo differentiation if there is the right combination of mitogenic and adipogenic 

signals are received. The induction signals vary depending on the pre-adipose cell types. 
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Most of the understanding of adipogenesis has come from studying in vitro systems. 

Usually an adipogenic cocktail consisting of insulin, dexamethasone (DEX), and 

isobuthylmethylxanthine (MIX), is used to induce adipogenesis as this mix can modulate 

the insulin/IGF-1, glucocorticoid, and cAMP signaling pathways that are required for 

adipocyte differentiation. The agents that regulate adipogenesis have been used to 

elucidate the signaling pathways that lead to the transformation of a pre-adipocyte into a 

mature adipocyte. Many such agents including hormones, cytokines, and growth factors 

have been identified and characterized[53]. In the last decade there has been extensive 

research on adipocytes as secretory cells capable of releasing many factors that have 

regulatory potential[65]. There is accumulating evidence that suggests that adipocytes 

and other cells present in the adipose tissue can communicate with each other and other 

organs of the body thus classifying them as endocrine and paracrine organs. Pre-

adipocytes have been shown to have hormones like insulin and glucocorticoids which are 

important regulators of adipogenesis[68]. Figure 3.1 shows the complexity of adipogensis 

and some of the factors released by pre-adipocytes during the process that can in turn 

induce adipogenesis of these pre-adipocytes and can also initiate cross-talk between 

different cell types in the tissue[68]. 

As outlined in the previous sections of this dissertation arachidonic acid pathway is very 

important in processes like inflammation and tumorigenesis. Arachidonic acid pathway 

seems to be of importance during adipogenesis too. As early as 1989 Gaillard et al 

showed the importance of arachidonic acid in terminal differentiation of pre-adipose 

cells[69]. It has been reported that when arachidonic acid inhibitors like aspirin or 
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Figure 3.1: Adipocytes as secretory organs 
[Gérard Ailhaud, Adipose tissue as a secretory organ: from adipogenesis to the metabolic 
syndrome C R Biol. 2006 Aug; 329(8):570-7] 
This figure shows preadipocyte and adipocyte cell secreting factors that can effect cells in 
the close vicinity. There is cell-cell communication that happens in most organs and is 
important to study to understand the impact that one cell type could have on the tissue 
and the organ as a whole. 
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cycloxygenase inhibitors like indomethacin were used there was a reduction in 

adipogenesis[70]. This indicates that arachidonic acid pathway could be playing an 

important role in induction of adipogenesis and could regulate expression of transcription 

factors like PPARγ which are responsible for transcriptional control of many adipocyte 

specific genes. It has been shown that prostaglandins like 15d-PGJ2 can activate PPARγ 

and induce adipogenesis[71]. 15d-PGJ2 is a naturally occurring metabolite of arachidonic 

acid pathway and thus can be readily found in the body fluids. In this study it is observed 

that arachidonic acid pathway is activated by induction of cycloxygenase enzymes and 

that prostaglandin synthases are produced by the cells undergoing adipogenesis. COX-2 

and PGE2 levels have been shown to be increase in colon, breast, prostate and ovarian 

cancer[72]. There is evidence linking the PGE2 receptors with polyp formation which 

can then increase the risk of colorectal cancer[73]. This study addresses the increase in 

the levels of PGES and a decrease in the levels of PGDS during colon cancer by 

investigating the levels of these synthases in tumor and normal tissues from the colon. 

Polyamines are important in many cellular processes like chromatin condensation, 

maintaining DNA structure, RNA processing, translation and protein activation. 

Polyamines have been found to play an important role in activation of Casein Kinase II 

(CKII) and Ornithine Decarboxylase Kinase (ODCK)[74]. Polyamine levels work as 

molecular switches for example polyamine depletion can stabilize p53 protein whereas it 

results in depletion of c-myc levels[75-77]. There are many examples of such proteins. 

Polyamines levels are elevated in colorectal carcinoma and inhibition of polyamines with 

agents like alpha-difluoromethylornithine can prevent development of 
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adenocarcinomas[78-80]. Cancer progression has been shown to have an increased 

polyamine biosynthesis and decreased polyamine catabolism[81]. Insight into polyamine 

catabolism can be of great relevance to diagnostic strategies, cancer prevention and 

therapy. Figure 3.2, shows a schematic diagram, outlining the important rate limiting 

enzymes in polyamine metabolism[74]. 

Spermidine/spermine N(1)-acetyltransferase (SSAT) is one of the important genes in 

polyamine catabolism. Proteins like Thioredoxin-1 (Trx-1) that is over-expressed in 

breast cancer cell line MCF7 and can lead to increased cell proliferation and decreased 

apoptosis have been shown to down-regulate SSAT[82].Genes like activated K-RAS have 

been shown to down-regulate SSAT thereby interfering with polyamine catabolism[79].  

 

Here for the first time the effects of adipogenesis on polyamine catabolism and SSAT 

enzyme activity have been studied. This work elucidates the involvement of 

prostaglandin synthases in adipogenesis and inflammation of the human fibroblast cell 

line CCD18Co. This study demonstrates successful induction of adipogenesis in 

CCD18Co cells and correlates the process with polyamine catabolism. 
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Figure 3.2: Polyamine metabolism 
This is a schematic diagram showing polyamine metabolism and the enzymes involved in 
biosynthesis and catabolism of the different polyamines[83]. 
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    Results 

        Adipogenesis induction in CCD18Co cells__    

In order to understand the role that adipogenesis might play in prostaglandin biosynthesis 

and polyamine catabolism, adipogenesis was induced in human colonic fibroblast cell 

line CCD18Co. These are normal fibroblasts from human colon and are an excellent 

model system to understand and define normal physiological and pathophysiological 

functions of intestinal sub-epithelial myofibroblasts at the molecular level. These sub-

epithelial cells tend to respond to many environmental signals that can affect their 

phenotype and genotype. These cells can differentiate into different cell types depending 

on the stimulus. Thus it is of utmost importance to characterize the biochemical changes 

that these cells undergo while differentiating to a certain end point. These cells can act as 

paracrine and endocrine organs during the process of differentiation. Here the effect of 

adipogenesis on two important pathways namely arachidonic acid pathway and 

polyamine catabolism have been studied. 

CCD18Co cells were treated with an adipogenesis induction cocktail (AIC) consisting of 

dexamethasone, insulin and IBMX. Cells were sub-cultured and then treated with AIC for 

3 to 6 days post-confluency. Cells generally reached confluency by day two after sub-

culturing; at this point they were treated with AIC. Oil red O staining was used to assess 

the changes in cell morphology and to detect lipid accumulation. AIC treated samples 

showed lipid accumulation in 2 to 3 days whereas the untreated cells did not. CCD18Co 

have a morphology characteristic of fibroblasts, but on AIC treatment they started to 

round up and get bigger in size and finally differentiated into adipocyte like cells. Figure 
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3.3 shows the results of Oil Red O staining at day 3 and day 6 after AIC treatment was 

initiated.  The gene expression of certain adipocyte specific genes was investigated to 

confirm that CCD18Co cells were undergoing adipogenesis and were differentiating into 

adipocytes. Gene expression of adipsin, human-Adipocyte Lipid Binding Protein 

(hALBP) and PPARγ were studied as these genes are usually induced during early stages 

of adipogenesis and are found to be expressed in adipocytes. Cells were collected on third 

and sixth day of AIC treatment. RNA was extracted and used for semi-quantitative 

RTPCR studies. Figure 3.4 shows that all three of the genes tested were induced in cells 

treated with AIC but were found to be at the basal level in untreated samples from day 

three. In the samples from day 6 all three genes showed increased expression compared 

to the untreated samples, but there was some increase in levels of Adipsin and hALBP 

compared to that of untreated samples from day 3. Thus our treatment successfully 

induces adipogenesis in human colonic fibroblast cell line CCD18Co.  

 

        SSAT expression and activity increases on adipogenesis__ 

In order to understand the changes that take place in the physiology of cells when they 

undergo adipogenesis it is important to examine different biochemical pathways that are 

important to normal functioning and vitality of cells. Polyamine metabolism is one of the 

important areas of research in cell differentiation. We looked at SSAT activity during 

adipogenesis. Adipogenesis was induced in the CCD18Co cells using AIC. Samples were 

collected on day 3 and day 6 post AIC treatment. Samples were lysed and assayed for 

SSAT activity as described in the materials and methods section. 
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Figure 3.3: Oil Red O staining of CCD18Co cells. 
CCD18Co cells were subcultured and allowed to grow till they reached confluency in 
chambered slides. These cells were then treated with adipogenesis inducing cocktail 
(AIC) containing or normal growth medium for either 3 or 6 days. Cells were fixed and 
stained for lipids and nuclei using Oil Red O staining kit. Pictures were taken under 40X 
magnification. Growth conditions were as follows  
A: Normal growth medium (day 3), 
B: AIC containing medium (day 3),  
C: Normal growth medium (day 6),  
D: AIC containing medium (day 6).
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Figure 3.4: RTPCR for adipogenesis specific genes.  
CCD18Co cells were treated with normal or AIC containing medium for 3 to 6 days post 
confluency. Cells were lysed; RNA was collected at the end of incubation period. cDNA 
was made using the mRNA extracts. cDNA was then used to detect changes in the levels 
of expression of Adipsin, hABLP or PPARγ genes. GAPDH was used as the loading 
control. 
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Figure 3.5A shows that during induction of adipogenesis SSAT activity increases by 

about two fold. We studied the effect of adipogenesis on the SSAT gene expression to 

examine if the increased SSAT activity was due to an increase in gene expression. 

CCD18Co cells were treated with AIC post confluency. Cells were harvested on day 3 

and day 6. RNA was extracted using the method described in materials and methods 

section and used for a quantitative real time RTPCR for SSAT.  Figure 3.5B shows a 

graphical representation of the quantitative RTPCR and the results indicate 

approximately two to three fold increase in SSAT gene expression. These data indicate 

that the increase in SSAT activity on adipogenesis could be due to an increase in gene 

expression.  

 

        Adipogenesis leads to polyamine catabolism__ 

CCD18Co express higher SSAT gene expression and activity indicating that there could 

be an increase in polyamine catabolism. So the changes in polyamine content that might 

occur during adipogenesis were examined. Cells were treated with AIC for 3 days post-

confluency with or without verapamil to inhibit polyamine export. Samples were 

processed with HCL in order to determine the polyamine content using HPLC method 

described in materials and methods. Putrescine and spermine levels did not show any 

significant difference. As shown in Figure 3.6B in few instances putrescine levels seemed  
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Figure 3.5: Adipogenesis induces SSAT expression and activity. 
Adipogenesis was induced in CCD18Co cells using the AIC containing medium. Cells 
were collected after 3 or 6 days of AIC treatment. Cells were then used for the following 
A) Cells were lysed and SSAT activity was determined using radioactively labeled 
spermidine. P values: *<0.001 an **<0.0001 
B) Cells were lysed; RNA was extracted and used for quantitative real time RTPCR of 
SSAT. P values: *<0.001 and **<0.02. 
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 to be a little higher but these were not statistically significant. On the other hand there 

was a statistically significant decrease in the spermidine levels in both verapamil treated 

and untreated samples that were induced for adipogenesis (Figure 3.6C). N1-Ac-

Spermidine was detected in very low amounts in verapamil treated samples without AIC 

treatment. Samples with adipogenesis induction but no verapamil treatment showed same 

levels of N1-Ac-spermidine as the AIC untreated samples with verapamil treatment. But 

in the samples where adipogenesis was induced using AIC and verapamil was used to 

inhibit polyamine transport there was a dramatic increase in N1-Ac-spermidine levels. 

Figure 3.6A demonstrated the effects of AIC and verapamil treatment on N1-AC-

Spermidine production during adipogenesis. Thus this result suggests that most of the 

N1-Ac-Spermidine that is produced during adipogenesis is exported out of the cells. 

 

        Prostaglandin synthases are induced on adipogenesis and DCA treatment of 

CCD18Co cells__ 

Another important pathway that regulated cellular functions is prostaglandin biosynthesis 

pathway. CCD18Co cells have normal cycloxygenase expression pattern and thus is a 

good system to investigate effects of adipogenesis on prostaglandin biosynthesis. We 

treated cells with AIC and collected cell lysates for protein extraction on day 0 (AIC 

treatment was started on day 0 which in effect for these experiments was second day after 

subculturing the cells) day 3 and day 6. Protein and gene expression profiles of COX-2, 

Prostaglandin E Synthase (PGES) and Prostaglandin D Synthase (PGDS) using western 

blot and semi-quantitative RTPCR technique. β-Actin was used as the loading control for 
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all the western blots and GAPDH was used as the control for semi-qunatitative RTPCR. 

As shown in Figure 3.7A COX-2 protein, which is an inducible COX enzyme and is also 

the rate limiting step for prostaglandin biosynthesis was expressed only when either 

adipogenesis was induced or DCA treatment was done (Figure 3.7B and Figure 3.7C). 

PGES and PGDS were also induced on adipogenesis. Some amount of PGDS protein was 

detected in the samples from day 0 but was not present in the control group of cells from 

day 3 or day 6. Same results were observed when semi-quantitative RTPCRs were 

performed for these genes after AIC treatment. Figure 3.8 illustrate that AIC treatment 

induces gene expression of COX-2, PGES and PGDS. Thus from Figure 3.7A, and Figure 

3.8 it can be concluded that there is an increase in gene and protein expression of PGES 

and PGDS on adipogenesis. Next the effects of DCA treatment on these enzymes in 

CCD18Co cells were investigated. The experiment was conducted over a time course of 5 

days. Cells were treated with 300uM DCA for 48 hours (as any further treatment was 

cytotoxic to the cells and the period of 5 days was chosen for the experiment as the cells 

did not survive past 5days though DCA containing medium was replaced with normal 

medium after 48 hours). Cells were then allowed to recuperate for 3 days during which 

samples were collected after every 24 hours. As seen in Figure 3.7B, Cox-2 was induced 

after 24 hours of treatment with DCA and was detected in significant amounts as long as 

DCA was present i.e. 48 hours. When DCA containing medium was replaced with 

normal medium COX-2 levels started to reduce significantly.  On the contrary PGES and 

PGDS were not detected on day 1 or day 2 when DCA was present and there was 

significant induction of COX-2 enzyme. On day 3 PGES levels were found to be high in  
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Figure 3.6: Polyamine profiles after adipogenesis. 
Cells were treated with either normal growth medium or AIC containing medium, with or 
without verapamil for 3 days, post confluency. Cells were then treated with acid and 
lysates were used for polyamine determination using HPLC technique. Following 
polyamine profiles have been represented graphically.  
A) N1-Acetyp-Spermidine. P value *<0.03 and **<0.005 
B) Putrescine. P value * and **>0.05 
C) Spermidine. P value *>0.05 and **<0.01 
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the DCA untreated cells but dropped in DCA treated cells, whereas exactly the opposite 

was seen in PGDS. On day 4 we observed similar pattern of protein expression for both 

PGES and PGDS. We then decided to study the expression pattern of these enzymes in 

cells that were treated with DCA while they were undergoing adipogenesis. A similar 

experiment as above was conducted except during this experiment cells were treated with 

AIC in order to induce adipogenesis and DCA treatment was prolonged to day 3. Cells 

were exposed to DCA for 24, 48 or 72 hours and at the end of DCA treatment medium 

was changed to the one with AIC. Cells that were treated with DCA for 24 hours had 48 

hours of recovery time, cells with 48 hours of DCA treatment had 24 hours of recovery 

time and cells with 72 hours of DCA treatment had no recovery time. Figure 3.7C shows 

that COX-2 is induced as cells start to undergo adipogenesis and the levels of COX-2 

expression increase with DCA treatment, reaching its peak at 48 hours. PGES and PGDS 

expression were increased on adipogenesis but on DCA treatment the levels of their 

expression dropped dramatically. The amount of PGES and PGDS seem to be directly 

proportional to the recovery time after DCA treatment in other words DCA treatment 

seems to inhibit PGES and PGDS expression in CCD18Co cells that are undergoing 

adipogenesis or are in normal growth phase (Figure 3.7B and Figure 3.7C). 

 

        Prostaglandins are secreted by the adipocytes__ 

CCD18Co cells were treated with AIC post confluency. Medium from these cells was 

collected over a time period of 9 days. This medium was then analyzed for the levels of  
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Figure 3.7: Prostaglandin biosynthesis and adipogenesis.  
A) CCD18Co cells were treated with normal growth medium or AIC containing medium 
over 6 days, post-confluency. Cells were collected on day 0, day 3 and day 6. Proteins 
were extracted using RIPA buffer and western blot assays were performed to detect 
COX-2, PGES and PGDS. β-Actin was used as the loading control. 
B) CCD18Co cells were treated with or without 300uM DCA for 24 to 48 hours, post-
confluency. DCA containing medium was removed after 48 hours of DCA treatment and 
cells were allowed to recover for 24, 48 or 72 hours. Cells were then collected and 
protein levels for COX-2, PGES and PGDS were detected.β-Actin was used as the 
loading control. 
C) CCD18Co cells were treated with AIC containing medium to induce adipogenesis, 
and 300uM DCA was added to the same. DCA treatments were done for different time 
intervals and were followed with a certain recovery period as shown in the figure. Cells 
were then lysed and proteins were extracted. Western blot assays were performed to 
determine levels of COX-2, PGES and PGDS. β-Actin was used as the loading control. 
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various prostaglandins using HPLC technique. CCD18Co cells were found to secrete 

PGE2, PGF2α, 6-keto PGF1α and TXB2. TXB2 was the predominant arachidonic acid 

product in the medium (approximately 1ng/ml) with PGE2 and PGF2α levels around 

0.1ng/ml. 6-keto-PGF1α was present in lowest amount amongst the four prostaglandins 

(approximately 0.03ng/ml) in the CCD18Co cells. As shown in Figure 3.9, secretion of 

all the above mentioned metabolites increased in the fibroblasts over a period of 9 days. 

Although PGE2 secretion increased over three days but then stayed relatively constant 

over 9 days time period. When the cells were treated with AIC the secretion pattern for 

all four metabolites changed dramatically. PGE2 and PGF2α secretion increased over the 

time period of 9 days where as the secretion of TXB2 the major metabolite and 6-keto-

PGF2α decreased significantly over the time period of 9 days suggesting a switch in the 

secretion and therefore production of the arachidonic acid metabolites during 

adipogenesis. 

 

        15d-PGJ2 is secreted during adipogenesis__ 

15d-PGJ2 is highly unstable and readily forms adducts with different intracellular 

proteins. This makes it very difficult to detect it using traditional techniques like HPLC. 

Thus an indirect method was developed to test for 15d-PGJ2 secretion during 

adipogenesis. Epithelial colon cancer cells (HKe3) were transfected with PPRE-Tk-

Luciferase promoter reporter plasmid. This plasmid consists of three PPar-Response-

Elements (PPRE). PPRE is a sequence present in the promoter region of many genes 

where PPARγ-RXR heterodimer binds on activation and regulates transcription. HKe3  
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Figure 3.8: Adipogenesis induces gene expression of prostaglandin synthases. 
Adipogenesis induces expression of COX-2 and its downstream targets. 
CCD18Co cells were treated with or without AIC for either 3 or 6 days. Semi-
quantitative RTPCR reactions were performed and samples were run on 1.5% agarose 
gels. GAPDH was used as the loading control. 
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cells were co-transfected with the PPRE-Tk-Luciferase plasmid and SV40-promoter 

driven Renilla. Renilla was used as a transfection efficiency control. Cells were then 

incubated with the normal growth medium or the medium from CCD18Co cells that were 

treated with or without AIC for 24 hours. Cells were then lysed and extracts were assayed 

using dual-luciferase assay system. As shown in Figure 3.10, there was a significant 

increase in the normalized luciferase activity in the cells that were treated with the 

medium from CCD18Co cells that were undergoing adipogenesis. PGD2 (4uM) and 15d-

PGJ2 (4uM) were used as negative and positive controls. One set CCD18Co cells were 

treated with normal growth medium or AIC containing medium that was spiked up with 

10uM arachidonic acid to increase prostaglandin metabolism in the cells. PGD2 treatment 

did not show any increase in the luciferase activity whereas 15d-PGJ2 treatment showed 

a significant increase in the normalized Luciferase activity.  

 

        COX-2 is required for AIC induced adipogenesis but PPARγ is not__ 

PPARγ was knocked out in CCD18Co cells using siRNA before treating the cells with 

AIC. Cells were treated with PPARγ siRNA for 36 hours in order to knock out the gene 

expression completely. Three different concentrations of siRNA were used, and PPARγ 

expression was completely inhibited with 75nM siRNA in 36 hours. This was confirmed 

by performing RTPCR for PPARγ as shown in the Figure 3.11A; GAPDH was used as 

the loading control.  These samples were tested for COX-2 expression and it was found 

that COX-2 expression was not being affected by inhibiting PPARγ.  
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CCD18Co cells were stained using Oil Red O after siRNA treatment. Cells with siRNA 

treatment were found to differentiate in the same fashion as the normal AIC treated 

CCD18Co cells as shown in Figure 3.11B.  

CCD18Co cells were treated with indomethacin to inhibit COX activity. Indomethacin 

treatment inhibited adipogenesis completely in these cells. Once indomethacin was 

removed cells readily started to differentiate into adipocytes as shown by the Oil Red O 

staining in Figure 3.11C. These results indicate that PPARγ is not required for AIC 

induced adipogenesis but COX-2 is. 

 

        PGES/PGDS ratio increases in tumor tissues compared to normal tissue__ 

Tumor and normal tissue lysates were used for western blot analysis. Samples were 

probed for PGES, PGDS and COX-2. GAPDH was probed for loading control. Figure 

3.12A-C; show the results from the western blot analysis of these tumor lysates. The data 

obtained from the western blot analysis was quantified and it was observed that 

PGES/PGDS ratio increased significantly in the tumor tissue samples but COX-2 levels 

did not change significantly across the samples. (Figure 3.12D) 
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Figure 3.9: Prostaglandins are secreted during adipogenesis. 
CCD18Co cells were treated with medium with or without AIC over a time period of 9 
days. Medium was collected and analyzed for prostaglandins using HPLC analysis. The 
graphs above show the levels of A) Thromboxane B2, B) PGE2, C) PGF2α and D) 6-
keto PGF1α.  
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Figure 3.10: 15d-PGJ2 is secreted during adipogenesis in CCD18Co cells 
HKe3 cells were co-transfected with PPRE-Tk-Luciferase promoter-reporter plasmid and 
SV40-promoter driven Renilla plasmid. Cells were treated with following medium for 24 
hours and then assayed for Luciferase activity using Dual Lucifearse Assay reagents. 
Fire-fly and Renilla Luciferase activity were assayed and the normalized ratio of their 
activity was plotted.  
A) Normal growth medium containing AIC  
B) Growth medium from CCD18Co grown for 3 days 
C) Growth medium from CCD18Co grown for 3 days with AIC 
D) Medium with 4uM PGD2 
E) Medium with 4uM 15d-PGJ2 
F) Medium from CCD18Co grown for 3 days with 10uM Arachidonic Acid 
G) Medium from CCD18Co grown for 3 days with AIC and 10uM Arachidonic Acid 
P values were *< 0.02, ** <0.03, ***<0.001 
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Figure 3.11: COX-2 but not PPARγ is essential for AIC induced adipogenesis. 
A) CCD18Co cells were treated with 100nM scrambled siRNA or 25NM, 50nM and 
75nM siRNA for 36 hours. Cells were then treated with normal growth medium or AIC 
containing medium. RNA was extracted and RTPCR was done for PPARγ and COX-2. 
GAPDH was used as the loading control. 
B) CCD18Co cells treated with scrambled or PPARγ siRNA were stained using Oil Red 
O staining.  
C) CCD18Co cells were treated with 10uM Indomethacin with normal growth medium or 
the growth medium containing AIC. Cells were then stained for lipid granules using Oil 
Red O staining. Indomethacin containing medium with AIC was replaced to medium 
with only AIC in one of the samples and was incubated for 3 days before staining for 
lipid granules using Oil Red O staining.
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Figure 3.12: PGES/PGDS ratio increases in tumor tissues compared to the Normal tissue. 
Tumor tissue lysates were analyzed using western blot technique for PGES, PGDS, 
COX-2 and GAPDH. Figure A to C show the western blot results for the lysates probed 
for the above mentioned proteins.  
D) Data obtained from the western blot analysis was quantified and normalized to 
GAPDH values and represented graphically.
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    Discussion 
 
In this section the effects of adipogenesis on two of the important pathways namely 

prostaglandin biosynthesis and polyamine catabolism have been outlined. It is 

demonstrated for the first time that adipogenesis in normal fibroblasts can lead to 

increased polyamine catabolism via an increase in SSAT enzyme expression and activity. 

Figure 3.13 shows a schematic diagram summarizing the results obtained in this section 

and a possible mechanism of SSAT activation via 15d-PGJ2 mediated PPARγ induction.  

CCD18Co cells are normal colonic fibroblasts which make them a very good model 

system for studying the effects of different environmental factors on normal cells and 

relate these external factors to phenomena like carcinogenesis or other diseases. 

Valentich et al characterized the phenotype of CCD18Co cells in detail and showcased 

the ability of these cells to form various morphological structures. They also suggested 

that CCD18Co cells are biosynthetically very active based on their electron microscopy 

studies where they showed dilated rough endoplasmic reticulum filled with electron 

dense flocculent material. Their electron microscopy studies also revealed the presence of 

numerous golgi complexes, mitochondria and lysosomes also indicative of a dynamic 

environment[84]. These cells have been shown to harbor receptors for many growth 

factors. Thus these cells respond to their environment remarkably well making them a 

very good model system for research. In this section  adipogenesis was successfully 

induced in CCD18Co cells using insulin, dexamethasone and IBMX as described by 

many research groups in either NIH3T3 cells or 3T3-L1 pre adipocytes[85-87]. Induction 

of adipogenesis was  
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Figure 3.13: Schematic representation of molecular events during adipogenesis in 
CCD18Co cells 
This figure summarizes the results in this section. On adipogenesis there is an increase in 
PPARγ expression which leads to increased polyamine catabolism via SSAT induction. 
There is induction of COX-2 leading to increased PGDS and PGES levels which lead to 
increased 15d-PGJ2 and PGE2 levels in the stroma. 15d-PGJ2 can enhance PPARγ 
induction by acting as a positive feedback mechanism.  
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confirmed using morphological and genotypic studies. This work demonstrates the 

formation of lipid granules using oil red O staining, these lipid granules accumulate 

during adipogenesis and are characteristic feature of adipocytes. An increase in 

expression of adipogenesis and adipocytes specific genes like PPARγ, ADIPSIN and 

hALBP has been shown by other researchers[7, 44, 86, 88-91]. Induction of adipogenesis 

in CCD18Co cells was confirmed by looking at the expression of adipocyte specific 

genes. CCD18Co cells were studied for various end points while they were undergoing 

adipogenesis. These data demonstrate a significant increase in the expression and activity 

of the polyamine catabolism gene SSAT which leads to increased export of polyamines 

during adipogenesis. The increase in SSAT gene expression could be a result of PPARγ 

activation as it has been shown by Babbar et al that SSAT gene has PPRE (PPAR-

Response-Elements) in its promoter region and that PPARγ activation or over expression 

leads to increased SSAT expression[79].  

To further confirm the effects of SSAT activity during adipogenesis we studied 

polyamine profiles of cells during adipogenesis and found that N1-Ac-Spermidine levels 

did increase significantly in the samples that were induced to undergo adipogenesis. 

Samples were treated with or without verapamil while adipogenesis was induced to see 

the effects on polyamine export as polyamine export is an integral part of polyamine 

catabolism. As shown in Figure 3.6 there was a decrease in Spermidine level and an 

increase in the levels of N1-Acetyl spermidine. Samples that were treated with AIC to 

induce adipogenesis but were not treated with verapamil showed the same amount of N1-

Ac-Spermidine as the control cells treated with verapamil after 3 days. This suggests that 
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almost all of the N1-Ac-Spermidine that was formed by the SSAT action was being 

exported from the cells.  

PPARγ is one of the most important genes involved in adipogenesis, in the past decade or 

so PPARγ has been found to have many diverse roles outside of adipogenesis. It has been 

characterized as a tumor suppressor gene based on its effects as a transcription factor and 

the fact that it can induce apoptosis and growth arrest in many cancer cell lines, also it 

has been found to be mutated in many cancers[92-96]. In this study it was observed that 

AIC induced adipogenesis in CCD18Co cells did not require the presence of PPARγ 

expression as when PPARγ expression was knocked out using PPARγ specific siRNA 

CCD18Co cells could still differentiate into adipocytes with AIC (Figure 3.11A and 

3.11B). Although when these cells were treated with COX inhibitor Indomethacin they 

could not differentiate into adipocytes as shown in Figure 3.11C. Once Indomethacin was 

removed from the medium cells started to differentiate into adipocytes indicating that 

Indomethacin mediated inhibition of adipogenesis was reversible. 

15d-PGJ2 is a natural ligand for PPARγ activity and has been shown to have many 

PPARγ independent functions too. 15d-PGJ2 is one of the final products of arachidonic 

acid pathway and depends on the amount of PGD2 present in the cell. PGD2 synthesis in 

turn depends on the enzymatic activity of PGDS. In this section it is shown that 

arachidonic acid pathway is switched on during adipogenesis by an induction of COX-2 

enzyme. There is evidence showing that PGDS and PGES are induced during 

differentiation of  3T3-L1 cells and that PGDS could finally lead to synthesis of 15d-

PGJ2[56]. It is possible that the generation of 15d-PGJ2 induces PPARγ activity or that it 
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might work as a positive feedback loop amplifying the activity and expression of PPARγ. 

Here for the first time it is shown that arachidonic cascade is induced during adipogenesis 

of human fibroblasts CCD18Co cells. It is also known that inflammation can induce 

arachidonic cascade and its downstream targets like the prostaglandin synthases and that 

products of this cascade like thromboxane can play an active role in inflammation related 

biochemistry[73, 97-100]. There is accumulating evidence that PGE2 and 15d-PGJ2 a 

product of PGD2 have opposite roles in inflammation and carcinogenesis. There is 

evidence that 15d-PGJ2 levels are elevated in the resolution phase of inflammation and 

that there is a sequential expression of PGE2 and 15d-PGJ2 during inflammation[101, 

102].  In this study it was observed that prostaglandins were secreted by CCD18Co 

fibroblasts in the medium. It was seen that during adipogenesis secretion of PGE2 and 

PGF2α increased where as secretion of TXB2 and 6-keto-PGF1α decreased. 15d-PGJ2 

secretion was measured using an indirect method as it is difficult to be measured using 

HPLC. 15d-PGJ2 secretion also seems to be increasing during adipogenesis. This then 

indicates that prostaglandins can be produced by stromal cells during processes like 

adipogenesis and are secreted by the stromal cells. From the observation that secretion of 

some prostaglandins increased and secretion of some decreased it is evident that there is 

regulation involved in controlling the levels of specific prostaglandins downstream of 

COX enzymes during adipogenesis. Prostaglandin secretion by stromal cells could have 

effects on the epithelial cell survival. PGE2 has been linked with pro-survival phenotype 

and secretion of 15d-PGJ2 has been linked with apoptosis. Data obtained from the tumor 

and normal tissue lysates indicate that PGES levels are higher in tumor tissues compared 
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to the normal tissues and PGDS levels are higher in normal tissues compared to the tumor 

tissues, although COX-2 levels were found to be almost the same in both tissue types 

(Figure 3.12).  

Secondary bile acids are generated solely by bacteria in the large intestine. These are 

secondary bile acids deoxycholic acid (DCA; 3 ,12 -dihydroxy-5ß-cholan-24-oic acid) 

and lithocholic acid (LCA; 3 -hydroxy-5ß-cholan-24-oic acid). DCA is the major 

secondary bile acid produced by the bacteria. DCA then gets absorbed by the mucosa 

lining the intestine and colon. There is no metabolic pathway to degrade DCA. High 

levels of DCA are linked with gall bladder diseases and colon cancer. DCA can promote 

carcinogenesis. DCA levels are significantly higher in the colon cancer patients compared 

to the normal people. Also DCA can be absorbed by cells via passive diffusion and once 

absorbed DCA can trigger signaling pathways [103]. Higher levels of DCA were found in 

the fecal water of people on a high fat diet compared to normal diet [104]. A high fat diet 

would induce increased adipogenesis and at the same time there will be higher levels of 

circulating DCA. DCA signaling could be different in normal cells and the cells that are 

undergoing adipogenesis. To understand the effects of DCA on prostaglandin 

biosynthesis the induction of PGES and PGDS in CCD18Co cells after treatment with 

DCA was tested during normal growth and adipogenesis. DCA is a well known 

inflammatory agent in human colon and can induce expression of many cytokines like 

interleukin-8[105, 106]. It has been shown in this section that prostaglandin biosynthesis 

increases during the resolution phase of inflammation thus CCD18Co cells were treated 

with DCA for 48 hours following which they were allowed to recover from DCA caused 
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stress for different time periods. A similar study while the cells were undergoing 

adipogenesis was done to better understand the role that inflammatory agents like DCA 

can play during adipogenesis. The results obtained in this section demonstrate that DCA 

treatment down-regulated both PGES and PGDS and they were induced following the 

removal of DCA from the samples. Our studies also indicate that DCA treatment in 

higher concentration causes irreversible damage in 48 hours of treatment. As these cells 

tried to recover and looked healthy after DCA was removed but after 3 days of DCA 

removal these cells died, in spite of changing medium every 24 hours. DCA has also been 

shown to induce apoptosis in normal colonic epithelia. This would then give an 

advantage to a transformed cell in resisting DCA mediated apoptosis and aid in 

carcinogenesis as DCA continues to cause further DNA damage in these cells that are 

already resistant to apoptosis. Data in Figure 3.7 indicate that COX-2 is induced during 

adipogenesis and DCA treatment. COX-2 induction was enhanced by DCA treatment 

during adipogenesis, although the downstream targets of COX-2 signaling, PGES and 

PGDS were downregulated. As shown in Figure 3.7B and Figure 3.7C, both PGES and 

PGDS levels dropped significantly and started to recover once DCA was removed and 

the cells were allowed to recover under normal and adipogenesis inducing growth 

conditions (Figure 3.7B and 3.7C). COX-2 is known to induce many other signaling 

pathways related to growth and proliferation. It is possible that DCA induces COX-2 

signaling in the stroma during adipogenesis at the same time inhibits COX-2 mediated 

prostaglandin biosynthesis, this would mean that there growth promoting signals  will be 

produced by the cells like fibroblasts in the stroma but no growth arresting signals like 
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15d-PGJ2 would be produced. The effects of DCA in stroma can then have an effect on 

epithelial cells where carcinogenesis occurs. Oshima et al have show that in APCmin 

mice there is no COX-2 expression in normal colonic or intestinal epithelium but the 

polyps in both these organs exhibit dramatic induction of COX-2. They observed a 

reduction in the polyp numbers in these mice on COX-2 knock out indicating COX-2 as 

an important player in polyp formation. They also showed that COX-2 expression in the 

polyps was restricted to the interstitial cells in the polyp, there was no COX-2 expression 

detected in the epithelium of these polyps [107]. This highlights the importance of inter-

cell communication, thus it is very important to study signaling pathways in response to 

COX-2 inducing stimulus in normal cells outlining the polyps, adenomas and 

carcinomas.  

In this study COX-2 induction and its effects on two important prostaglandin synthases 

was studied. From the results it can be speculated that COX-2 induction in the normal 

colonic fibroblasts during adipogenesis could lead to production of PGE2 or 15d-PGJ2. 

There is evidence showing that the balance between these two prostaglandins is generally 

based on the inducing stimuli. PGE2 would aid in growth and proliferation whereas 15d-

PGJ2 would lead to growth inhibition and apoptosis in the adjacent cells and the 

epithelium. Presence of secondary bile acids like DCA could then have differential 

effects on stroma and epithelium. As shown in Figure 3.7B and Figure 3.7C, presence of 

DCA during normal growth or adipogenesis of colonic fibroblasts suppressed PGDS 

much more compared to PGES, thereby shifting the balance towards PGE2 expression 

and finally towards growth and proliferation. At the same time in the epithelium where 
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there is no COX-2 being expressed DCA could induce DNA mutations thereby creating a 

growth stimulating environment for cells undergoing transformation. 

In conclusion this work demonstrates that adipogenesis is accompanied by an increase in 

polyamine catabolism mediated by an increase in expression and activity of SSAT and 

that there is a possibility that prostaglandins like PGE2, PGD2 and 15d-PGJ2 are 

generated during adipogenesis and inflammation in human fibroblasts. Further work is 

needed to outline the exact mechanism involved in up-regulation of polyamine 

catabolism and export during adipogenesis. 
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IV ACTIVATED K-RAS DOWN-REGULATES PPARΓ AND MODULATES 

APOPTOSIS MEDIATED BY 15-DEOXY-DELTA12,14-PROSTAGLANDIN J2 (15D-

PGJ2) IN COLON CANCER CELL LINES. 

 

    Introduction 

15-dPGJ2,  a dehydration product of PGD2 is known to be induced in the resolution 

phase of inflammation [14]. 15d-PGJ2 is a member of the cyclopentanone family of 

prostaglandins and has a reactive α,β-unsaturated carbonyl group located in the 

cyclopentanone ring. Majority of the effects of 15d-PGJ2 are mediated through this 

reactive group [15]. PGD2 is formed from arachidonic acid via the action of a specific 

PGD2 synthase. Conversion of PGD2 to 15d-PGJ2 is non enzymatic and occurs 

spontaneously in aqueous solutions. No specific synthase or a receptor has been 

characterized for 15d-PGJ2. 15d-PGJ2 does show weak affinity for DP1 and DP2, 

receptors for PGD2 [16].  

Prostaglandins are important in inflammation and for proliferation. PGE2 is one of the 

major metabolites of the arachidonic acid pathway and is found in significant amounts in 

tumor tissues with K-RAS activation or COX-2 up-regulation [17, 18]. Inhibition of 

COX-2 enzyme in severe combined immunodeficient mice led to suppression of tumor 

growth. This effect was found to be dependent on suppression of  prostaglandin E2 

synthase [6]. PGE2 has a significant effect on inflammation and carcinogenesis [108-

110]. In the past decade there has been extensive research on other prostaglandins besides 
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PGE2, among them is 15-deoxy-Delta12,14-prostaglandin J2 (15d-PGJ2). 15d-PGJ2 has 

anti-tumorigenic effects in many cancers including colon cancer. 

Studies have shown that 15d-PGJ2 has stronger anti-tumorigenic properties compared to 

its parent compound PGD2 [20]. 15d-PGJ2 induces apoptosis and growth inhibition in 

many cell lines including the colon cancer cell lines [21-23]. It was believed that 15d-

PGJ2 induces apoptosis in tumor cell lines via PPARγ. PGJ2 and 15d-PGJ2 are natural 

ligands for Peroxisome Proliferator-Activated Receptor gamma (PPARγ) [24].  

PPAR family consists of three members PPARγ, PPARα and PPARδ. PPARα is 

expressed mainly in liver whereas PPARγ and PPARδ are found in many tissues. PPARδ 

levels are found to be elevated in colon cancer cases and an activated K-RAS can induce 

its activity[111]. PPARγ on the other hand is found to be present in high levels in normal 

colonic mucosa. It is also found to play an important role in adipogenesis[112]. PPARγ is 

a tumor suppressor gene and it plays an important role in gene regulation of SSAT which 

is an important player in polyamine catabolism[79]. PPARγ acts as a transcription factor 

and can induce transcription of target genes containing cis-response elements[72]. 

PPARγ can regulate intestinal cell growth and differentiation. PPARγ is downregulated in 

colon cancer. It has been shown that ~10% colorectal cancer cases have loss of function 

mutations in PPARγ gene[113]. It has been reported by many groups that PPARγ and its 

ligands could be important in colonic wound repair and prevention of inflammation and 

colitis[114, 115]. PPARγ expression can be induced by the transcription factor C/EBPβ. 

C/EBP family of proteins consists of six members that are structurally similar but 
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functionally and genetically very diverse[116]. There is evidence in the literature 

indicating a role of C/EBPβ in the induction of PPARγ expression[85, 86].  

PPARγ regulation is complex and needs to be studied in greater detail. McAlpine CA et 

al have reported that targeted intestine-specific genetic loss of PPARγ resulted in an 

increase in tumorigenesis in APCMin/+ mice in the small intestine and colon. They also 

showed that both heterozygote and homozygote knockout mice had the same tumor 

response to loss of PPARγ[37]. Girnun, GD et al studied tumor formation in PPARγ 

heterozygous mice with APCwt and APCMin/+ backgrounds, and reported that PPARγ can 

downregulate beta-catenin levels and tumorigenesis in colon but only in an APCwt 

background[117]. These data indicate that PPARγ could be an important downstream 

target of APC with APC dependent and independent functions.  

APC is the most commonly mutated tumor suppressor gene and K-RAS is the most 

commonly mutated oncogene in colon carcinogenesis. Activating point mutations in K-

RAS are found in majority of colon cancer cases. Genes like APC and K-RAS play a very 

important role in regulating many downstream targets like PPARγ. Mutations in these 

genes can thus affect downstream targets and to study these effects is of great importance 

in understanding cancer genetics.  

PPARγ has become of increasing importance in relation with obesity, diabetes, 

inflammation and their link with carcinogenesis. There is a need to understand molecular 

mechanisms regulating PPARγ. There are reports in literature linking APC with PPARγ 

but here for the very first time the importance of K-RAS in PPARγ regulation has been 

studied.  
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Though we have some understanding of downstream signaling of 15d-PGJ2, so far the 

15d-PGJ2 mediated apoptotic pathway has not been completely understood. More 

importantly the role that tumor suppressor PPARγ and oncogene K-RAS may play in 15d-

PGJ2 mediated downstream signaling is not known. 

K-RAS activating mutations are seen in about 35% of sporadic colon cancer cases. These 

mutations tend to occur in the pre-malignant stages. Mutant K-RAS has been shown to 

influence many signaling pathways leading to increased proliferation and survival, loss of 

cell polarity, de-differentiation, cell migration, invasion and resistance to apoptosis [46, 

118]. There is evidence that K-RAS activation can lead to increased levels of COX-2 

enzyme. COX-2 is responsible for some of the K-RAS mediated effects on tumor cells. 

One of the most important effects of COX-2 activation  is induction of chronic 

inflammation thereby promoting tumor formation and growth [46].  

 

In this chapter role of K-RAS in regulating PPARγ and 15d-PGJ2 mediated apoptosis in 

colon cancer cells has been evaluated.  The colon cancer cells HCT116 and Caco2 were 

used as the model system. HCT116 cells are derived from an epithelial colorectal 

carcinoma cells and Caco2 cells are derived from colorectal adenocarcinoma. Caco2 cells 

express wild type K-RAS gene. Two isogenic clones of Caco2 cells, K-RAS no. 6 and K-

RAS no. 26 which are stably transfected with an activated K-RAS gene were used to 

study the effects of K-RAS activation on PPARγ and C/EBPβ.  

HCT116 cells have an activating mutation in codon 13 of the proto-oncogene K-RAS. 

Shirasawa et al created two isogenic clones HKe3 and HKh2 from HCT116 using 
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homologous recombination to disrupt the activated K-RAS allele [119]. HCT116 cells do 

not express COX-2 hence are a good model system to study the effects of 15d-PGJ2 as 

there is no endogenous 15d-PGJ2 being produced[120-122]. This study demonstrates that 

mitochondrial DNA plays a small role if any in 15d-PGJ2 induced apoptosis, whereas 

serum levels in the medium could have a great effect on this phenomenon.    
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    Results 

        Activated K-RAS downregulates PPARγ expression__ 

PPARγ expression was analyzed in Caco/Neo cells and its clones K-RAS no. 6 and K-RAS 

no. 26 which express an activated K-RAS. PPARγ protein levels were studied after 48 

hours of subculture in the above mentioned cell types. As shown in Figure 4.1A, PPARγ 

protein levels were down-regulated approximately two-folds by K-RAS activation.  Next 

question to be addressed was if this down regulation was due to a decreased gene 

expression or because of post-translational effect. Semi-quantitative RTPCR were 

performed to address this issue. It was found that an activated K-RAS decreased the 

PPARγ transcription by approximately 60% in K-RAS no. 6 clones and approximately 

80% in K-RAS no. 26 clones (Figure 4.1B).  

The effects of activated K-RAS on PPARγ were further analyzed by studying the nuclear 

distribution of PPARγ protein in these cells. Nuclear and cytoplasmic extracts were 

separated and nuclear extracts were then analyzed for of PPARγ protein. Figure 4.1C, 

shows PPARγ expression in the nuclear extracts in Caco/Neo cells and K-RAS no.26 

clone over a time course of 6 days. As shown in Figure 4.1C, nuclear translocation of 

PPARγ in K-RAS no.26 is significantly lower compared to Caco/Neo cells. 
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Figure 4.1: Peroxisome proliferator-activated receptor gamma (PPARγ) expression in 
Caco/neo cells and K-RAS clones.  
A) PPARγ protein levels in Caco/neo cells and in K-RAS clones were studied using a 
western blot. Caco/neo and K-RAS activated clones were harvested 48 h after subculture. 
β-Actin was used as the loading control. 
B) PPARγ gene expression was studied in Caco/Neo cells and K-RAS activated clones by 
semiquantitative RT-PCR. Cells were harvested 48 h after subculture and RT-PCR was 
performed. Data shown represents three independent experiments, in which the 
suppression of PPARγ transcription in K-RAS clones ranged from 0.18-fold to 0.42-fold.  
C) Caco/neo and K-RAS clones were collected over a time-course of 6 days after sub-
culture. Cells were lysed and nuclear fraction was collected, levels of PPARγ protein in 
the nuclear extracts were then studied using a western blot. β-Actin was used as the 
loading control. 
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        Activated K-RAS suppresses C/EBPβ expression__ 

C/EBPβ being the transcription factor that can induce PPARγ expression, it was 

hypothesized that K-RAS activation down-regulates PPARγ via C/EBPβ down-regulation. 

To test this hypothesis C/EBPβ expression was evaluated in Caco/Neo and the K-RAS 

clones. C/EBPβ protein expression was studied over the time course of 5 days after 

subculture. As shown in Figure 4.2 K-RAS clone no. 6 and K-RAS clone no. 26 showed 

2-3 fold reduction in C/EBPβ protein expression.  

 

        15d-PGJ2 activates PPARγ__ 

To demonstrate the effects that  K-RAS  activation or APC inactivation might have on 

downstream signaling induced by PPARγ, 15d-PGJ2 a PPARγ ligand which is known to 

induce apoptosis in various cancer cell lines was used. The speculation was that 15d-

PGJ2 treatment would have growth inhibitory effects on the colon cancer cells via 

PPARγ. In order to confirm the effects of 15d-PGJ2 treatment on PPARγ activity 

transient co-transfections in HT29 cells with the PPRE-Tk-Luciferase plasmid containing 

3 PPREs attached to Thymidine Kinase promoter attached to promoter less luciferase 

were performed. Co-transfection was performed with PPRE-Tk-Luciferase promoter-

reporter plasmid with PCMV-β-gal plasmid. 15d-PGJ2 treatment was done for 24 hours 

following the co-transfection. Cells were then lysed and evaluated for β-gal and 

luciferase activity. Figure 4.3, shows that 15d-PGJ2 treatment leads to an increase in 

PPARγ activity in HT29p cells. 
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Figure 4.2: An activated K-RAS inhibits C/EBPβ.  
Cells were collected over a time period of 5 days after sub-culture. Cells were lysed using 
RIPA buffer and proteins were extracted. Western blot assays were performed to 
determine the level of C/EBPβ in these samples. β-Actin was used as the loading control. 
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Figure 4.3: 15d-PGJ2 induces PPARγ activity in HT29 cells.  
HT29 cells were transiently co-transfected with PPRE containing promoter-reporter 
plasmid (PPRE-Tk-Luciferase) or the empty vector and β-gal expressing plasmid (for 
transfection efficiency). After transfection cells were treated with 15d-PGJ2 or the 
vehicle (DMSO) for 24 hours. Luciferase activity and β-galactosidase activity were 
determined using appropriate assays. Above graph shows the ratio of lucifearse activity 
and β-galactosidase activity to correct for any errors in transfection efficiency. 
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        Activated K-RAS suppresses 15d-PGJ2 mediated apoptosis and growth inhibition in 

colon cancer cells__ 

Dose response studies with 15d-PGJ2 showed growth suppression in HCT116, HKe3 and 

HKh2. Cells were serum starved overnight and then treated with 0-10uM 15d-PGJ2 in 

medium containing 1% serum for 48 hours. Cells were then harvested using trypsin and 

stained with trypan blue to assess viability. As seen in Figure 4.4A, 15d-PGJ2 caused a 

dose dependent growth inhibition in HCT116 and its clones. The growth inhibition was 

significantly higher in the isogenic clones compared to the HCT116 cells. At 2uM there 

was 20 to 30% growth inhibition in HCT116 and in both the clones. There was a fifty 

percent growth inhibition at 4uM 15d-PGJ2 concentration in HCT116 but a significantly 

higher growth inhibition of almost 80 to 90% in both the isogenic clones. Based on these 

data 4uM 15d-PGJ2 concentration was chosen for all the further experiments. 

In order to determine if the 15d-PGJ2 mediated growth inhibition was specific to 15d-

PGJ2 only we investigated the effects that other related prostaglandins might have on 

these cells. We looked at the effects of PGE2 and PGD2 treatment on mutant K-RAS 

disrupted clone HKe3. These prostaglandins were chosen as PGE2 is produced in 

significant amounts and is a key player in inflammation and PGD2 is the parent 

prostaglandin of 15d-PGJ2 and has a very similar structure to 15d-PGJ2. As shown in 

Figure 4.4B we conducted a dose response study on HKe3 cells. Data in Figure 4.4B, 

demonstrate that PGE2 and PGD2 did not cause significant growth inhibition, whereas 

with 15d-PGJ2 there was statistically significant growth inhibition under the  
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Figure 4.4: Prostaglandin 15d-PGJ2 induces apoptosis in a K-RAS dependent manner. 
15d-PGJ2 but not PGD2 or PGE2 treatment causes growth inhibition in colon cancer 
cells by inducing apoptosis, which is suppressed by an activated K-RAS. 
A) 15d-PGJ2 mediated growth inhibition in K-RAS activated cell line HCT116 and K-
RAS disrupted isogenic clones HKe2 and HKh2. This figure shows a dose response curve 
for 15d-PGJ2 in HCT116, HKe3 and HKh2 cells. N/No is the ratio of number of viable 
cells at the respective concentration of 15d-PGJ2 to the number of viable cells at 0uM 
concentration of 15d-PGJ2. Cell viability was measured using the trypan blue due 
exclusion assay.  
P values for HCT116 and HKe3 (* P<0.05) and for HCT116 and HKh2 (*P <0.03)  
B) Shows that 15d-PGJ2 mediated growth inhibition is highly specific and is not caused 
by other related prostaglandins like PGE2 or the parent compound PGD2. Cells were 
treated with increasing concentration of respective prostaglandins and then assayed for 
viability using trypan blue as described in Figure 1B. N/No is the ratio of viable cells at a 
particular concentration of the respective prostaglandin to the number of viable cells at 
0uM concentration of that prostaglandin. 
C) 15d-PGJ2 mediated induction of apoptosis in a K-RAS dependent manner. 15d-PGJ2 
mediated growth inhibition is due to apoptosis and is suppressed by activated K-RAS as 
seen in HCT116 compared to its isogenic clones with disrupted K-RAS, HKe3 and HKh2. 
Results are representative of three different experiments. P values for apoptotic cells 
compared with viable cells for HCT116, HKe3 and HKh2 were statistically significant 
(*P < 0.007, ** P < 0.02 and *** P < 0.001). 
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same conditions. 15d-PGJ2 caused approximately 50% growth inhibition in HKe3 cells at 

2uM concentration whereas PGE2 and PGD2 did not reach that level of growth inhibition 

even at higher concentrations. There was approximately 20% and 30% growth inhibition 

with PGD2 and PGE2 treatments respectively.  

In order to determine whether 15d-PGJ2 mediated growth inhibition was due to growth 

arrest or cell death (apoptosis or/and necrosis) apoptosis in the HCT116 and both the 

isogenic clones was measured using Annexin V/PI staining. Cells were serum starved 

overnight and then treated with 4uM 15d-PGJ2 for 48 hours. At the end of 48 hour 

treatment cells were harvested using trypsin and exposed to annexin V and PI stains for 

fifteen minutes. Cells were then analyzed for apoptosis or necrosis using flow cytometry. 

As shown in Figure 4.4C, the percentage of viable cells was considerably higher in 

HCT116 cells with an activated K-RAS, where as a higher percentage of cells tested 

positive for Annexin V staining in both the K-RAS disrupted clones HKe3 and HKh2. 

There was a two fold increase in apoptotic cells (Annexin V positive) in the K-RAS 

disrupted clones compared to the HCT116. Figure 4.4C, demonstrates that 15d-PGJ2 

mediated growth inhibition is due to induction of apoptosis and that an activated K-RAS 

can suppress 15d-PGJ2 mediated apoptosis in HCT116. 

 

        15d-PGJ2 mediated growth inhibition does not involve APC__ 

A dose response study was carried out with 15d-PGJ2 in HT29p cells. Cells were serum 

starved overnight and then treated with 15d-PGJ2 in 1% serum containing medium for 48 

hours. Cells were then collected and viability was assessed using trypan blue dye  
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Figure 4.5: 15d-PGJ2 mediated apoptosis is APC independent 
A) HT29 cells were assayed for a dose response curve against 15d-PGJ2 treatment. Cells 
were treated with 0 to 10uM concentration of 15d-PGJ2. Viability was assessed after 48 
hours of 15d-PGJ2 treatment using trypan blue dye exclusion method respond to 15d-
PGJ2 treatment. 
B) APC was induced using 300uM ZnCl2 in HT29APC and HT29-βGal cells while they 
were being treated with 15d-PGJ2 (4uM) for 24 hours. Cells were harvested and viability 
was assessed using trypan blue dye exclusion method. 
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exclusion method as described in materials and methods section. Figure 4.5A, shows the 

dose dependent increase in cell death in HT29p cells. At 4uM concentration of 15d-PGJ2 

there was ~50% cell death, based on this result 4uM concentration of 15d-PGJ2 was 

chosen to study the role of APC in 15d-PGJ2 mediated growth inhibition. 

As ZnCl2 treatment was toxic to cells beyond 24 hours, the treatment time of 15d-PGJ2 

was shortened to 24 hours in HT29-βGal and HT29-APC cells. At the end of 15d-PGJ2 

treatment cell viability was assessed using trypan blue dye exclusion method as described 

in materials and methods. As seen in Figure 4.5B APC induction does not seem to 

influence 15d-PGJ2 mediated cell death. ZnCl2 treatment alone was very toxic to cells 

even though the treatment time was shortened to 24 hours. Toxicity was almost the same 

in both HT29-βGal and HT29-APC cell lines. When cells were treated with ZnCl2 and 

15d-PGJ2 there was a synergistic action between the two compounds showing an 

increase in cell death in both HT29-βGal and HT29-APC cell lines.  

 

        15d-PGJ2 induced apoptosis is rescued by serum but not polyamines__ 

At 10% serum concentration 15d-PGJ2 treatment failed to inhibit growth in colon cancer 

cells. HT29 cells were treated with 15d-PGJ2 in the presence of 10% or 1% serum for a 

period of 48 hours. Cells were then harvested and viability was assessed using trypan 

blue due exclusion method. Serum in this case suppressed 15d-PGJ2 mediated growth 

inhibition completely in 2uM and 4uM 15d-PGJ2 treated samples. As shown in Figure 

4.6A the results were statistically significant and thus indicate that stress plays an 

important role in 15d-PGJ2 mediated growth inhibition and cell death.  
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Figure 4.6: Serum plays a protective role in 15d-PGJ2 mediated cell death and 
polyamines have no effect on 15d-PGJ2 caused cell death. 
A) HT29 cells were treated with either 2 or 4uM concentration of 15d-PGJ2 in presence 
of 10% or 1% serum for 48 hours. Cells were then harvested and viability was assessed 
using trypan blue dye exclusion method.  
B) HT29, HCT116 and its isogenic clones HKe3 and HKh2 were treated with 4uM 15d-
PGJ2 in presence or absence of 100uM Putrescine for 48 hours. Cells were then assessed 
for viability using trypan blue dye exclusion method. Both experiments were conducted 
in triplicates.  
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Our group and many other researchers have shown that polyamines play a very cardinal 

role in colorectal carcinogenesis. It has also been shown that SSAT is one of the target 

genes for PPARγ[79]. In the previous section it was shown that in CCD18Co cells, SSAT 

expression and activity were induced during adipogenesis and was associated with 

increased polyamine catabolism. Considering the available information and the data from 

previous section it was hypothesized that polyamines might play a role in 15d-PGJ2 

mediated apoptosis. Thus to determine if polyamines conferred resistance or suppression 

to 15d-PGJ2 mediated growth arrest HT29, HCT116 and its two isogenic clones were 

treated with 4uM 15d-PGJ2 and 100uM Putrescine for 48 hours. Samples were then used 

to assess cell viability using trypan blue dye exclusion method. Figure 4.6B, shows that 

in all four cell lines putrescine failed to suppress 15d-PGJ2 mediated growth inhibition. 

 

        15d-PGJ2 mediated growth inhibition and apoptosis are independent of PPARγ__ 

Next it was determined if 15d-PGJ2 mediated growth inhibition and apoptosis were 

PPARγ dependent or independent. Transient transfections were conducted in different 

cell lines with the plasmid containing PPAR responsive elements (PPREs) in the 

promoter region, which was linked to a luciferase reporter gene. As demonstrated in 

Figure 4.7A, treatment with 4uM 15d-PGJ2 showed an increase in luciferase activity 

indicating 15d-PGJ2 mediated increase in PPARγ activity. When the transfected cells 

were treated with PPARγ antagonist GW 9662 before treating with 15d-PGJ2, there was 

no significant increase in the luciferase activity indicating that GW 9662 inhibited the 

effects mediated by 15d-PGJ2. Figure 4.7B, shows the results from the apoptosis assay  
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Figure 4.7: 15d-PGJ2 mediated apoptosis is PPARγ independent.  
A) HCT116 cells were transiently co-transfected with pGL2-PPRE and PCMV-β-Gal 
plasmid. Cells were then treated with 15d-PGJ2 (4uM) and different concentration of 
PPARγ antagonist GW9662. Luciferase activity and b-Galactosidase activity were then 
determined. Ratio of these values was taken and is represented in the graph. P values 
were *<0.0001, **<0.00005, ***<0.0005.  
B) HCT116 cells were serum starved overnight and then treated with 15d-PGJ2 and 
GW9662 for 24 hours. Cells were pretreated with GW9662 for a few hours to inhibit 
PPARγ activity and then were treated with 15d-PGJ2. Cells were then collected and dead 
cell percentage was determined using the annexin V assay. Experiments were performed 
in triplicates. 
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where HKe3 cells were pre-treated with GW 9662 before 15d-PGJ2 treatment. As 

demonstrated in the Figure there was no difference between the apoptotic cell percentiles 

in GW9662 pre-treated samples compared to the samples without GW9662 treatment 

indicating that inhibiting PPARγ activity does not rescue 15d-PGJ2 mediated cell death. 

 

        15d-PGJ2 mediated apoptosis involves Caspase-3 activation__ 

Caspases are the key players in apoptotic cascades. Hence to investigate the role of 

caspases in 15d-PGJ2 mediated apoptosis, immuno-detection for cleaved Caspase-3 (17 

and 19 kDa) and cleaved PARP (89 kDa) and immunofluorescence for cleaved 

Cytokeratin-18 with M30 were performed. PARP and Cytokeratin-18 are downstream 

targets of an activated Caspase-3. Caspase-3 is the most important caspase in the cascade. 

For this experiment cells were lysed after 24 hours treatment with 4uM 15d-PGJ2. 

Protein extracts from these cells were used for immuno-detection of cleaved and total 

Caspase-3 as well as cleaved and total PARP. As shown in Figure 4.8A, and 4.8B, both 

Caspase-3 and PARP were cleaved in 24 hours after 15d-PGJ2 treatment in HCT116 

which have one mutated K-RAS allele and the isogenic clones HKe3 and HKh2 which 

have the mutated allele disrupted. To further confirm that cells were dying due to 

apoptosis and that this apoptosis involved caspases performed immunofluorescent 

staining of cleaved Cytokeratin-18 was performed (Figure 4.9). Cytokeratin-18 is a 

downstream target of Caspase-3 and is a simple but sensitive indicator of caspase 

mediated apoptosis[123]. Although the levels of cleaved Caspase-3 and PARP seem to be 

the same in all three cell types, there was a significant difference in level of Cytokeratin- 
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Figure 4.8: Involvement of Caspase 3 in 15d-PGJ2 mediated apoptosis. 
A) Caspase-3 activation detected by western blot. Cells were serum starved overnight 
followed by 15d-PGJ2 (4uM) treatment for 24 hours. Proteins were extracted and 
Caspase-3 activation was detected by using antibodies against total and cleaved 
Cytokeratin-18. 
B) PARP cleavage was detected using a western blot. Cells were treated as indicated in 
(A) and samples were used for western blot using antibodies against total and cleaved 
PARP. β-Actin was used as loading control for both A and B. 
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18 cleavage. As seen in Figure 4.9 levels of cleaved Cytokeratin-18 are much lower in 

HCT116 compared to the clones demonstrating that an activated K-RAS down regulates 

apoptotic markers. 

 

        15d-PGJ2 mediated cell death occurs in the absence of Mitochondrial DNA__ 

As shown in Figure 4.8 and Figure 4.9, Caspase-3 is involved in 15d-PGJ2 mediated 

apoptosis. Caspase-3 activation follows shortly after Cytochrome-c release from the 

mitochondrial membrane. Mitochondria play a very important role in apoptosis. To 

determine if mitochondrial  

DNA plays a role in 15d-PGJ2 mediated cell death non small lung cell cancer (NSCLC) 

cell line A549 were used. These cells harbor a K-RAS activating mutation in the codon 12 

and its clones A549 Rho cells where the mitochondrial DNA expression has been shut off 

by using Ethidium Bromide (EtBr) provide a good model system to study the role of 

mitochondrial DNA in 15d-PGJ2 mediated apoptosis. A549 and the A549 Rho cells were 

serum starved overnight and then were treated with 15d-PGJ2. Dose response curves 

were determined to obtain an optimum concentration of 15d-PGJ2 for the apoptosis 

assay. Based on the result of dose response studies 6 and 10uM concentration of 15d-

PGJ2 were chosen for the apoptosis assay. Both cell lines were treated with 10uM of 15d-

PGJ2 for 24 hours post overnight serum starvation. Cells were harvested and used for 

Annexin V assay. As shown in Figure 4.10 both A549 and the A549 Rho cells undergo 

apoptosis on 15d-PGJ2 treatment. There was a decrease in apoptosis percentage in A549 

Rho cells, though this decrease was statistically significant only at a higher concentration  
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Figure 4.9: Immunofluorescent staining of Cytokeratin-18 after treatment with 15d-PGJ2. 
Cells were serum starved overnight and then treated with 4uM 15d-PGJ2 for 24 hours. 
Cells were fixed and stained for cleaved Cytokeratin-18 using M30 FITC antibody and 
nucleus (TOPRO). Images were captured using confocal microscopy. In the figure red is 
nucleus and green is cleaved Cytokeratin-18.  
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Figure 4.10: Mitochondrial DNA does not play a role in 15d-PGJ2 mediated cell death. 
A549 and A549 Rho cells were treated with 6uM or 10uM 15d-PGJ2 for 24 hours 
following overnight serum starvation. Cells were then harvested and apoptotic cell 
percentage was determined using the Annexin V assay. P value for * >0.05 and **<0.001 
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of 15d-PGJ2 as observed in Figure 4.10. There was approximately 25% reduction in the 

apoptosis in A549 Rho cells at 10uM 15d-PGJ2 concentration compared to A549 wild 

type cells. Thus it is possible that mitochondrial DNA plays a small but not very 

significant role in 15d-PGJ2 mediated apoptosis. 

 

        15d-PGJ2 induced apoptosis is ROS dependent__ 

15d-PGJ2 has been shown to induce oxidative stress in various cell types. Consequently 

the role of reactive oxygen species (ROS) in 15d-PGJ2 induced apoptosis was assessed. 

Cells were serum starved overnight and then treated with the ROS scavanger N-acetyl-

cysteine for 60 minutes followed with a 24 hour treatment with 15d-PGJ2 (4uM). N-

acetyl-cysteine rescued 15d-PGJ2 mediated apoptosis in HCT116 and both the clones as 

seen by annexin V assay in Figure 4.11 and immunofluorescence studies for cleaved 

Cytokeratin-18 in Figure 4.12. 

The amount of reactive oxygen species produced on treatment with 15d-PGJ2 was 

evaluated using a cell permeant indicator for reactive oxygen species; CM-H2DCFDA. 

Cells were serum starved overnight and then treated with 15d-PGJ2 for one hour. Cells 

were assayed for reactive oxygen species by treating with 1uM CM- H2DCFDA for 30 

minutes before harvesting them with trypsin and then sorted using flow cytometry. As 

seen in Figure 4.13 there was a significant amount of ROS induction on treatment with 

15d-PGJ2. This work indicates that the K-RAS disrupted clones HKe3 and HKh2 have 

two to three fold higher ROS basal levels compared to the mutated K-RAS expressing  
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Figure 4.11: 15d-PGJ2 mediated growth inhibition and apoptosis is rescued with free 
radical scavenger NAC. 
1mM NAC pre-treatment was done for an hour after the cells were serum starved 
overnight. The samples were then treated with 15d-PGJ2 (4uM) for 24 hours. At the end 
of 24 hour incubation with 15d-PGJ2 cells were harvested using trypsin and stained with 
annexin V and propidium iodide for 15 minutes as per manufacturer’s instructions. Cells 
were then sorted using flow cytometer. 
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Figure 4.12: NAC treatment rescues Cytokeratin-18 cleavage. 
Cells were serum starved overnight and treated with 1mM NAC for one hour before 
treating with 15d-PGJ2(4uM) for 24 hours. Immunofluorescence was used to detect for 
cytokeratin-18 cleavage. TOPRO was used to stain for the nucleus. 
Red-TOPRO, Green-Cleaved Cytokeratin-18. 
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clone HCT116. However the levels of induced ROS were the same in all three 15d-PGJ2 

treated cell types.   

 

        15d-PGJ2 modulates BCL-2/BAX and BCL-2/BAK ratios in a K-RAS dependent 

manner__ 

The BCL-2 protein family plays the important role of apoptosis regulation. To assess the 

role of BCL-2 family of proteins in 15d-PGJ2 mediated apoptosis we studied the effect of 

15d-PGJ2 treatment on BCL-2/BAX and BCL-2/BAK ratio. As seen in Figure 4.14A, the 

results demonstrate that there is a decrease in the ratio of BCL-2/BAX and BCL-2/BAK 

in HKe3 cells. The BCL-2 levels in HKh2 cells were too low to be quantified. None the 

less, in HKh2 cells there was an increase in both BAX and BAK levels indicating their 

role in 15d-PGJ2 mediated apoptosis (Figure 4.14A). As seen in Figure 4.14B, an 

activated K-RAS was observed to resist the change in BCL-2/BAX and BCL-2/BAK 

ratios. Our studies show that HCT116 have significantly higher level of BCL-2 proteins 

compared to the clones and that these levels do not go down on 15d-PGJ2 treatment. 

 

        K-RAS mediated suppression of 15d-PGJ2 induced apoptosis involves glutathione__ 

Glutathione is a key molecule that detoxifies ROS in the cells. To understand how an 

activated K-RAS suppresses 15d-PGJ2 mediated apoptosis we studied the effect of 15d-

PGJ2 on the glutathione levels. Cells were serum starved overnight and treated with 4uM 

15d-PGJ2 for 4 hours. Glutathione levels were determined using the protocol provided by 

the manufacturer. As shown in Figure 4.15, the results indicate that 15d-PGJ2 treatment  
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Figure 4.13: 15d-PGJ2 treatment induces ROS. 
Cells were serum starved overnight and then treated with 15d-PGJ2 (4uM) for 4 hours. 
Cells were then incubated with CM2-DCFH dye for 30 minutes and harvested using 
trypsin. Cell pellets were re-suspended in 1X phosphate buffered saline. Samples were 
sorted for ROS positive cells using flow cytometry. P values for ROS positive cells in 
15d-PGJ2 treated samples compared with ROS positive cells in control samples were 
statistically siginificant ( * P <0.008 for HKe3 and ** P <0.011 for HKh2) 
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Figure 4.14: Activated K-RAS resists changes in BCL-2/BAX and BCL-2/BAK ratio. 
A) Cells were serum starved and treated with 15d-PGJ2 (4uM) for 24 hours. Proteins 
from cytosolic and mitochondrial fractions were extracted. Proteins from cytosolic and 
mitochondrial extracts were used for western blots and probed for BCL-2, BAX, and 
BAK. GAPDH was used as the loading control. 
B) Western blots were quantified and BCL-2/BAX, BCL-2/BAK ratios were taken. There 
was no detectable BCL-2 protein in HKh2 cells hence ratios were not taken. Results are 
representative of three independent experiments. 
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Figure 4.15: Activated K-RAS inhibits 15d-PGJ2 mediated changes in glutathione levels. 
Cells were serum starved overnight and then treated with 4uM 15d-PGJ2 for 6 hours. 
Samples were harvested using a rubber policeman and deproteinized using 
manufacturer’s instructions. Deproteinized samples were further used to detect total 
glutathione levels with the glutathione assay kit. Protocol for the assay was provided by 
the manufacturer. 
P values for glutathione levels in the 15d-PGJ2 treated samples compared with 
glutathione levels in untreated samples were statistically significant (*P <0.001 for HKe3 
and ** P <0.001 for HKh2 cells). 
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down-regulates glutathione levels in K-RAS disrupted clones HKe3 and HKh2 but not in 

K-RAS mutated clone HCT116. As shown in Figure 4.15, basal levels of total glutathione 

are similar in all three cell types. There is approximately a two fold decrease in the total 

glutathione levels in the K-RAS disrupted clones on treatment with 15d-PGJ2 whereas 

there is no significant decrease in total glutathione levels of HCT116 cells. These data 

indicate that 15d-PGJ2 treatment can lead to a decrease in total glutathione levels in a K-

RAS dependent manner. 
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    Discussion 

15% of colorectal cases show K-RAS activation. Majority of these cases have activating 

point mutation in codon 12. Mutant K-RAS can activate a myriad of mitogenic signaling 

pathways that can contribute towards tumorigenesis. Most commonly known pathway 

that is activated by a mutant K-RAS is RAS/RAF pathway[35]. K-RAS mutation can lead 

to uncontrolled cell growth by inducing various signaling cascades and by inhibiting 

certain tumor suppressor genes. In this part of the study regulation of one such tumor 

suppressor gene PPARγ has been studied. PPARγ plays important role in adipogenesis, 

inflammation, diabetes and carcinogenesis. Two PPARγ isoforms PPARγ1 and PPARγ2 

are known in humans. The promoter region of PPARγ2 has a C/EBPβ binding site. 

C/EBPβ is known to regulate PPARγ expression in adipocytes[86]. The effects that K-

RAS activation might have on C/EBPβprotein expression were investigated. C/EBP 

family of proteins consists of six members , , δ, γ, , and , that can either 

homodimerize and heterodimerize. The dimer can then bind to the C/EBP regulatory 

element in the promoters sequences of many different genes[124].  

PPARγ regulation is complicated. It has to dimerize with Retinoid-X-Receptor (RXR) in 

order to function as a transcriptional regulator. RXR is activated by its ligand 9-cis-

retinoic acid. Thus RXR activity depends on its expression and ligand availability[52]. In 

many colorectal cancer cases PPARγ expression has been shown to either be 

downregulated or mutated. It is important to study the interplay between the oncogenes 

and tumor suppressor genes that might be responsible for PPARγ regulation. In this study 

Caco2 cells that were stably transfected with mutant K-RAS were used to study the effects 
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of K-RAS activation on PPARγ. As seen in Figure 4.1 and Figure 4.2, constitutive 

activation of K-RAS altered expression of PPARγ and C/EBPβ. Protein expression of 

C/EBPβ was studied in Caco/Neo, K-RAS no.6 and K-RAS no.26 clones over a time 

course of 5 days. Activated K-RAS was found to downregulate the protein expression of 

C/EBPβ and PPARγ in these cells. The nuclear levels of PPARγ expression in Caco/Neo 

cells and K-RAS no.26 clones were studied and it was found that K-RASno.26 clones 

had significantly lower expression of PPARγ over a time course of 6 days. It remains to 

be seen if K-RAS mediated downregulation of PPARγ acts solely via C/EBPβ or K-RAS 

suppresses these proteins independently of each other. The mechanism involving K-RAS 

mediated suppression of C/EBPβ needs to be studied in detail.  

The role of tumor suppressor gene APC in regulating PPARγ activity was examined. 

Growth inhibition in HT29p cells was studied using one of the natural PPARγ ligands 

15d-PGJ2. Induction of PPARγ activity in these cells, on 15d-PGJ2 treatment was 

confirmed by performing transient transfections with pGL2-PPRE plasmid. It was shown 

that 15d-PGJ2 can induce PPARγ activity although the effects that it might have on 

PPARγ expression need to be studied in detail. HT29-APC cells that have been stably 

transfected with APC gene, to study the role of APC in PPARγ activity.HT29β-Gal and 

HT29-APC cells were treated with 15d-PGJ2 under the APC activated and non activated 

conditions. The results demonstrate that APC does not alter 15d-PGJ2 mediated growth 

inhibition in these cells. From these data it can be conclude that APC does not have any 

effect on 15d-PGJ2 mediated growth inhibition.  
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In this section it is shown that an activated K-RAS can suppress 15d-PGJ2 mediated 

apoptosis by acting at multiple levels. This work elucidates the mechanism by which an 

activated K-RAS confers resistance against 15d-PGJ2 mediated apoptosis. These data 

highlight the importance of glutathione and the role that it may play in K-RAS dependent 

suppression, of 15d-PGJ2 mediated apoptosis for the very first time. It has been shown 

that 15d-PGJ2 induces apoptosis and that this induction of apoptosis involves ROS in 

different cell types and tissues[7, 21]. These studies, for the first time indicate the 

importance of K-RAS activation in suppressing 15d-PGJ2 mediated apoptosis in colon. 

The RAS family of proteins is involved in cell growth and differentiation and activating 

mutations can lead to uncontrolled growth and proliferation. Usually a point mutation can 

be enough to render it constitutively active. In addition mutant K-RAS can promote 

angiogenesis and aid in resisting apoptosis. Role of an activated K-RAS in reducing 

apoptosis has been shown in murine model and in immortalized rat colonic epithelial cell 

lines.[51] K-RAS activation can induce different signaling pathways leading to increased 

proliferation. K-RAS activation has also been shown to increase expression of anti-

apoptotic proteins like BCL-2 in hematopoietic cells [125]. 

 There is evidence to show that 15d-PGJ2 can be produced in many different tissues and 

can act in an autocrine and/or paracrine manner and induce different signaling 

pathways[126]. 15d-PGJ2 has been shown to induce growth arrest and apoptosis in many 

different cell types. It has been shown to induce oxidative stress in different model 

systems[21, 127].  
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There has been some research on how 15d-PGJ2 exhibits its downstream effects. The 

exact mechanism of 15d-PGJ2 mediated apoptosis is not known. Studies performed in 

this section elucidate 15d-PGJ2 mediated apoptotic pathway. This work demonstrates the 

role of activated K-RAS in 15d-PGJ2 mediated apoptosis. Activated K-RAS has been 

shown to suppress apoptosis in many cell types and by many different agents. Here for 

the first time it is shown that an activated K-RAS can suppress 15d-PGJ2 mediated 

apoptosis mechanistic details of the pathway are elucidated. Our studies also demonstrate 

that stress plays a very important role in 15d-PGJ2 mediated growth inhibition, as in the 

presence of serum 15d-PGJ2 mediated apoptosis is completely inhibited. We also 

demonstrate that polyamine treatment does not rescue 15d-PGJ2 mediated apoptosis. 

Polyamines are important molecules in colorectal carcinogenesis but do not play any role 

in 15d-PGJ2 mediated apoptosis. A549 and A549 Rho cells were used to elucidate the 

role of mitochondria in 15d-PGJ2 mediated cell death. A549 are a NSCLC cell line and 

have been used to study the impact of loss of mitochondrial DNA on cellular functions[7, 

128]. Observations from the studies conducted in A549 and A549Rho cells indicate that 

mitochondrial DNA does not play a crucial role in 15d-PGJ2 mediated apoptosis. 15d-

PGJ2 can form adducts with thiol groups in glutathione (GSH) and in other proteins. 

These adducts form as a result of the highly reactive cyclopentanone ring in 15d-PGJ2 

[129]. It is known that cells metabolize 15d-PGJ2 mainly by conjugation with GSH. 15d-

PGJ2 forms two major covalent adducts with GSH[130]. These adducts effectively 

reduce GSH amounts that are available for detoxification of reactive oxygen species. 

Hence as expected an increase in reactive oxygen species was seen on treatment with 
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15d-PGJ2 in HCT116 and its clones. Interestingly the base line levels of reactive oxygen 

species in these cell lines were significantly different. An activated K-RAS suppresses 

reactive oxygen species production. This work shows that on treatment with 15d-PGJ2 

reactive oxygen species are generated immediately and that the levels of induced reactive 

oxygen species are the same in all three cell types. In spite of the same levels of reactive 

oxygen species K-RAS activated cells show reduced apoptosis on 15d-PGJ2 treatment. 

On treatment with NAC, 15d-PGJ2 mediated apoptosis could be rescued indicating that 

ROS is solely responsible for cell death.  

 

Data shown in this section indicate involvement of caspases in 15d-PGJ2 mediated 

apoptosis as seen in Figure 4.8. In later stages of apoptosis Caspase-3 gets cleaved 

leading to its activation. An activated cleaved Caspase-3 can then cleave Poly (ADP-

Ribose) Polymerase (PARP) rendering it inactive [131, 132]. During apoptosis 

cytoskeleton of the cell gets disrupted. Proteins like β-Actin, α-Fodrin, Paxillin and 

Cytokeratin-18 are cleaved.  Cytokeratin-18 cleavage helps distinguish between 

apoptosis, autophagy and necrosis.  Cleaved Caspase-3 is a cysteine protease and can 

cleave Cytokeratin-18 in to three fragments. One of these fragments can be recognized by 

the monoclonal antibody M30. During autophagy Cytokeratin-18 might get dissembled 

but will not get cleaved and cleaved Cytokeratin-18 fragments have not been detected 

during or after necrosis. Thus cleaved Cytokeratin-18 marks a cell as an apoptotic cell 

[132, 133]. Caspase-3 and its downstream targets PARP and Cytokeratin-18 are cleaved 

in all three cell types on 15d-PGJ2 treatment. Activated K-RAS showed decreased 
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cleavage of Cytokeratin-18 on 15d-PGJ2 treatment. The mechanistic details of how an 

activated K-RAS down regulated Cytokeratin-18 cleavage are unclear at this point.  

 

BCL-2 family consists of pro-apoptotic and anti-apoptotic proteins. These proteins can 

form channels in the outer mitochondrial membrane. Pro-apoptotic BCL-2 members such 

as BAX and BAK have to be activated in order to induce mitochondrial membrane 

permeabilization and Cytochrome-c release[134, 135]. BCL-2 is an anti-apoptotic protein 

that can bind to the pro-apoptotic members of the family and inhibit their action. On 

induction of apoptosis pro-apoptotic BCL-2 family members like BAX move from 

cytosol to the mitochondrial membrane and alter the mitochondrial membrane potential 

thereby releasing Cytochrome-c in the cytoplasm. Following the release of Cytochrome-c 

caspases get activated and a cell gets committed to apoptosis [136]. It has been shown 

that anti-apoptotic proteins like BCL-2 can prevent damage caused by ROS, Cytochrome 

c release, matrix swelling and loss of mitochondrial membrane potential. On the other 

hand pro-apoptotic proteins like BAX can induce matrix swelling on translocation[100]. 

BAK plays a similar role in induction of apoptosis but is not located in the cytosol instead 

it is present in the mitochondrial membrane itself. As seen in Figure 4.13B, 15d-PGJ2 

treatment leads to a decrease in BCL-2/BAX and BCL-2/BAK ratios. A decrease in these 

ratios is indicative of increased apoptosis. The ratios were not affected in HCT116. It is 

clear from Figure 4.8A, that activated K-RAS up regulates basal levels of BCL-2.  

 



 

 

121 

 

In order to study the mechanistic details of ROS induction, glutathione levels were 

determined with and without 15d-PGJ2 treatment. It has been shown that 15d-PGJ2 can 

form covalent adducts with GSH next we looked at the GSH levels in these cells with and 

without 15d-PGJ2 treatment. As expected there was a decrease in GSH levels in the 

clones but to in K-RAS activated cells GSH levels did not fall on 15d-PGJ2 treatment. 

 

Figure 4.16, depicts the working hypothesis of 15d-PGJ2 mediated apoptosis, which 

suggests that an activated K-RAS could work to suppress 15d-PGJ2 mediated apoptosis 

by maintaining the GSH levels high on 15d-PGJ2 treatment which can then de-toxify 

ROS formation.  An activated K-RAS upregulates BCL-2 levels and thus could be acting 

via BCL-2 to suppress 15d-PGJ2 mediated apoptosis. It has been documented that BCL-2 

has some amount of anti-oxidant properties and that BCL-2 can detoxify the ROS 

generated in the mitochondria[137, 138]. Guerrero,S et al showed that K-RAS activation 

leads to up-regulation of BCL-2 protein[139]. Thus it is possible that 15d-PGJ2 generated 

ROS by affecting mitochondrial respiration and that BCL-2 can act as anti-oxidant and 

detoxify the ROS generated by 15d-PGJ2.  
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Figure 4.16: Working model of 15d-PGJ2 induced apoptosis in the colon cancer cells and 
its suppression by activated K-RAS.  
15d-PGJ2 treatment could cause induction of ROS by depleting the glutathione levels or 
by effecting mitochondrial respiration. This phenomenon seems to be blocked by an 
activated K-RAS which could ultimately contribute towards suppression of apoptosis. The 
schematic diagram shows that an activated K-RAS can up-regulate anti-apoptotic factors 
like BCL-2 which could act as an anti-oxidant there by preventing ROS damage to the 
mitochondria and thus contributing towards apoptosis resistance. 
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There is evidence in the literature that K-RAS activation can lead to an increase in 

glutathione-S-transfeRase-π (GSTP1-1). Dang et al showed that GSTP-1 promotes 

survival and proliferation in HCT116 cells[21]. GSTP1-1 is over expressed in 

precancerous and cancerous tissues. 

 

It has been shown that PGA2 can form adducts with GSTP1-1 and there by reduce the 

affinity of the enzyme for GSH[140]. It is possible that 15d-PGJ2 has a similar mode of 

action. Another possibility is that there is a competition between GSTP1-1 and GSH to 

form adducts with 15d-PGJ2 there by an increase in GSTP1-1 would leave GSH levels 

higher. Thus K-RAS activation could lead to increase in the GSTP1-1 levels which then 

by one of the above suggested mechanisms could suppress 15d-PGJ2-GSH adduct 

formation, thereby leaving a higher amount of free GSH to detoxify 15d-PGJ2 induced 

ROS. 

 

In conclusion, above mentioned data demonstrate that activated K-RAS suppresses 

expression of PPARγ and C/EBPβ in colon cancer cells. The results indicate that PPARγ 

ligand 15d-PGJ2 can cause growth inhibition in colon cancer cells independent of the 

tumor suppressor gene APC. 

In this section it is observed that 15d-PGJ2 mediated apoptosis is K-RAS dependent and 

that an activated K-RAS can suppress 15d-PGJ2 mediated apoptosis by acting upstream 

and downstream of 15d-PGJ2 mediated ROS induction. More work is needed to 
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understand the interaction of activated K-RAS with GSTP1-1 and GSH and to understand 

the mechanism of BCL-2 up-regulation by an activated K-RAS.  
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V ACTIVATED K-RAS SUPPRESSES 15D-PGJ2 INDUCED JNK SIGNALING VIA 
MKK4 AND AKT IN COLON CANCER CELLS. 

 

    Introduction 

Cells respond to their extracellular environment by using appropriate signal transduction 

pathway. So far the most researched signal transduction networks are the ones that 

comprise of Mitogen-Activated Protein Kinase (MAPK). MAPKs are responsible for 

receiving, amplifying and transmitting various signals to their downstream targets. They 

are responsible for regulation of many important cellular processes like cell 

differentiation, cell movement, cell division and cell death[141]. 

MAPKs play a very important role in gene expression and have been conserved in all 

eukaryotes. They usually have a three component system consisting of a MAPK, a 

MAPK activator (MKK/MEK) and a MEK activator (MEKK). Signal transmission is 

done by sequential phosphorylation of the downstream targets. Figure 5.1 illustrates the 

major MAPK signaling cascades involved in mammalian cells. These are Extracellular-

Signal-Regulated Kinase 1 and 2 (ERK1/2) cascade, involved in cell growth and 

differentiation, c-Jun N-terminal Kinase (JNK) and p38 MAPK pathways that are 

important during inflammation and stress[142].  

The MEKK are serine/threonine kinases that on activation phosphorylate and activate 

MKK. The MKK can further phosphorylate a Thr-X-Tyr motif in the MAPK. MAPKs are 

the final kinase in the three-kinase module and can activate substrates by phosphorylating  
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Figure 5.1: Major Kinase pathways. 
(Adapted from Madhani et al, Cell. 1997 Nov 28; 91(5):673-84.) 
The above figure shows three significant MAPK pathways namely ERK, p38 and JNK 
and their phenotypic effects based on the stimulus and there down-stream effects on the 
cell phenotype[142].
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serine and threonine residues. Most transcription factors are activated by MAPKs. 

MAPKs can also activate other protein kinases, phospholipases, and cytoskeleton-

associated proteins. Mammalian cells consist of 14 MKKK, 7 MKK, and 12 MAPK[143].  

The best described MAPK cascade in mammalian cells is Extracellular signal-Regulated 

Kinase (ERK) pathway. The ERK cascade is induced by a multitude of signals resulting 

in the activation of transcription factors and other serine threonine kinases. ERK signaling 

is usually involved in cellular differentiation, cell cycle regulation, and cell survival and 

proliferation[63]. 

p38 is the MAPK that gets activated due to cellular stress like ultraviolet irradiation, 

osmotic shock, heat shock, lipopolysaccharide, H2O2, protein synthesis inhibitors. It can 

also be activated by cytokines like IL-1, TNF- [144].  

Jun N-terminal Kinase (JNK) is a mitogen activated protein kinase involved in cell 

growth, oncogenic transformation and cell death[145, 146] The exact mechanism of JNK 

mediated apoptosis is not known but it has been reported that JNK mediated apoptosis 

requires c-Jun phosphorylation[147]. JNK is also known as stress activated protein kinase 

(SAPK) as it is induced in response to cellular stress such as UV. JNK Activates 

transcription factor AP-1 (activator protein-1) mainly by phosphorylating c-Jun. 

Phosphorylated Jun can either homodimerize or heterodimerize with Fos, which can then 

act as a transcription factor[148]. JNK activity is essential for the apoptotic response in 

many neuronal cell types[149]. Three different isoforms of JNK have been reported so far 

JNK1, JNK2 and JNK3. JNK1 and JNK2 are expressed ubiquitously, but JNK3 is 
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expressed only in the brain cells[150]. Different receptor types and signal transduction 

pathways can phosphorylate and activate JNK pathway. Few examples of JNK activating 

receptors are TNF receptor family, G-Protein Coupled Receptor (GPCR) and tyrosine 

kinase receptors. 

JNK is activated by phosphorylation of threonine and tyrosine residues on the activation 

motif by either MKK4 or MKK7[151]. These kinases can be phosphorylated and 

activated by MKKK 1-4, Apoptosis Signal-regulating Kinase 1 (ASK1), TGFβ Activated 

Kinase 1 (TAK1), Mixed Lineage Kinase 2 (MLK2), Src homology 3 domain (SH3)-

containing proline-rich protein kinase (SPRK) etc. [143]. Downstream targets of JNK are 

solely transcription factors, in whereas ERK family phosphorylates substrates outside the 

nucleus. JNK targets include c-Jun, Activating Transcription Factor-2 (ATF-2) Elk-1, 

p53 , DPC4 and nuclear factor of activated T cells (NFAT4)[31, 152-154]. Activated 

JNK can phosphorylate serine-63 and serine-73 of c-Jun protein and enable its 

homodimerization forming Jun/Jun homodimers and heterodimerization leading to 

Jun/ATF2 heterodimers. JNK and p38 can phosphorylate threonine-69 and threonine-71 

residue of ATF2 in response to various forms of cellular stress[155]. JNK mediated c-jun 

phosphorylation aids in its stabilization there by preventing its ubiquitin mediated 

degradation. Thus unlike other MAPKs JNK family of kinases has the ability to activate 

and stabilize transcription factors, resulting in a more efficient activation of the 

targets[156]. 
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JNK and p38 have been known to induce apoptosis. In response to environmental stress 

ASK1 can induce JNK activity in order to cause apoptotic response. The PPARγ ligands 

have been shown to induce JNK activity in human vascular endothelial cells and c-Jun 

expression in Caco2 cells[27]. 15d-PGJ2 has a highly reactive cyclopentanone ring which 

can react with a myriad of proteins. There are reports showing that 15d-PGJ2 can 

physically bind with proteins like c-Jun, NFκB, p53 and thioredoxin[157]. There is some 

evidence that this binding could affect the functional behavior of the protein. Hashimoto 

et al showed that 15d-PGJ2 could induce apoptosis in pancreatic cancer cell line 

MIAPaCa-2 via JNK and p38 and that ERK inhibition increased the sensitivity of 

MIAPaCa-2 cells to the same[158]. There is also evidence that JNK activation is required 

for Cytochrome-c release during stress-induced apoptosis[147].  

In the previous section the mechanistic details of 15d-PGJ2 mediated apoptosis have been 

outlined. In this section 15d-PGJ2 mediated bio-chemical signaling has been studied. 

Here the effects of 15d-PGJ2 on MAPKs and p53 were investigated. Data in this section 

demonstrates that 15d-PGJ2 can induce MAPK activation but JNK activation is K-RAS 

dependent in colon cancer cell line HCT116. In this section mechanism of K-RAS 

mediated suppression of JNK has been addressed and the role of K-RAS in modulating 

15d-PGJ2 mediated p53 induction has been outlined. 
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    Results 

        An activated K-RAS suppresses 15d-PGJ2 mediated JNK activation but not ERK 

and p38 in HCT116 cells__ 

In the previous section of this study it has been shown that colon cancer cells apoptose 

upon 15d-PGJ2 treatment. It was also reported that 15d-PGJ2 mediated apoptosis 

involves caspases and BCL-2 family of proteins. 15d-PGJ2 has been known to induce 

MAPK activation in various cell lines including colon cancer cells. In this study the 

effects of 15d-PGJ2 treatment on colon cancer cells HCT116 and its two isogenic clones 

HKe3 and HKh2 with respect to MAPKs was investigated. The main purpose of this 

study was to examine the role that an activated K-RAS might play in 15d-PGJ2 mediated 

MAPK activation. Apoptosis inducing concentrations of 15d-PGJ2 were used in this 

study to investigate MAPK activation to understand the role of these MAPKs might play 

during apoptosis. HCT116 and its two isogenic clones, HKe3 and HKh2 were serum 

starved overnight and then treated with 15d-PGJ2 for various time points. 

Phosphorylation status of the three major MAPKs, namely ERK, p38 and JNK, were 

studied using western blot technique. The phospho- specific antibodies were used to 

detect the phosphorylated forms of MAPK and total MAPK level was detected using an 

antibody for total protein as control. It was observed that 15d-PGJ2 treatment induced 

phosphorylation of all three MAPKs to various degrees in these cells. The data obtained 

from these studies demonstrate that though ERK and p38 were activated in all three cell  
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Figure 5.2: 15d-PGJ2 treatment induces MAPK activation.   
A) Cells were treated with 4uM concentration of15d-PGJ2 for an hour following 
overnight serum starvation. Proteins were extracted and western blot assay was 
performed to detect PO4-ERK and total ERK in the samples. B) Cells were treated with 
4uM 15d-PGJ2 for either one or two hours following serum starvation. Samples were 
then assayed for PO4-p38 and total p38 protein levels. 
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lines in response to 15d-PGJ2 treatment as shown in Figure 5.2A and Figure 5.2B, JNK 

activation was suppressed by an activated K-RAS (Figure 5.3A). MAPK activation 

increased over a time course following 15d-PGJ2 treatment and reached an optimal level 

between one to two hours. Results reported here are after one hour treatment with 15d-

PGJ2 unless mentioned otherwise. Tumor promoter 12-O-tetradecanoylphorbol-13-

acetate (TPA) was used as the control to look at the effect of K-RAS activation on JNK 

phosphorylation. 15d-PGJ2 treatment did not alter the levels of total MAPK in any of the 

three MAPKs. 

The activation of c-Jun and ATF-2 which are downstream targets of JNK were then 

studied. Phospho-specific antibodies were used to detect the activating phosphorylation 

of c-Jun at serine-73 and of ATF-2 at threonine-69 and threonine-71 using a western blot. 

Cells were treated for 3 hours with 15d-PGJ2 post overnight serum starvation. As shown 

in Figure 5.3B, c-Jun phosphorylation was observed in all three cell lines but was 

suppressed in HCT116. K-RAS mediated suppression of ATF-2 activation was more 

dramatic compared to c-Jun (Figure 5.3C). The total levels of c-Jun were also found to be 

different in the K-RAS activated HCT116 and its isogenic clones. Both the clones HKe3 

and HKh2 expressed higher levels of total c-Jun protein. ATF-2 and c-Jun are induced 

only under JNK/p38 and JNK activating conditions respectively. Both the proteins are 

phosphorylated immediately after they are expressed hence β-Actin was used as the 

loading control for these proteins. 
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Figure 5.3: 15d-PGJ2 treatment induces JNK, c-Jun and ATF-2 phosphorylation in a K-
RAS dependent manner.  
A) Cells were treated with 15d-PGJ2 (4uM) or TPA (50ng/ml) for an hour following 
overnight serum starvation. Proteins were extracted using RIPA lysis buffer and western 
blot assays were performed to detect for PO4-JNK and total JNK. 
B) All the cell lines were serum starved and treated with 15d-PGJ2 (4uM) for 3 hours. 
Samples were then used for protein extraction. Western blots were performed for PO4-c-
Jun and total c-Jun. 
C) HCT116 and its isogenic clones were treated in the same fashion as mentioned in B 
samples were then probed for PO4-ATF-2 and β-Actin. As c-Jun and ATF-2 are induced 
only in the presence of stimulus and are immediately phosphorylated, β-Actin was used 
as a loading control in both B and C. 
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        JNK activation is specific to 15d-PGJ2 and is ROS dependent but PPARγ and 

glutathione independent__  

15d-PGJ2 is a natural ligand for PPARγ and is known to perform many of its functions 

via PPARγ. In the previous section it was observed that 15d-PGJ2 mediated growth 

inhibition was independent of PPARγ but an activated K-RAS suppressed PPARγ 

activation.  As 15d-PGJ2 mediated JNK activation was suppressed by an activated K-RAS 

it could be speculated that 15d-PGJ2 mediated JNK activation might work by its actions 

on PPARγ. To assess the role that PPARγ might or might not play in 15d-PGJ2 mediated 

JNK activation two different approaches were used. Another PPARγ activator 

Ciglitazone (CG) was used under the same conditions and samples were studied for JNK 

activation. Another approach was to inhibit PPARγ activity using its antagonist GW9662 

and then study JNK activation. Cells were treated with 4uM concentration of CG to look 

at the effects that CG might have on JNK activation. On the other hand cells were 

pretreated with 30uM GW9662 for an hour to inhibit PPARγ activity and then treated 

with 15d-PGJ2 or vehicle (DMSO) for an hour to study the effects of PPARγ inhibition 

on 15d-PGJ2 mediated JNK activation. As shown in Figure 5.4A, CG treatment did not 

induce JNK activation (lane E), at the same time GW pre-treatment did not show any 

inhibition of JNK activation (lane F and G). These results indicate that 15d-PGJ2 

mediated JNK activation does not require PPARγ activity. 



 

 

135 

 

          

Figure 5.4: JNK phosphorylation is specific to 15d-PGJ2 and is ROS dependent but 
PPARγ independent.  
Protein extracts from 15d-PGJ2 samples with respective treatments were used for western 
blot analysis to detect for phosphor-JNK. A) Lanes are as follows A: vehicle (DMSO), B: 
TPA (50ng/ml), C: PGE2, D: PGJ2, E: Ciglitazone (CG), F: GW9662, G: GW9662+15d-
PGJ2. 
B) Cells were treated with BSO for 24 hours in order to deplete glutathione levels from 
the cells and then treated with 15d-PGJ2 for an hour.  
C) The lanes are A: Control, B: TPA (50ng/ml), C: NAC (100uM), D: PGD2, E: PGE2, 
F: 15d-PGJ2, G: NAC+ 15d-PGJ2 
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concentration and condition as 15d-PGJ2. Results shown in Figure 5.4C indicate that 

JNK activation is specific to 15d-PGJ2 and that other related prostaglandins do not have 

the ability to induce JNK activation under stress (Figure 5.4C lane D and E). Next the 

effects that ROS might have in 15d-PGJ2 mediated JNK activation were studied. Cells 

were treated with 1mM NAC for an hour before treating with 15d-PGJ2 to see if 

scavenging ROS would suppress JNK activation. Results indicate that 15d-PGJ2 

mediated JNK activation is suppressed by NAC indicating a role of ROS (Figure 5.4C 

lane C and G). 

Next the role that glutathione might play in K-RAS dependent inhibition of JNK activity 

was investigated. As in the previous section it has been shown that 15d-PGJ2 treatment 

results in depletion of glutathione levels in K-RAS disrupted clones but not in HCT116. 

Buthionine sulphoximine (BSO) was used to deplete glutathione levels[159]. Cells were 

treated with 10uM glutathione for 24 hours in order to deplete all the available 

glutathione from the cells. These cells were then treated with 15d-PGJ2 for one hour, 

protein lysates were extracted and tested for PO4-JNK. As shown in Figure 5.4B, 

treatment with BSO had no significant effect on JNK activation. BSO treatment alone did 

not activate JNK thus indicating that K-RAS mediated suppression works via some other 

pathway and not glutathione to suppress 15d-PGJ2 mediated JNK activation.  
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        15d-PGJ2 activation occurs via MKK4 and is suppressed by an activated K-RAS__ 

Next the upstream regulators of JNK activation were studied. Apoptosis Regulating 

Kinase-1 is known to induce JNK mediated apoptosis under stress thus that was one of 

the upstream kinases investigated. There was no ASK-1 expression seen in HCT116 or its 

isogenic clones. A time course study was performed to look at the MKK4 activation 

which is one of the two MEKs upstream of JNK. As shown in Figure 5.5A, MKK4 

activation was seen in the K-RAS disrupted clones HKe3 but not in K-RAS mutated 

HCT116 cells. These results indicate that K-RAS suppresses JNK activation by inhibiting 

MKK4 activation. 

        PKC Inhibitor induces JNK activation via MKK4__ 

PKC pathway is known to activate JNK thus the role that PKC might play in 15d-PGJ2 

mediated JNK activation was investigated. Two different inhibitors were used to inhibit 

PKC and both PKC inhibitors induced JNK activation on their own. Chelerythrine 

Chloride, at 5uM concentration was used for an hour before treating the samples with 

15d-PGJ2 to inhibit PKC. The second PKC inhibitor that was used was GF109203X at 

the same concentration and for the same time as Chelerythrine Chloride, before exposing 

the samples to 15d-PGJ2. It is possible that PKC inhibitors cause stress which leads to 

JNK activation. Figure 5.6A, shows JNK activation on treatment with PKC inhibitor 

GF109203X in HCT116 and its isogenic clone HKe3. 
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Figure 5.5: 15d-PGJ2 mediated phosphorylation of MKK4 in a K-RAS dependent 
manner. 
HCT116 and HKe3 were serum starved overnight and then treated with 4uM 15d-PGJ2 
for various time intervals. Cells were the used for protein extraction and western blot 
assay for phospho-MKK4 and total MKK4 were performed. 
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Figure 5.6: PKC is not involved in 15d-PGJ2 mediated JNK activation. 
HCT116 and HKe3 cells were treated with PKC inhibitor GF109203X for an hour before 
the 15d-PGJ2 treatment. Cells were lysed and proteins were extracted. Western blot 
assays were performed to detect A) Phospho-JNK and total JNK, B) Phospho-MKK4 and 
total MKK4 
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The effects of PKC inhibition were studied for MKK4 activation and the same results as 

JNK activation were observed. Figure 5.6B, suggests that PKC inhibitor might work via 

MKK4 activation to induce JNK activity. 

        Phosphoinositide-3 kinase (PI3K) inhibition suppresses 15d-PGJ2 mediated JNK 

activation__ 

15d-PGJ2 treatment can induce all three MAPKs as shown in this section. We next 

wanted to study the effects that 15d-PGJ2 treatment might have on PI3K pathway. As 

shown in Figure 5.7A, 15d-PGJ2 treatment leads to induction of AKT activity over a time 

course of 2 hours reaching its maximum at 2 hours. This work also demonstrates that an 

activated K-RAS suppresses 15d-PGJ2 mediated AKT phosphorylation. To study the 

involvement of AKT activation in K-RAS mediated suppression of JNK, PI3K pathway 

was in inhibited using 2-(4-morpholinyl)-8-phenyl-4H-1-benzopyran-4-one (LY294002). 

HCT116 and its isogenic clones HKe3 and HKh2 were pretreated with 50uM of 

LY294002 for an hour before treating them with 15d-PGJ2. As shown in Figure 5.7B, 

treatment with LY294002 inhibits AKT activation in both HKe3 and HKh2 cells and it 

also inhibits JNK activation. These results indicate that PI3K pathway plays a role in 

15d-PGJ2 mediated JNK activation and is suppressed by an activated K-RAS. 
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Figure 5.7: AKT activity is induced by 15d-PGJ2. 
A) Cells were treated with 15d-PGJ2 for different time intervals after overnight serum 
starvation. Western blot assays were performed to on protein lysates obtained from these 
samples to detect for phospho-AKT and total AKT. 
B) Cells were pre-treated with LY204002 for an hour before 15d-PGJ2 treatment to 
inhibit PI3K pathway. Western blot assays were performed to detect phospho-AKT, total 
AKT, phospho-JNK and total JNK levels. 
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        15d-PGJ2 treatment induces p53 in HCT116 and its clones__ 

The status of p53 in response to 15d-PGJ2 treatment was examined. HCT116 and both 

the isogenic clones were treated with 15d-PGJ2 for 12 hours and then analyzed for p53 

levels. As shown in Figure 5.8, p53 was induced in all three cell lines.  Next it was 

investigated if GADD45 which is a downstream target of p53 was affected by 15d-PGJ2 

treatment. All cell lines were treated with 15d-PGJ2 for 18 hours and samples were then 

used to detect GADD45 levels using western blotting. Figure 5.8, shows that 15d-PGJ2 

treatment induced GADD45 only in HCT116 cells which have a mutated K-RAS allele. 

Both the isogenic clones of HCT116 did not show GADD45 induction indicating that an 

activated K-RAS is required for 15d-PGJ2 mediated GADD45 induction. 

        15d-PGJ2 mediated induction of GADD45__  

As 15d-PGJ2 mediated p53 induction in all three cell lines but GADD45 was induced 

only in HCT116 cells and not in the clones, we tested whether GADD45 induction was 

p53 dependent or p53 independent. HCT116p53null cells were used for this purpose. 

These are HCT116 cells where both wild type alleles of p53 gene have been knocked out 

by means of homologous recombination and thus have no endogenous p53 expression. 

As shown in Figure 5.9A, HCT116 cells show normal induction of p53 protein on 

treatment with topoisomerase II inhibitor, Etoposide whereas the HCT116nullp53 cells 

did not show any p53 induction. Cells were treated with either 1uM or 25uM  
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Figure 5.8: 15d-PGJ2 treatment induces p53 and GADD45. 
Cells were treated with 15d-PGJ2 for 18 hours following overnight serum starvation. 
Cells were lysed and protein extraction was done using RIPA buffer. Western blot assays 
were performed for p53 and GADD45. β-Actin was used as the loading control.      
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Figure 5.9: GADD45 induction and stability depend on p53.  
A) HCT16 and its isogenic p53 null clone were treated with 1uM or 25uM topoisomerase 
II inhibitor, Etoposide. Cells were then collected for protein extraction and p53 was 
detected using a western blot.  
B) HCT116 and its isogenic clone HCT116p53null cells were treated with 15d-PGJ2 in 
presence of 1% serum for either 24 or 48 hours following overnight serum starvation. 
Western blot assays were then performed to detect GADD45 induction in both the cell 
lines.   
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concentration of Etoposide for 24 hours. HCT116 and the HCT116p53null cells were 

treated with 15d-PGJ2 for 24 and 48 hours. Proteins were extracted and tested for 

GADD45 induction. As shown in Figure 5.9B, both HCT116 and HCT116p53null cells 

showed induction of GADD45 indicating that GADD45 induction is p53 independent. 

Levels of GADD45 induction were different in HCT116 and the p53 null cells. GADD45 

induction was much higher in HCT116 cells and also was stable for 48 hours whereas in 

the HCT116p53null cells GADD45 the level of GADD45 induction after 24 hours was 

lower compared to HCT116 and GADD45 levels dropped dramatically after 48 hours. 

These results suggest that GADD45 can be induced in the absence of p53 but its stability 

is compromised in the absence of p53. 

        15d-PGJ2 mediated growth inhibition is enhanced by lack of p53__ 

An apoptosis assay was performed to investigate the role of p53 in 15d-PGJ2mediated 

apoptosis. HCT116 and the HCT116p53null cells were serum starved overnight and then 

treated with 15d-PGJ2 for 24 hours following the treatment Annexin V assay was 

performed to analyze the apoptotic index in these cells. Figure 5.10A, shows that 

HCT116 and the HCT116nullp53 cells apoptose in response to 15d-PGJ2 treatment and 

that the percentage of apoptotic cells was higher in the p53null cells compared to the 

HCT116 cells. These data indicate that lack of p53 enhances 15d-PGJ2 mediated 

apoptosis. HCT116nullp53 cells could be rescued from 15d-PGJ2 mediated apoptosis by 

NAC indicating involvement of ROS (Figure 5.10A). Figure 5.10C shows induction of  
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Figure 5.10: p53 plays a small but significant role in 15d-PGJ2 mediated apoptosis. 
 A) HCT116p53null cells were treated with 0 to 8uM 15d-PGJ2 for 24 hours in presence 
of 1% serum following an overnight serum starvation. 100uM NAC pre-treatment for 1 
hour was done for 4uM and 8uM 15d-PGJ2. Following the incubation period cells were 
collected and apoptosis percentage was determined using Annexin V assay.  
B) HCT116 and the null clones were treated with 4uM 15d-PGJ2 for 24 hours and cells 
were then assayed for apoptosis.  
C) HCT116 and the p53 null clones were treated with 4uM 15d-PGJ2 for one hour 
following overnight serum starvation. Cells were then collected and the percentage of 
ROS positive cells was determined using flow cytometry.  
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ROS in HCT116 and the HCT116p53null cells on 15d-PGJ2 treatment within one hour of 

treatment. As shown in Figure 5.10C, there is a statistically significant increase in the 

percentage of ROS positive cells when p53 is knocked out. This data indicates that p53 

might be involved in 15d-PGJ2 mediated apoptosis and that the lack of p53 results in an 

increased ROS induction in the p53null cells. 

        JNK inhibition does not rescue 15d-PGJ2 mediated cell death__  

JNK activity was inhibited using SP600125 JNK inhibitor. HKe3 cells were treated with 

15uM SP600125 for 2 hours, following this treatment the cells were treated with 15d-

PGJ2 for 3 hours. Cells were then lysed and proteins were extracted. Samples were then 

tested to see if JNK activity was inhibited by SP600125. Figure 5.11A, shows that 2 hour 

pretreatment with 10uM SP600125 was enough to block c-Jun phosphorylation by JNK. 

Next HKe3 cells were pretreated with 10uM SP600125 before 24 hour 15d-PGJ2 

treatment. Apoptosis assay was used to determine the percentage of live and dead cells. 

As shown in Figure 5.11B, 15d-PGJ2 mediated cell death was not rescued by inhibiting 

JNK activity. To confirm the results obtained from Annexin V assay cleaved caspase-3 

levels were analyzed in these samples using western blot analysis as shown in Figure 

5.11C. Cells were treated with 15d-PGJ2 for 24 hours post SP600125 treatment. 

SP600125 treatment did not affect 15d-PGJ2 mediated Caspase-3 cleavage thus 

indicating that JNK inhibition does not rescue 15d-PGJ2 mediated apoptosis. 
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Figure 5.11: JNK inhibition does not rescue 15d-PGJ2 mediated cell death.  
A) HKe3 cells were serum starved overnight and then treated with SP600125 JNK 
inhibitor for 2 hours prior to a 3 hour treatment with 4uM 15d-PGJ2. Cells were lysed 
and assayed for phospho-c-Jun using a western blot assay. β-Actin was used as the 
loading control.  
B) HKe3 cells were treated with 15uM SP600125 for 2 hours post overnight serum 
starvation, to inhibit JNK activity and then treated with 4uM 15d-PGJ2 for 24 hours. 
Cells were then collected and percentage of apoptotic cells was determined using 
Annexin V assay. 
C) HKe3 cells were treated with 15uM SP600125 for 2 hours prior to treating them with 
4uM 15d-PGJ2 for 24 hours. Protein was extracted and western blot analysis was done 
for cleaved Caspase-3. β-Actin was used as the loading control. 
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    Discussion 

15d-PGJ2 has been shown to induce MAPK activity in many different cell types 

including the colon cancer cells[21, 160-162]. Okumura et al showed that an activated K-

RAS can suppress TPA mediated JNK signaling via PKC mediated pathway in colon 

cancer cells[163].There is also some evidence that 15d-PGJ2 can induce p53 

expression[161, 164]. 

 Here for the first time it has been demonstrated that 15d-PGJ2 mediated JNK activation 

is suppressed by K-RAS via MKK4. This work reports that PI3K pathway plays an active 

role in 15d-PGJ2 mediated JNK signaling. Our results indicate that p53 might be of 

importance in K-RAS mediated suppression of 15d-PGJ2 induced cell death. 

MAPKs are amongst the most important signaling pathways in regulation of most cellular 

functions. Many compounds effect cellular functions like proliferation, differentiation, 

apoptosis and inflammations via inducing MAPK signaling. Depending on the MAPK 

that is activated by a stimulus the response will vary. For instance if a stimulus activates 

ERK pathway it would most probably lead to growth and proliferation whereas if p38 

pathway is activated it would lead to apoptosis[165]. Though it also depends on the 

upstream kinases, for example JNK activation by ASK-1 is mediated by stress and leads 

to apoptotic response[166]. There is often some amount of cross talk observed in these 

pathways. In this study PPARγ ligand 15d-PGJ2 was used as the extracellular stimulus 

and its effects on three MAPKs namely ERK, p38 and JNK were studied. Data in this 

section show that 15d-PGJ2 treatment can induce all three MAPKs, but JNK activation is 
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suppressed by an activated K-RAS. 15d-PGJ2 mediated activation of MKK4 (upstream of 

JNK) and c-Jun and ATF-2 (downstream of JNK) were studied and the same pattern of 

K-RAS suppression was observed. Based on this study it can be concluded that 15d-PGJ2 

induces JNK activity via MKK4 activation. In the previous section the importance of 

ROS in 15d-PGJ2 induced apoptosis was outlined. Based on this it was speculated that 

15d-PGJ2 mediated JNK activation could be mediated by ROS. It was observed that 

when cells were pretreated with NAC, JNK phosphorylation decreased. Further research 

is required to elucidate the mechanism involved in ROS interaction with MAPKs. As 

ROS is responsible for 15d-PGJ2 induced cell death it was next determined if JNK 

activity was crucial for this process. Inhibition of JNK activation did not seem to have 

any effect on 15d-PGJ2 mediated cell death. It is possible that there are multiple 

pathways downstream of ROS induction, responsible for 15d-PGJ2 mediated growth 

inhibition and cell death. Thus if one of the pathways was not functional it might not 

show any significant effect on cell death. On the other hand it is also possible that JNK 

activation is involved in growth arrest but not apoptosis. There is a possibility that JNK 

activation does not play a role in 15d-PGJ2 mediated apoptosis or growth inhibition but is 

important in some other downstream biochemical pathway.  

Okumura et al showed that TPA mediated JNK activation was inhibited by PKC inhibitor 

GF109203X in the K-RAS disrupted clones HKe3 and HKh2. In this study PKC 

inhibition did not have any effect on JNK activation. On the contrary it was observed that 

both MKK4 and JNK activation increased in the samples that were treated with PKC 

inhibitors. It is possible that PKC inhibitor treatment caused stress in the samples and 
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thus showed MKK4 and JNK activation irrespective of PKC inhibition via another 

pathway that functions to activate JNK independently of PKC. Effects of 15d-PGJ2 

treatment on PI3K pathway were investigated and it was observed that an activated K-

RAS could suppress 15d-PGJ2 mediated increase in AKT activation. There is some 

amount of ambiguity in 15d-PGJ2 effects on PI3K pathway. There are some reports 

indicating that 15d-PGJ2 causes inhibition of PI3K pathway[27, 167, 168] whereas there 

are some groups that have shown that 15d-PGJ2 treatment can induce PI3K pathway or 

have no effect on PI3K pathway[169, 170]. Koh et al reported that 15d-PGJ2 mediated 

effects on PI3K are dose dependent and that below 8uM concentration 15d-PGJ2 

treatment induced PI3K pathway but this effect decreased when 15d-PGJ2 concentration 

was increased more then 8uM[21]. It is possible that 15d-PGJ2 induction of PI3K 

pathway follows similar pattern in the model system studied here. When HCT116 and its 

clones were treated with PI3K inhibitor, 15d-PGJ2 mediated JNK activation was 

suppressed. This work suggests that 15d-PGJ2 mediated JNK activation in HKe3 and 

HKh2 cells happens via AKT activation as supported by the fact that an activated K-RAS 

suppresses AKT activation and PI3K inhibitor shows a similar suppression of JNK 

activation. 

It was shown in the previous section and in this section that ROS is involved in 15d-PGJ2 

mediated signaling, which could contribute to DNA damage. Hence p53 induction in 

these cells on 15d-PGJ2 treatment was examined. 15d-PGJ2 treatment induced p53 in 

about 12 hours of treatment indicative of DNA damage. Further research is needed to 

look at the type of DNA damage caused by 15d-PGJ2 treatment. GADD45 which is a 
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downstream target of p53 was also studied in response to 15d-PGJ2 treatment. This work 

demonstrated that GADD45 is induced but only in K-RAS activated cells and not in its 

isogenic clones. The effect of 15d-PGJ2 on HCT116p53null cells was tested and it was 

found that these cells showed an increased percentage of apoptosis and an increased 

percentage of ROS positive cells. Also the levels of GADD45 induction and its stability 

were much lower compared to HCT116 cells. There is evidence in literature showing that 

an activated K-RAS can lead to induction of p53 and its downstream targets like 

GADD45[171], this could explain the induction of GADD45 only in K-RAS activated 

cells. The fact that GADD45 induction was seen in HCT116p53null cells in response to 

15d-PGJ2 treatment could be explained by the fact that GADD45 can be induced by p53 

independent pathway, there is evidence showing that Delta12-prostaglandin J2 can 

induce GADD45 in a p53 independent manner[172]. Role for ROS has been implicated 

in relation to p53 and apoptosis involving p53 as a central player[173]. It has also been 

suggested that p53 might be involved in regulation of intracellular redox status[6]. There 

is evidence suggesting a role for p53 in better ROS scavenging efficiency[174]. 

Donadelli et al showed that up-regulation of antioxidant genes like glutathione 

peroxidase 1 (GPX1), sestrin 1 (SESN1), and sestrin 2 (SESN2) genes, which are up-

regulated by p53 and encode products that act as antioxidants can confer resistance 

against cytotoxic effects of certain antioxidants like Pyrrolidine dithiocarbamate[175, 

176]. This could explain the increased ROS production and an increased cell death in 

HCT116p53null cells compared to HCT116 cells.  
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In conclusion this work suggests that 15d-PGJ2 mediated MAPK activation might not 

have a role in apoptosis induction but might be important in some other cellular function.  

p53 might be important in inducing antioxidants in order to detoxify 15d-PGJ2 induced 

ROS and thereby might confer a certain degree of protection against apoptosis. An 

activated K-RAS is important in regulating induction of genes like GADD45 and 

inhibition of AKT and MKK4 mediated JNK activation. Further research is required in 

order to determine the functional importance of 15d-PGJ2 mediated MAPK signaling and 

the role of p53 in the anti-oxidant response against 15d-PGJ2 mediated ROS. 
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VI CONCLUDING STATEMENTS 

Most cancers arise in the epithelial tissue but the stroma underlying the tumor plays a 

very important role in tumor initiation and progression. In fact in many carcinomas the 

stroma can constitute upto 90% of the tumor mass. Stroma surrounding the tumor has a 

very dynamic environment and comprises multiple cell types. These include smooth 

muscle cells, dendritic cells, macrophages, immune and inflammatory cells, endothelial 

cells and fibroblasts. Fibroblasts comprise the majority of stroma and play an important 

role during inflammation leading to tumorigenesis. Thus it is important to study the 

tumor environment and the role that normal cells like fibroblasts play in a tumor.  

Colon cancer is mostly an epithelial cancer but the sub-epithelial matrix is equally 

important in initiation and progression of the disease.  Colon has a very dynamic 

environment which is influenced by many intrinsic and extrinsic features. There is an 

extensive amount of inter and intra-cellular communication going on at any given point 

of time. Fibroblasts that form the basal and the most important part of sub-epithelial 

matrix are constantly differentiating into other cell types that would then play a role in 

regeneration of tissue. These fibroblasts or various stem cells in the basal layer of a tissue 

produce many autocrine and paracrine factors that are released in the extracellular matrix 

and can act on the epithelial cells.  

 

In this dissertation the effects of adipogenesis in the normal fibroblast cell line CCD18Co 

on metabolic pathways like polyamine catabolism and prostaglandin biosynthesis have 

been studied. This study indicates that both these pathways are activated during 
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adipogenesis. It was speculated that factors like 15d-PGJ2 would be released in the 

extracellular matrix and could then act on epithelial or sub-epithelial layers. Cells in these 

layers could apoptose under normal conditions in response to 15d-PGJ2 but in an event of 

activating mutation in a gene like K-RAS they would be able to evade 15d-PGJ2 mediated 

cell death. 15d-PGJ2 would still be able to induce ROS which would contribute to further 

DNA and protein damage and the cell would be at risk of further genetic alterations 

which could lead to transformation. During tumorigenesis there would be an increase in 

the levels of PGES and there would be higher levels of PGE2 in the stroma creating a 

prosurvival environment for the already transformed cells. At the same time there will be 

a decrease in PGDS levels thus reducing the amounts of 15d-PGJ2 secretion in the stroma 

thereby creating an environment with reduced anti-tumorigenic prostaglandin. 

 Another important advantage that the cells with K-RAS activation could have is that 15d-

PGJ2 would then be able to induce MAPK activation of kinases like ERK that are 

implicated in growth and proliferation and not undergo activation of kinases like JNK 

that could play a role in growth arrest or apoptosis. Figure 6.1, shows a schematic 

representation of the above mentioned inter and intra-cellular communication and its 

effects in an event of K-RAS activating mutation. This work outlines the effects of K-RAS 

activation on 15d-PGJ2 mediated signaling and apoptosis in the epithelial colon cancer 

cells. 

 

A defining characteristic of cancer is loss of regulation and balance of normal functions 

in a cell. This phenomenon usually involves genetic alterations. Cancer is not the only 
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disease that results due to genetic alteration but it is the only disease where a cell gains 

immortality and ability to invade other tissues i.e. metastasize. It is a disease caused by 

clonal expansion of a cell that has gained limitless replicative potential and can evade cell 

death. In a normal cell, there is interplay between tumor suppressor genes and proto-

oncogenes. These genes are crucial for normal cellular functions. Although when there is 

a loss of tumor suppressor gene, or activation of a proto-oncogene a cell becomes 

transformed. In other words loss of functional protein encoded by a tumor suppressor 

gene or constitutive production of a protein encoded by an oncogene could then lead to a 

cell’s potential of forming a tumor. Usually tumor suppressor genes are responsible for 

regulation of growth, apoptosis and controlling transcription of other genes including 

oncogenes. Oncogenes on the other hand are usually responsible for controlling growth, 

proliferation and replication. There are specific tumor suppressors and oncogenes that 

have been linked to specific types of cancers. One mutation may cause transformation of 

a cell, but it is usually an accumulation of mutations in different genes that results in 

clonal selection, expansion and finally cancer. 

 

It is very important for better diagnostic strategies, prevention and therapy that we 

understand the pathways regulated by these genes. Research on these genes is on-going 

and has increased our understanding of the metabolic pathways that these genes regulate. 

In case of colorectal neoplasia most commonly mutated tumor suppressor is APC and 

most commonly mutated oncogene is K-RAS. We have a fair understanding of the major 

metabolic pathways that these genes regulate, but there are multiple roles that these genes 
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have, there is usually a cross-talk between pathways. A transformed cell is a very 

dynamic unit and there is a greater need to understand the role that these genes play in 

regulating other pathways directly or indirectly. All colon cancer cell lines that have been 

obtained from patients have genetic alteration leading either to Chromosomal Instability 

(CIN-gross chromosomal aberrations) or micro-satellite instability (MIN-point mutations 

in important genes). Most of these genetic alterations contribute to one of the six 

hallmarks of cancer, apoptosis being one of them.  

 

Apoptosis is a form of programmed cell death characterized by unique bio-chemical and 

morphological features like endonuclease activation, chromatin condensation, DNA 

fragmentation, cellular shrinkage and fragmentation. As opposed to necrosis apoptosis is 

a programmed cell death and contributes to the homeostatic regulation of the renewable 

tissues. It also plays a very important role in embryonic and adult development of organs. 

Apoptosis can result due to intra-cellular or inter-cellular signals. In colorectal cancers 

oncogenes like K-RAS can contribute to apoptotic resistance of a cell that was marked for 

apoptosis. Such a cell could have DNA damage that is beyond repair and can then be at 

risk of more mutations leading to malignancy. It is thus important to study the effects of 

K-RAS on cellular behavior and its effect on apoptosis inducing signals. In the second 

chapter of this dissertation we have shown that an activated K-RAS can down-regulate 

expression of important tumor suppressor genes like PPARγ. PPARγ functions are very 

important in cell differentiation and metabolism but more importantly has a role in 

induction of apoptosis in response to its thiazolidinedione. K-RAS activation can inhibit 
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expression of PPARγ by possibly downregulating C/EBP group of proteins that are 

important transcription factors and have been shown to induce PPARγ transcription.  

PPARγ ligands like Ciglitazone, Rosiglitazone and 15d-PGJ2 have been shown to induce 

apoptosis in many cancer cell lines.  

This study shows that 15d-PGJ2 mediated apoptosis is influenced by K-RAS. In addition 

to being PPARγ independent 15d-PGJ2 apoptosis is accompanied by a few characteristic 

features like induction of ROS, depletion of glutathione, activation of Caspase-3 and 

modulation of BCL-2 family of proteins. Most of these end-points are affected by K-RAS 

activation.  

 

This study shows that 15d-PGJ2 treatment can induce MAPK signaling and that an 

activated K-RAS can influence 15d-PGJ2 mediated JNK signaling. This study 

demonstrates that 15d-PGJ2 mediated JNK activation occurs in an AKT dependent 

fashion. The data shown indicate that inhibition of JNK activation does not have any role 

in K-RAS dependent suppression of 15d-PGJ2 mediated apoptosis. In this dissertation we 

have also shown the effects that 15d-PGJ2 treatment has on another tumor suppressor 

gene p53. Though 15d-PGJ2 treatment induces p53, induction of the downstream target 

GADD45 occurs only in K-RAS activated cells. We conclude that p53 plays a minor role 

in rescuing cells from 15d-PGJ2 mediated apoptosis. It is possible that 15d-PGJ2 induced 

ROS causes extensive DNA damage and that p53 and GADD45 induction aids in DNA 

repair thereby rescuing cells from further damage and apoptosis. 
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Figure 6.1: Schematic diagram of the suggested model of inter-cellular communication in 
tumorigenesis. 
Above shown is a schematic representation of the link between phenomena like 
adipogenesis and inflammation in initiation of colon cancer. Under adipogenesis inducing 
or inflammatory conditions fibroblasts in the stroma might induce PGE2 or 15d-PGJ2 
and depending on the transformation that has occurred in the epithelial cells these 
prostaglandins could cause more mutations or proliferation in the transformed cells.   
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In recent years phenomena like adipogenesis and inflammation have become increasingly 

important in the study of carcinogenesis. Obesity and chronic inflammation have been 

linked to an increased risk of cancer. In general adipose tissue is linked with the 

regulation of inflammation. These changes are linked with an increased activity in the 

extra-cellular matrix. There is a possibility that this can then generate pockets of cells 

with few genetic alterations but an added advantage increasing the risk of transformation 

in these areas. Once a cell has transformed and clonal expansion has occurred, the nature 

of inter and intra-cellular communication around the tumor changes dramatically. Thus it 

is becoming of increasing importance that tumor tissue be studied as a whole and not just 

in one layer of cells with a transformed phenotype. 

 

In order to gain a better insight in the link between obesity and the increased risk of colon 

cancer, working with the system including multiple cell types would be very important. It 

will be very important to elucidate and high-light the effect that changes in basal layers 

can have on the epithelial cells. Future work based on this dissertation involves looking at 

the mechanistic details of K-RAS regulation of glutathione, ROS and apoptosis in 

response to apoptosis.  Further elucidation of the role that K-RAS plays in regulating p53 

mediated GADD45 induction and kinases like MKK4 and AKT will aid in a better 

understanding of the role that K-RAS plays in colorectal neoplasia.  

 

Co-culture work using CCD18Co cells and any colon cancer cell line would help 

understand the effects that changes in the basal matrix can have on cancer cells. 
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CCD18Co’s are the normal human fibroblasts and thus give us an opportunity to study 

the effects of normal changes occurring in fibroblasts on the tissue as a whole. Future 

work based on this dissertation could involve inducing adipogenesis or inflammation 

with different agents in CCD18Co cells while they are being grown in co-culture 

environment and then studying the metabolic pathways in colon cancer cell lines with 

different genetic backgrounds. This would enhance our understanding of links between 

obesity, inflammation and colon cancer. These studies will also aid in designing better 

therapeutics and will help design better diagnostic and preventative strategies.  
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