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ABSTRACT 

Epidemiological data suggest that non-steroidal anti-inflammatory drugs 

(NSAIDs) have anti-tumorigenic activities against colorectal cancer. NSAIDs work by 

inhibiting cyclooxygenases (COX) enzyme. Sulindac, a NSAID prodrug, is metabolized 

into pharmacologically active sulfide and sulfone derivatives. Microarray analysis was 

used to detect COX independent effects of sulindac on gene expression in human 

colorectal cells. Spermidine/spermine N'-acetyl transferase (SSAT) gene, which encodes 

a polyamine catabolic enzyme, was one of the genes induced by clinically relevant 

sulindac sulfone concentrations. Promoter analysis and mutational studies were done to 

map the sulindac sulfone dependent response sequences in SSAT 5' flanking sequences, 

which led to the identification of two Peroxisome Proliferator Activated Receptors 

(PPARs) response elements (PPREs) in the SSAT gene. PPRE-2 is required for the 

induction of SSAT by sulindac sulfone and is specifically bound by PPARy in the Caco-2 

cells, while PPRE-1 is not required for the induction of SSAT by sulindac sulfone, but 

can be bound by both PPAR6 and PPARy. Clinically relevant concentrations of sulfone 

reduced intracellular polyamine levels, inhibited cell growth and induced apoptosis in 

colon cancer cells. Further, only sulindac sulfone induced apoptosis could be partially 

rescued by exogenous polyamines. Upon evaluating other NSAIDs for their action on 

SSAT gene expression, it was found that they induce SSAT mRNA in either a COX 

dependent or independent mechanism in colon cancer cells. Studies with physiologically 



relevant concentrations of aspirin show that these concentrations can induce SSAT 

expression thereby leading to a decrease in polyamine levels. 

Activating mutations in K-ras, which is a late process in colon carcinogenesis, led 

to the suppression of SSAT expression in the Caco-2 cells due to the inhibition of PPARy 

by ERK. K-ra^' didn't have any effect on the induction of SSAT by sulindac sulfone but 

partially abolioshed the apoptosis caused by sulindac sulfone, indicating a possible role 

of mutant K-ms in sulindac resistant colon polyps. 

Sulindac sulfone, or Exisulin™ have been recently used in clinical trials for the 

prevention of colon, lung and prostate cancer. The data shown here, suggest that one of 

the mechanisms, by which sulindac sulfone could act as a chemopreventive agent is to 

induce the expression of SSAT thereby leading to a decrease in the intracellular 

polyamines. This reduction in polyamines plays an important part in the apoptosis 

induced by sulindac sulfone in the colon cancer cells. Further, induction of SSAT seems 

to a general mechanism for different NSAIDs like aspim, indomethacin, ibuprofen, 

sulindac and celecoxib in colon cancer. Aspirin is able to induce SSAT and decrease 

intracellular polyamines at physiological concentrations, which can lead to a significant 

reduction in adenoma recurrence. Also, activated K-ras suppressed SSAT, but was not 

able to abolish the induction of SSAT by sulindac sulfone indicating the potential of 

using sulindac sulfone in colon cancer chemoprevention. 
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CHAPTER 1 

INTRODUCTION 

Colon Carcinogenesis 

Colon cancer is a second leading in incidence and cause of death since it affects 

both men and women the United States. In 2002, 148,300 new cases and 56,600 deaths 

were attributed to cancers of the colon and rectum. The lifetime risk of developing this 

disease is currently 6 percent (Greenlee, Hill-Harmon et al. 2001). In the United States, 

the average age of onset of colon cancer is 67 and the incidence is distributed equally 

among men and women (Cohen A.M. 1989; Parker and Wingo 1996). Colorectal cancer 

accounts for 11% of the total cancer deaths in the United States. In the last decade, there 

have been encouraging declines in the death rate from colorectal cancer which are likely 

due to the recent advances in prevention, screening, and therapy and the dietary changes. 

The 5 year survival rate is increased if the polyp is found at an early stage when it is 

localized (90%) as compared to the late stage when it has become distant and metastatic 

(8%). 

About 90% of all colorectal cancer cases and deaths are thought to be preventable 

based on existing approaches to prevention and early detection. Screening tests that 

detect occult blood in the stool or identify adenomatous polyps can prevent the 

occurrence of colorectal cancers by allowing the detection and removal of pre-cancerous 

lesions before they undergo malignant transformation. Therefore, recommendations have 

been made for screening beginning at the age of 50 for the average risk population and 



earlier for those individuals at increased risk due to family history or predisposing factors 

(Smith, von Eschenbach et al. 2001; Schoen 2002). The most common methods of 

screening include testing for the presence of occult blood in the stool (15-30% 

sensitivity), endoscopic visualization of the lower region of the colon by sigmoidoscopy 

(60% sensitivity), or full endoscopic visualization of the colon by colonoscopy (90%) 

sensitivity) (Smith, von Eschenbach et al. 2001; Schoen 2002). 

A colon tumor develops via an intermediate polyp in the colon. Polyps are 

masses of cells that protrude from the bowel wall. Two types of polyps may occur: 

nondysplastic or dysplastic. Nondysplastic polyps consist of a large number of cells that 

have normal morphology while dysplastic polyps (adenomatous) have abnormal inter-

and intracellular organization. As adenomas grow they have a tendency to become more 

dysplastic and the chances of becoming malignant increase (Vogelstein and Kinzler 

1998). 

The steps to colon cancer are driven by sequential mutations in genes of two 

classes. Oncogenes are the cells' accelerators, controlling growth in a precisely balanced 

fashion. Mutations in oncogenes are tantamount to having the accelerator locked in the 

'on' position. The second class of genes is the tumor suppressor genes, which can stop 

runaway cells from dividing, but mutations can render these genes dysfunctional. 

Sequential mutations of both oncogenes and tumor suppressor genes lead to tumor 

initiation and progression. Based on extensive analysis of these mutations, it is widely 

accepted that at least five to seven mutations are necessary for malignant transformation 

of a normal cell. It is now known that not only mutations, but also other events that 
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modify the expression of a gene (e.g., DNA methylation), can contribute to 

tumorigenesis. 

Vogelstein and Fearon analyzed chromosomal regions showing deletions or 

mutations in colon cancer and proposed the following combination of genetic events for 

the development of colon cancer (Fearon and Vogelstein 1990). They suggest that a 

mutation in the adenomatous polyposis coli {APC) tumor suppressor gene transforms 

normal epithelial tissue to hyperproliferating tissue. This mutation is widely believed to 

be the initiating event in colon carcinogenesis. Next, progression to a benign adenoma 

occurs due to various genetic and epigenetic changes such as hypomethylation of DNA 

and activation of the K-ras proto-oncogene. Loss of the p53 tumor suppressor gene and 

other chromosomal losses lead to the progression to malignant carcinoma and metastasis 

(Vogelstein, Fearon et al. 1989). 

Colon cancer can arise due to sporadic gene mutations or in certain families 

which have a history of mutations in certain genes, putting them at a higher probability of 

developing colon cancer. Hereditary non polyposis colon cancer (HNPCC) accounts for 

approximately 5 percent of all colon cancers. These cancers are due to germline 

mutations in components of the mismatch repair (MMR) system (Kinzler and Vogelstein 

1996; Kolodner 1996). Individuals with these autosomal dominant mutations have an 80 

percent lifetime risk for developing HNPCC and an increased risk for endometrial and 

gastric cancers. Over 90 percent of HNPCC cases are the result of mutations in hMSH2 

and hMLHl (Yan, Papadopoulos et al. 2000). The significance of these MMR genes lies 

in their function to repair DNA mismatches that occurred during replication. If these 
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genes are mutated, DNA can no longer be repaired and the cell continues to divide with 

these errors. Cells of this type are often termed RER"^, or 'replication error repair 

positive'. 

FAP, familial adenomatous polyposis, is an inherited syndrome characterized by 

the presence of multiple benign colorectal polyps. FAP is an autosomal-dominant 

inherited disease and results from a loss of function mutation in APC. Affected 

individuals inherit a germline mutation in APC and develop hundreds to thousands of 

adenomatous polyps during their twenties and thirties (Vogelstein and Kinzler 1998). 

Due to the vast number of polyps, the likelihood that one of these will progress toward 

cancer is enhanced. In FAP patients, the median age for colorectal cancer drops to 40 

from 67 (Vogelstein and Kinzler 1998). In the United States, approximately 1 in 5,000 to 

10,000 individuals are affected with FAP and less than 1% of all colon cancers occur in 

FAP patients (although this low number may be due to the preventative colectomies 

performed in individuals with FAP). These patients are also at risk for extra colonic 

lesions such as desmoid tumors, duodenal and gastric polyps, osteomas, epidermoid 

cysts, congenital hypertrophy of retinal pigment epithelium (CHRPE), retinal lesions, 

hepatoblastoma, and cancers of the thyroid and small intestine (Vogelstein and Kinzler 

1998; van Es, Giles et al. 2001). Attenuated FAP (AFAP) is a recognized variant of FAP 

in which patients present with fewer than 100 polyps and appear to have a delayed onset 

of the clinical manifestations of FAP. Mutations in specific regions of the APC gene are 

associated with AFAP. 
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Although a mutation can be inherited (as in FAP and HNPCC), in most cases all 

mutations are somatic; that is, they occur in single cells as a result of mistakes made 

during DNA replication or through exposure to dietary mutagens. APC mutations, 

acquired through hereditary (100% FAP) or somatic means (90%), appear to initiate all 

colorectal tumors. Subsequently, somatic mutations in the K-ras oncogene (30%), p53 

and other suppressor genes cause the tumors to progress to the malignant state. 

K-ras: The proto-oncogene Product 

RAS is a central player in signal transduction and is mutated in about a third of all 

human cancers. While APC is considered the initiating mutation in colon cancer, Yi-ras 

mutations are the genetic event defining the promotion stage. K-ra^' mutations occur in 

18-56% of human colonic adenomas (Otori, Oda et al. 1997; Martinez, Maltzman et al. 

1999) and 47% of carcinomas (Vogelstein, Fearon et al. 1988). K-ra^' mutations occur in 

about half of colonic polyps produced by chemical carcinogens in rats (Erdman, Wu et al. 

1997). 

The Yi-ras oncogene is a member of the membrane associated, guanine nucleotide 

binding proteins. Unstimulated ras has a GDP nucleotide bound, which is exchanged for 

a GTP on stimulation. Replacement of GDP with GTP is stimulated by SOSl and the 

subsequent deactivating hydrolysis of GTP to GDP is catalyzed by RasGAPs (Geyer and 

Wittinghofer 1997). RAS is also posttranscriptionally modified, with the addition of a 

farsenyl lipid group to the C-terminus. The RAS family of oncogenes consists of 3 genes, 

Yi-ras, Y^-ras and N-ra^, which are almost identical in sequence homology but differ in 
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their expression patterns in different tissues. The activated ras signals a variety of 

mitogen induced and stress induced pathv^ays, leading to transcription of genes involved 

in cell growth and proliferation (Vojtek and Der 1998). 

Mitogens such as growth factors can activate ras through membrane receptors. 

Activated ras can then bind to the serine threonine kinase, raf, and initiates a cascade of 

mitogen-induced protein kinase (MAPKs) activities. Raf can also directly activate protein 

kinase C which signals another set of stress activated kinases that can phosphorylate the 

c-jun transcription factor. Another ras effector is the phosphoinositol 3-kinase (PI3K) 

which initiates a signaling pathway for survival. The enzymatic role of PI3K is to 

phosphorylate phosphoinositides, generating IP3, which can lead to further activation of 

second messengers like cAMP, aiding in the transmission of signals for proliferation to 

the nucleus. 

Cyclooxygenase and Prostaglandins 

Synthesis of prostanoids is initiated by the release of the precursor lipid arachidonic acid 

from plasma membrane phospholipids. As shown in Figure 1, either phospholipase A2 or 

the combined action of phospholipase C, a diglyceride lipase, and a monoglyceride 

lipase, produces arachidonic acid. Upon its release, arachidonic acid is converted by 

cyclooxygenase enzyme (COX) to prostaglandin G2 (PGG2) and subsequently 

peroxidised to PGH2 by the same enzyme. Arachidonic acid is also acted upon by 

lipooxygenase (LOX) enzymes to form leukotrienes which are important for leukocyte 

movement in the inflammation process (Shureiqi and Lippman 2001). PGH2 acts as a 
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precursor for further prostanoid synthesis by specific prostaglandin synthetases which are 

often expressed in a cell type-specific fashion. All prostanoids are composed of 

oxygenated, 20 carbon fatty acids, which contain a cycHc ring, a C-13~>C-14 trans 

double bond and a hydroxyl group at C-15. Prostanoids can be divided into 

prostaglandins (PG), which contain a cyclopentane ring, and thromboxanes (TX), which 

contain a cyclo-hexane ring. The first group includes the prostaglandins of the D, E, F, 

and I series, the latter indicating the locations of the oxygen group(s) in the cyclopentane 

ring. Likewise, thromboxanes are subdivided into TXA and TXB. There are 5 main 

prostanoids, namely, PGD2, PGE2, PGI2, PGFia and TXA2, the exact metabolites 

synthesized being dependent on the tissue type and stimulus (Smith, Mamett et al. 1991). 

Prostanoid synthesis critically depends on the action of cyclooxygenase. Two 

isoforms of this enzyme exist (COX-1 and COX-2) which share 60% amino acid 

homology. The most striking difference between COX-1 and COX-2 is the ultrastructural 

localization. Whereas COX-2 acts at the nuclear envelope (Morita, Schindler et al. 1995), 

COX-1 functions predominantly in the endoplastic reticulum and close to the plasma 

membrane. This differential localization of the COX-isoforms is the consequence of 

differences occurring in the signal peptides and membrane binding domains near the N 

and C terminal ends (Kraemer, Meade et al. 1992; Kujubu and Herschman 1992). COX-1 

is constitutively expressed in many mammalian tissues, albeit at different levels (O'Neill 

and Ford-Hutchinson 1993). The level of COX-1 expression remains considerably 

constant and is only increased after stimulation of the cells with growth factors, cytokines 
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Figure 1: Arachidonic acid metabolism: The major metabolites of arachidonic acid 
produced by the cyclooxygenases (COX) and lipoxygenases (LOX) pathways are 
indicated. Examples of tissues in which individual prostanoids exert prominent effects are 
indicated in parentheses. PGEi is a major prostaglandin elevated in colon cancer. 
Adapted from Thun, Henley et al. 2002 
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or tumor promoting agents (DeWitt 1991; Samet, Fasano et al. 1995). From this, it was 

concluded that COX-1 is essential for common primary functions, such as the 

aggregation of platelets and regulation of renal blood flow. COX-2 is not detected in 

most tissues, but levels of expression are induced rapidly upon stimulation of cells with 

various substances including growth factors, cytokines, tumor promoters and endotoxins 

(Maier, Hla et al. 1990; Lee, Soyoola et al. 1992). COX-2 protein levels and 

prostaglandin production are upregulated in many tumor types, including pancreatic, 

gastric, breast, and skin cancer (Okami, Yamamoto et al. 1999; Uefuji, Ichikura et al. 

2000). COX-2 is also upregulated in 50% of the colon adenomas and 85% of colonic 

carcinomas (Eberhart, Coffey et al. 1994), suggesting that COX-2 influences both 

initiation and promotion/progression of colon carcinogenesis. COX-2 expression is found 

in the stromal compartments of the normal colon and is increased in adenomas and 

carcinomas (Takahashi, Mutoh et al. 2000). Epithelial cells were positive for COX-2 

staining in large, advanced carcinomas (Takahashi, Mutoh et al. 2000). Several lines of 

evidence suggest that overexpression of COX-2 plays important roles in cell proliferation 

and colonic polyp formation as well as cancer progression. COX-2 upregulation leads to 

increased PGE2, which has been shown to increase the proliferation rate of human colon 

cancer cell lines (Qiao, Kozoni et al. 1995). Furthermore, COX-2 overexpression in rat 

intestinal epithelial cells resulted in increased adhesion to the extracellular matrix, 

diminished E-cadherin expression, and enhanced levels of Bcl-2 (Tsujii and DuBois 

1995). In addition, these cells became more resistant to the butyrate induced apoptosis. 
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Interestingly, knockout of COX-2 decreased the size and number of polyps in mice 

suffering from intestinal polyposis and COX-2 overexprression is associated with 

tumorigenesis (DuBois, Radhika et al. 1996). Recently, a third distinct COX isozyme, 

COX-3 has been described (Chandrasekharan, Dai et al. 2002). COX-3 is made from the 

COX-1 gene but retains intron 1 in their mRNAs. COX-3 mRNA is expressed in canine 

cerebral cortex and in lesser amounts in other tissues analyzed. In human, COX-3 mRNA 

is expressed as a f5^5.2-kb transcript and is most abundant in cerebral cortex and heart. 

Intron 1 is conserved in length and in sequence in mammalian COX-1 genes. This intron 

contains an ORF that introduces an insertion of 30-34 amino acids, depending on the 

mammalian species, into the hydrophobic signal peptide that directs COX-1 into the 

lumen of the endoplasmic reticulum and nuclear envelope. COX-3 possesses 

glycosylation-dependent cyclooxygenase activity. COX-3, like COX-1 and COX-2, is 

potently inhibited by some nonsteroidal antiinflammatory drugs. 

Prostanoids exert a wide spectrum of actions in the body, which are mediated by 

specific receptors on the plasma membrane. Prostanoid receptors belong to either the 

superfamily of G protein-coupled rhodopsin type of receptors or to the superfamily of 

nuclear steroid/thyroid hormone receptors. These plasma membrane-localized prostanoid 

receptors can be grouped into threee categories, depending on the heterotrimeric G 

proteins to which they couple and thus to the cellular response these receptors elicit via 

their C terminal region. The first category consists of IP, EP2, EP4 and DP which lead to 

the activation of adenylate cyclase via Gs (Ichikawa, Sugimoto et al. 1996). The second 

category encompasses the TP, EPi and FP receptors which are coupled to the 



mobilization of Ca^"^ via Gq and phosphatidylinositol turnover (Funk, Furci et al. 1993). 

The third category contains the EP3 receptor which activated Gi (Schwaner, Offermanns 

et al. 1995). The most typical actions are the relaxation and contraction of various types 

of smooth muscles, modulation of neuronal activity by either inhibiting or stimulating 

neurotransmitter release, regulation of secretion and motility in the gastrointestinal tract 

as well as transport of ions and water in the kidney. They are also involved in apoptosis, 

cell differentiation, and oncogenesis. 

In addition to these plasma membrane receptors, there are also the nuclear 

hormone receptors called peroxisome proliferator-activated receptor (PPAR) that can act 

as prostanoid receptors. PPARy has been shown to bind several ligands including 15-

deoxy^^'^'^prostaglandin J2 (15-d-PGJ2) which is a metabolite of PGD2 (Forman, Tontonoz 

et al. 1995). This compound binds PPARy with an affinity of approximately 2|a,M and 

induces differentiation of pre-adipocytes into mature fat cells. PPARa has been shown to 

bind to the inflammatory mediator leukotriene B4 (Devchand, Keller et al. 1996) while 

PPAR6 can bind and be activated by PGI2 analog, carboprostacyclin (Gupta, Tan et al. 

2000). Upon activation, PPARs heterodimerises with the retinoic acid receptor (RXR), 

and binds to specific DNA sequences called peroxisome proliferator responsive elements 

(PPRE) and regulates target genes. This shows that many prostanoids can exert their 

effects through their interactions with the plasma membrane receptor or the nuclear 

receptor, PPAR, or both. 
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NSAIDs and Colorectal Cancer 

Aspirin-like drugs, now referred to as nonsteroidal anti-inflammatory drugs 

(NSAIDs), have been used to treat arthritis since 1899, when the analgesic and anti

inflammatory effects of aspirin were first recognized. NSAIDs have been shown 

experimentally to stimulate apoptosis and to inhibit angiogenesis, two mechanisms that 

help to suppress malignant transformation and tumor growth. Numerous epidemiologic 

studies have found that long term users of aspirin or other NSAIDs have a lower risk of 

colorectal adenomatous polyps and colorectal cancer than nonusers (Thun, Namboodiri et 

al. 1991; Deutsch 1992; Paganini-Hill, Hsu et al. 1992; Schreinemachers and Everson 

1994; Goldberg 1996). Randomized clinical trials have confirmed that two NSAIDs, the 

prodrug sulindac (Giardiello, Hamilton et al. 1993; Stoner, Budd et al. 1999) and the 

selective COX-2 inhibitor celecoxib (Steinbach, Lynch et al. 2000), effectively inhibit the 

growth of adenomatous polyps and cause regression of existing polyps in patients with 

FAP. 

The mechanism of action that defines NSAIDs as a class is their ability to inhibit 

the COX activity of the enzyme prostaglandin G/H synthase and thereby block the 

biosynthesis of prostaglandins (Vane, Flower et al. 1990). Aspirin is the only NSAID 

known to react covalently (and time-dependently) with the cyclooxygenase of COX-1 

and COX-2 by selective acetylation of a specific serine residue Ser^^^ for human COX-1 

and Ser^'^ for human COX-2 (Lecomte, Laneuville et al. 1994). Aspirin has been 

reported to be less potent in suppressing PGH2 formed by the activity of COX-2 than that 

formed by COX-1 (Cipollone, Patrignani et al. 1997). The other NSAIDs, such as 



ibuprofen and indomethacin, produce reversible or irreversible inhibition of both COX-1 

and COX-2 by competing with the substrate, AA, for the active site of the enzymes 

(Smith, Garavito et al. 1996). 

NSAIDs structurally consist of an acidic moiety (carboxylic acid, enols) attached 

to a planar, aromatic functionality. Some analgesics also contain a polar linking group, 

which attaches the planar moiety to an additional lipophilic group. The acidic group in 

these compounds serves a major binding group (ionic binding) with plasma proteins. 

Thus all NSAIDs are highly bound by plasma proteins. The NSAIDs can be sub-

classified on the basis of chemical structure as shown in Figure 2. 

Group 1 is the salicylates, which are derivatives of 2-hydroxybenzoic acid 

(salicylic acid). Aspirin is an example of this group NSAID. The salicylates have potent 

anti-inflammatory activity with mild analgesic and antipyretic activities. These 

compounds are mainly "COX-1 selective" - they are bound with higher affinity by COX-

1. This led to the acetylation of COX which results in irreversible inhibition of this 

enzyme and anti-inflammatory effects in joints. When the salicylates are administered 

orally they are rapidly absorbed from primarily the small intestines and to a lesser extent 

the stomach. ASA is absorbed primarily intact, and then is hydrolyzed by plasma and 

tissue (liver) esterases to salicylic acid. ASA and salicylic acid is extensively bound to 

plasma albumin. The salicylates and their metabolites are eliminated by renal mechanism. 
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Figure 2: Various NSAIDs structure: There are 5 groups of NSAIDs- Salicylates (like 
Aspirin), Propionic Acid Derivatives or Profens (like Ibuprofen), Aryl and 
Heteroarylacetic Acids (like Sulindac and Indomethacin), Oxicams (like Piiroxicam) and 
COX-2 Selective Inhibitors (like Celecoxib and Rofecoxib) 



Group 2 is the Propionic Acid Derivatives ("Profens"), which are structurally 

derived from arylacetic acids. The examples of this class include Ibuprofen and 

Naproxen. Like the salicylates these agents are all strong organic acids. The a-CH3 

substitutent present in the profens increases cyclooxygenase inhibitory activity and 

reduces toxicity of the profens. The a-carbon in these compounds is chiral and the S-(+)-

enantiomer of the profens is the more potent cyclooxygenase inhibitor. These compounds 

are anti-inflammatory agents with analgesic and antipyretic activity. Generally the 

profens are considered to be slightly "COX-1 selective". These agents are well absorbed 

orally with high oral bio availabilities and peak plasma times of 1-2 hours. 

Group 3 are the Aryl and Heteroarylacetic Acids, which are also derivatives of 

acetic acid, but in this case the substituent at the 2-position is a heterocycle or related 

carbon cycle. The examples of this class include Indomethacin and Sulindac. 

Indomethacin contains a benzoylated indole nitrogen. Indomethacin is "COX-1" selective 

and produces primarily antiinflammatory actions with some analgesic and antipyretic 

activity. It is well absorbed orally with peak plasma levels are attained within 1-2 hours 

and half-life is 4.5 hours. Sulindac does not contain the benzoylated indole nitrogen. This 

compound has pharmacologic actions similar to indomethacin (COX-1 selective and 

antiinflammatory primarily). Sulindac is a prodrug and therefore must be converted to an 

active form. This activation requires reduction to the sulfide which is then capable of 

inhibiting cyclooxygenase. Alternatively, sulindac may be oxidized to the inactive 

sulfone as shown in Figure 3. Sulindac sulfide is 50 times more active in inhibiting COX 

than the sulindac sulfone derivative. Sulindac is rapidly and extensively absorbed when 
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given orally and achieve peak plasma levels within 1 to 2 hours. The half-life for sulindac 

is 7-8 hours. The active sulfide and sulfone have half-life of 18 hrs. 

Group 4 is the Oxicams (Enolic Acids), which are characterized by the 4-

hydroxybenzothiazine heterocycle. Piroxicam and Meloxicam are an example of this 

group. They have a higher COX-2 selectivity than many other NSAIDs. The oxicams are 

well but slowly absorbed after oral peak plasma levels reaching within 3-5 hours. The 

long plasma half-life of these compounds (20-50 hours) allows for once a day dosing. 

Group 5 are the COX-2 selective inhibitors. Both Celecoxib (Celebrex) and 

Rofecoxib (Vioxx) are diaryl-5-membered heterocycles. The COX-2 inhibitors have 

analgesic, antipyretic and inflammatory activity comparable to NSAIDs. These 

compounds produce less GI ulceration and hemorrhage than NSAIDs due to their COX-2 

selectivity. Also they do not inhibit platelet aggregation. Both COX-2 inhibitors are well 

absorbed and provide peak plasma levels within 3 hours. Celecoxib is more acidic and is 

more highly bound by plasma proteins. 

The discovery of the two isoforms of PGHS has led to the suggestion that the 

therapeutic activity of NSAIDs is primarily the result of inhibition of COX-2, whereas 

the toxicity of NSAIDs may primarily results from inhibition of COX-1 (Vane 1994). 

COX-1 is the only PGHS isoform expressed in platelets and gastric mucosa of normal 

humans. NSAID toxicity in the gastrointestinal mucosa leading to ulceration, bleeding, 

perforation and obstruction is the result of inhibition of COX-1 activity in platelets that 
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Figure 3: Sulindac Metabolism: Sulindac is a prodrug which is converted to active 
forms. Sulindac can be reduced to form sulindac sulfide which is known to inhibit 
cyclooxygenases. Alternatively, sulindac may be oxidized to form sulindac sulfone, 
which has both COX dependent and COX independent mode of action. 
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increases the tendency of bleeding, and in gastric mucosa, where prostanoids play an 

important role in protecting the stomach from erosions and ulcerations. To circumvent 

some of these negative side effects, a new class of NSAIDs was developed which 

inhibited COX-2 selectively. The creation of these compounds was made possible by the 

finding that COX-1 and COX-2 enzymes have different structural binding sites for the 

NSAIDs. There are currently two COX-2 selective drugs that are commercially available 

with FDA approval, Celebrex^'^ and Vioxx^*^. Both are presently prescribed to alleviate 

pain and inflammation associated with rheumatoid arthritis. Both are also actively being 

pursued as chemopreventive agents for a variety of cancers. 

NSAIDs exert their anti-cancer effects by several different mechanisms, including 

the inhibition of cyclooxygenase enzyme activity and promotion of apoptosis. Sulindac is 

a prime example of multiple mechanisms of actions. The sulfide derivative of sulindac 

inhibits colon carcinogenesis by inhibiting COX-1 and COX-2 enzyme activities and 

induces apoptosis (Piazza, Rahm et al. 1995). However, sulindac sulfone also inhibits 

chemical carcinogenesis in rodents, by a mechanism that cannot be explained only by the 

inhibition of prostaglandin synthesis. First, NSAIDs can induce apoptosis in colon-cancer 

derived cell lines that lack detectable expression of COX-2 protein (Hanif, Pittas et al. 

1996). Second, the anti-tumor effect of sulindac in the Min mouse, an animal model for 

FAP, is independent of PG bios3mthesis (Chiu, McEntee et al. 1997). Third, addition of 

exogenous PGs or arachidonic acid to cell lines that lack the capacity to synthesize PGs 

does not reverse the anti-proliferative effect of sulindac (Hanif, Pittas et al. 1996). Fourth, 

sulindac sulfone, a metabolite that lacks the ability to inhibit PG synthesis, nevertheless 
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appears to inhibit the growth of colon-cancer cells and other types of tumor cell by 

inducing apoptosis (Piazza, Rahm et al. 1995). 

Several studies have demonstrated unequivocally that certain NSAIDs such as 

sodium salicylate, aspirin, sulindac, ibuprofen and indomethacin cause anti-inflammatory 

and anti-proliferative effects independent of COX activity and prostaglandin inhibition. 

These effects are mediated through inhibition of certain transcription factors such as 

Nuclear Factor kappa B (NFKB) and Activator Protein-1 (AP-1) (Kopp and Ghosh 1994; 

Huang, Ma et al. 1997; Ma, Huang et al. 1998; Scheuren, Bang et al. 1998; Palayoor, 

Youmell et al. 1999; Yamamoto, Yin et al. 1999; Kim, Jin et al. 2002). The respective 

NSAIDs might interfere directly with the transcription factors, but their effects are 

probably mediated predominantly thought alterations of the activity of cellular kinases 

such as IKKP, extracellular regulated kinase (ERK), p38 MAPK, or cylcin depedendent 

kinases (Cdks). Sulindac sulfone can inhibit cyclic guanosine monophosphate 

phosphodiesterase V (cGMP-PDE V), allowing protein kinase G activation and apoptosis 

(Thompson, Piazza et al. 2000). This apoptosis cascade involves reduction of free p-

catenin levels and the activation of c-jun N-terminal kinase (JNK) and ERK (Soh, Mao et 

al. 2000). Aspirin and sulindac have been shown to affect the NFKB pathway (Kopp and 

Ghosh 1994; Yamamoto, Yin et al. 1999; Stark, Din et al. 2001; Berman, Verma et al. 

2002) and also regulate the cAMP element binding protein (CEBP) and AP-1 

transcription factor activites (Ma, Huang et al. 1998; Saunders, Sansores-Garcia et al. 

2001). Another COX-independent mechanism involves peroxisome proliferator activator 

receptors (PPARs). The NSAIDs sulindac and ibuprofen have been shown to act as 
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ligands for PPARy (Lehmann, Lenhard et al. 1997), while the NSAID sulindac has been 

shown to inhibit DNA binding activity of PPAR5 to its response elements leading to an 

abrogation of the carcinogenic process (He, Chan et al. 1999). 

Peroxisome Proliferator Activated Receptors (PPARs) 

Peroxisomes are subcellular organelles that are found in most animal cells and 

that perform diverse metabolic fiinctions, including H202-derived respiration, p-oxidation 

of fatty acids, and cholesterol metabolism (Lock, Mitchell et al. 1989). Peroxisome 

proliferators (PPs) are a large class of chemicals that were originally identified as 

inducers of both the size and the number of peroxisomes in rat and mouse livers or 

hepatocytes after exposure. The peroxisome proliferator-activated receptors (PPARs) are 

nuclear hormone receptors originally identified by their ability to mediate the 

transcriptional effects of peroxisome proliferators (PPs). PPs may activate PPARs by 

binding directly to the receptors, or possibly by perturbing lipid metabolism to generate 

PPAR ligands. Upon activation, PPAR regulates the expression of genes involved in lipid 

metabolism and peroxisome proliferation, as well as genes involved in cell growth. 

Unlike steroid receptors but similar to other nuclear hormone receptors, PPARs 

heterodimerize with another nuclear hormone receptor, retinoid X receptor (RXR), and 

exert their effects via regulation of gene transcription upon binding of ligand. To date, 

three isotypes have been identified, a, y, and 5 (the last is also known as PPARp and 

NUC-1). Just like PPARs, RXR exists as three distinct isoforms: RXRa, P and y, all of 

which are activated by the endogenous ligand 9-cis retinoic acid (Mangelsdorf, 



Borgmeyer et al. 1992). No specific roles have yet been elaborated for these different 

isoforms within the PPAR:RXR complex. However, synthetic RXR agonists (rexinoids) 

can activate the complex and thereby obtain similar outcomes as PPAR agonists in mice. 

PPARs bind to sequence-specific DNA response elements known as PPRE as a 

heterodimers of RXR. A PPRE sequence motif is defined as two direct 5' AGG(A/T)CA 

3' repeats, known as half-sites, spaced by a single nucleotide (Juge-Aubry, Pemin et al. 

1997) or a double nucleotide (Nunez and Segars 1997; Gervois and Kosykh 1999) and 

thus called a direct repeat one (DRl) or direct repeat 2 (DR2), respectively, which can be 

located at variable distances upstream/downstream of the transcription initiation site. Cis 

elements adjacent to the PPRE core site (especially 5') appear to play a role in defining 

the binding specificity of these response elements (Juge-Aubry, Pemin et al. 1997). 

Binding of PPARs to PPREs can mediate either increases or decreases in transcription, 

for example, PP2A phosphatase, transferrin and apolipoprotein CIII are negatively 

regulated by PPARs. 

Several lines of evidence suggest that PPAR-alpha is involved in the metabolic 

control of the expression of the genes encoding fatty acid oxidation enzymes (Lock, 

Mitchell et al. 1989; Peters, Cattley et al. 1997; James, Gill et al. 1998). PPAR-alpha is 

activated by structurally diverse chemicals referred to as peroxisome proliferators. 

Activators can be endogenous molecules (fatty acids or steroids) or xenobiotics (e.g., 

fibrate lipid-lowering drugs). Upon pharmacologic activation, PPAR-alpha modulates 

target genes encoding lipid metabolism enzymes, lipid transporters, or apolipoproteins, 

suggesting a role in lipid homeostasis. Transgenic mice deficient in PPAR-alpha lack 



hepatic peroxisomal proliferation and have an impaired expression and induction of 

several hepatic target genes. PPARa plays a larger role in cellular proliferation as it has 

been shown to induce growth regulatory genes such as c-myc, fos, jun and egr-1 by PPs 

(Miller, Glover et al. 1996). 

PPARy is highly expressed in the adipose tissue and is required for its 

development. During adipocyte differentiation, which ensued from PPARy activation, 

expression of numerous genes specific for fatty acid metabolism is induced. Evidence for 

this comes from the fact that functional PPREs have been found in several genes 

implicated in lipid storage and control of metabolism (Varanasi, Chu et al. 1996; 

Frohnert, Hui et al. 1999) and that the PPARy knockout mice are completely devoid of 

adipose tissue. In humans, genetic studies have further contributed to determine the role 

of PPARy in fat metabolism (Ristow, Muller-Wieland et al. 1998). PPARy has been 

shown to regulate genes that control cellular energy homeostasis (Kelly, Vicario et al. 

1998) and insulin action. PPARy has been shown to induce cellular changes consistent 

with differentiation and reversal of the neoplastic phenotype in colorectal cancer 

(Lefebvre, Chen et al. 1998; Saez, Tontonoz et al. 1998; Sarraf, Mueller et al. 1998). 

PPARy, is aberrantly expressed in colonic cancers , and recently 4 somatic PPARy 

mutations have been found among 55 sporadic colon cancers, each of which, greatly 

impaired the function of the protein (Sarraf, Mueller et al. 1999). Taken together with the 

previous data showing that activation of PPARy could increase the differentiative status 

of colonic cancer cells and slow their growth (Brockman, Gupta et al. 1998; Sarraf, 

Mueller et al. 1998), the present data suggest that mutations in PPARy are likely to play a 
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pathogenic role in sporadic colorectal carcinoma and suggest that activation of this 

receptor may be protective or therapeutic. Although genetic or structural 

PPARy alterations appear to be significant in colorectal cancer, it is also important to note 

that epigenetic phenomena can lead to a reduction in PPARy function. For example, the 

high frequency of genetic alterations in cellular RAS in colon cancer often leads to hyper-

activation of the ERKl/2 and JNK pathways. The resulting hyperactivity of MAPK can 

lead to a powerful inhibition of PPARy function through direct phosphorylation (Hu and 

Speigleman 1996; Adams and Chatterjee 1997). Based on the role of PPARy in 

adipogenesis and insulin action, several activators for PPARy are used in the treatment of 

diabetes. Various anti-diabetic thiazolidinediones (TZDs) like ciglitazone, proglitazone 

and rosiglitazone specifically bind and activate PPARy and enhance adipocyte 

differentiation. Several NSAIDs, such as indomethacin and ibuprofen, that are COX 

inhibitors have been shown to activate and bind PPARy and promote adipocyte 

differentiation at concentrations incrementally higher than those required to inhibit COX 

(Lehmann, Lenhard et al. 1997). There is evidence that arachidonic acid metabolites can 

serve as activating ligands for PPARy. In particular, the PGD2 metabolite, 15-deoxy'^'''' 

PGJ2 is a potent activator of the PPARy isoform (Forman, Tontonoz et al. 1995). This 

compound binds PPARy with an affinity of approximately 2p,M and induces 

differentiation of pre-adipocytes into mature fat cells. In addition to adipocytes, 

macrophages express high levels of PPARy, which can be then activated by 9-HODE and 

13-HODE, the components of the oxidized LDLs in macrophages (Nagy, Tontonoz et al. 
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1998). Furthermore, treatment of macrophages with interleukin 4 induces the expression 

of PPARy and 12/15 lipoxygenase, an enzyme that converts AA into 12-HETE and 15-

HETE which have been shown to regulate PPARy activation (Huang, Welch et al. 1998; 

Hsi, Wilson et al. 2001). 

Unlike the PPARa and PPARy receptors, little is known about the physiological 

role of the PPAR6 isoform. PPARS has been shown to be activated by a synthetic PGI2 

analog carbaprostacylcin (Gupta, Tan et al. 2000). This observation that prostacyclin 

analogs are ligands for PPAR6 raised the possibility that this receptor could mediate the 

biological effects of endogenous eicosanoids. Recently it has been shown that COX-2 

knockout mice have impaired reproductive function which can be rescued by cPGI 

suggesting a role of COX-2 products and PPARS. PPAR6 is a potential downstream 

target of the adenomatous polyposis coli (APC)/ P-catenin/T cell factor-4 (TCF-4) tumor 

suppressor (He, Chan et al. 1999). Consistent with PPAR6's role as an APC/p-catenin 

target, PPARSmRNA has been found to be frequently over-expressed in many colorectal 

cancers (Gupta, Tan et al. 2000). Finally, the ability of sulindac sulfone to bind PPAR5 

and potentially inhibit its function suggested that inhibition of PP AR5 might contribute to 

the chemopreventive effects of sulindac (Lehmann, Lenhard et al. 1997). 

Polyamines 

Environmental factors have been identified which seem to predispose individuals 

to colon cancer. Historically, the incidence of colon cancer in Japan has been low. 
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However, as the Japanese moved to the United States there has been a marked increase in 

colorectal cancer in these populations. Many believe that this occurred when the Japanese 

diet began to incorporate more red meat and higher fat intake. Studies have implicated 

high amounts of animal fat and red meat in the increased risk of colorectal cancer 

(Armstrong and Doll 1975; Willett, Stampfer et al. 1990). Polyamines are ubiquitous, 

polycationic amines that can bind to negatively charged molecules such as nucleic acids, 

acidic proteins, and membranes (Williams-Ashman and Canellakis 1979). Polyamines are 

essential for cell growth and proliferation and the levels of both polyamines and ODC 

have been found to increase during the early phase of cell growth and development. 

Groups have shown that the addition of polyamines to rodent diets contribute to tumor 

growth (Sarhan, Knodgen et al. 1989; Leveue, Burtin et al. 1998). Since ODC is the first 

and rate-limiting enzyme in the synthesis of polyamines, the regulation of this enzyme 

may be an important aspect in the progression of colon cancer. 

Cells have developed complex regulatory machinery, which controls intracellular 

polyamine pool sizes in a fast and accurate manner by the combined action of de-novo 

synthesis, terminal degradation, secretion and uptake of polyamines as shown in Figure 4. 

Polyamine biosynthesis begins with the conversion of arginine and methionine into 

ornithine and S-adenosylmethionine (AdoMet), respectively. Ornithine is an important 

compound since it is also involved in the urea cycle, which is also linked to the TCA 

cycle. The urea cycle helps in excreting nitrogen from the cell. Polyamine 
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Figure 4: Polyamine homeostasis in mammalian cells: In the biosynthetic branch of 
the interconversion cycle, ornithine is decarboxylated to yield putrescine. 
DecarboxylatedSAM (dcSAM) acts as an aminopropyl donor in the production of 
spermidine and spermine. In the catabolic branch of the interconversion cycle, 
spermidine and spermine are first acetylated to A^^-acetylspermidine (TV^-AcSpd) and V-
acetylspermine (A^^-AcSpm), respectively. A^^-AcSpd and A^^-AcSpm can be excretred 
from the cell or finally oxidized to form putrescine and spermidine, respectively. In 
addition to the metabolic apparatus to synthesize and convert polyamines, cells can 
regulate intracellular polyamine pools by transport of polyamines across the membrance. 
Extracellular polyamines can be derived from other cells that secrete polyamines or their 
acetylated conjugates. Polyamines can also be derived from dietary or microbial 
polyamines which are taken up by the gastrointestinal tract. The enzymes involved are: 
(1) ornithine decarboxylase, (2) S-adenosylmethionine decarboxylase, (3) spermidine 
synthase, (4) spermine synthase, (5) spermidine/spermine A^'-acetyltransferase, and (6) 
polyamine oxidase (Schipper, Penning et al. 2000) 
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synthesis leads to lowering the amount of ornithine available for the urea cycle and the 

TCA cycle thereby leading to an inhibition of both of these pathways in the cell. 

Ornithine Decarboxylase (ODC) then catalyzes the production of putrescine, a four 

carbon diamine, from ornithine. Subsequently, putrescine activates AdoMet 

decarboxylase (AdoMetDC), which leads to the decarboxylation of AdoMet. 

Decarboxylated AdoMet is then used by both spermidine synthase and spermine synthase 

to convert putrescine into spermidine and spermine, respectively (Pegg 1988) 

The first of two key enzymes involved in the catabolism of polyamines is 

spermidine/spermine A^^-Acetyltransferase (SSAT). SSAT acetylates spermidine and 

spermine and then polyamine oxidase (PAO), the second key catabolic enzyme, oxidizes 

these polyamines to spermidine and putrescine, respectively (see Figure 3). SSAT 

activity is tightly regulated and is induced in response to high intracellular polyamine 

levels and it is a rate limiting enzyme in the polyamine catabolism. Polyamine uptake can 

compensate for low levels of intracellular polyamine pools. Polyamines can be 

transported into the cell via dietary sources or from surrounding tissues (Sarhan, 

Knodgen et al. 1989). Therefore, the transport (uptake and efflux) of polyamines may be 

an additional target for the suppression of tumor growth. 

Regulation of ODC can also be achieved through the regulatory enzyme, ODC 

antizyme (AZ). AZ is a 20-27 kDa protein that is induced by polyamines. The exact 

mechanism of this induction is unclear but it is known that the presence of polyamines 

causes a frameshift, which allows antizyme to be translated (Matsufuji, Matsuftiji et al. 

1996). The active form of ODC is a homodimer of 104 kDa. When antizyme is present. 



it binds to ODC monomers and targets the protein for degradation by the 26S 

proteasome. A unique aspect of this mechanism is that antizyme does not cause 

ubiquitination of ODC. Therefore, degradation occurs through a ubiquitin-independent 

pathway. An interesting experiment was done to analyze the presence of ODC-antizyme 

complexes after the addition of polyamines. ODC activity was induced and polyamines 

were subsequently added. Upon this addition, the cellular amount of ODC-antizyme 

complex first increased and then decreased while free antizyme appears as ODC activity 

disappears (Murakami, Fujita et al. 1985). 

ODC is also negatively regulated by the cellular polyamine level. When 

polyamine levels get too high, the result is an increased rate of ODC degradation and 

decreased rate of ODC synthesis. It has been observed that the cellular content of ODC 

mRNA does not change significantly during the rapid decay of ODC, which is induced 

by polyamines (Glass and Gemer 1986). In the Min mouse, steady state levels of ODC 

RNA increased 6-8 folds in both the small intestine and colon compared to normal 

littermates. RNA levels of antizyme (AZ), a protein that negatively regulates ODC, were 

observed to decrease significantly in the small intestine but not the colon. Consistent 

with these observations, polyamine contents were elevated in the small intestines of Min 

mice but not in the colons. When ODC was inhibited with DFMO, there was a decrease 

in small intestinal, but not colonic, polyamine content and tumor number (Erdman, 

Ignatenko et al. 1999) 



Polyamines and Cancer 

For more than 25 years, it has been recognized that there is a strong association 

between high levels of polyamines and rapid proliferation. In both rodent and human 

neoplastic cells and tissues, polyamine contents are often elevated when compared to 

normal cells and tissues (Meyskens and Gemer 1999). Polyamine metabolism is an 

integral component of the mechanism of carcinogenesis in epithelial tissues. 

Increases in the levels of these polycations are generally associated with cell 

proliferation and cell transformation induced by growth factors, carcinogens, viruses or 

oncogenes. The level of expression of all the regulatory genes of polyamine metabolism 

is significantly higher in neoplastic tissue than in the benign counterpart from the same 

human cancer. Increases in ODC are often associated with initiation of normal cell 

growth and with sustained neoplastic cell growth, while inhibitors of ODC suppress 

tumor formation in experimental models of bladder, breast, colon and skin 

carcinogenesis. Overexpression of ODC activity is a well recognized feature of many 

cancers, and in hepatocellular carcinoma, this increase in activity has been attributed to a 

point mutation leading to stabilization of the typically labile enzyme protein (Tamori and 

Otani 1995). Inactivation of the flavin adenine dinucleotide-dependent PAO has been 

shown to impede colon carcinogenesis in dimethylhydrazine treated rat model (Halline 

and Brasitus 1990). Derivatives of spermidine and spermine, acetylated at the n' position 

by SSAT, have been shown to accumulate in neoplastic but not normal tissues during 

carcinogeneisis in the rat model and in human cancer (Loser, Folsch et al. 1990). It has 

been shown that all the regulatory proteins of polyamine metabolism undergo co-ordinate 
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changes during cell-cycle progression in synchronized normal human fibroblasts, with 

ODC and OAZ overexpression occurring in the early S phase and OAZ downregulation 

in the G2M phases (Bettuzzi, Davalli et al. 1999). This co-ordinate pattern of expression 

leads to cyclical phases of depletion and accumulation of the intracellular polyamines 

during the different phases of cell cycle. Since these polycations can effectively interact 

in vivo with DNA and cause specific modifications of chromatin structure, polyamines 

are hypothesized to affect both DNA synthesis and the chromatin folding unfolding 

process. 

Spermidine/Spermine Acetyl Transferase (SSAT) 

Spermidine/spermine A'^'-acetyltransferase (SSAT) is the rate limiting step in 

polyamine catabolism, which is primarily responsible for regulation of intracellular 

polyamine concentrations in mammalian cells (Casero and Pegg 1993). SSAT catalyzes 

the transfer of the acetyl group from acetyl-CoA to the position of spermidine or 

spermine. These less charged acetylated polyamines are then excreted from the cell in 

their acetylated forms or are further metabolized, by polyamine oxidase, ultimately to 

putrescine. Therfore, although polyamines are required for cell growth and 

differentiation, SSAT is thought to prevent accumulation of the higher polyamines from 

becoming toxic to the cell, and so maintains a balanced ratio of intracellular polyamines 

according to the cellular needs. 

During recent years considerable attention has been paid to SSAT as a target for 

cancer chemotherapy. A number of compounds, among them natural polyamines and 
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their alkylated derivatives, strikingly induce SSAT and subsequently deplete cellular 

polyamine pools resulting in overt cytotoxicity (Casero and Pegg 1993). SSAT activity is 

highly regulated and is induced rapidly in response to high intracellular levels of natural 

polyamines. Additionally, SSAT activity can be induced by a number of other stimuli, 

including hormones, physiological stimuli, drugs, and toxic agents. The superinduction of 

SSAT by a series of antitumor polyamine analogues has been implicated in the cell type-

specific cytotoxic response of several important human tumors (Casero, Ervin et al. 1989; 

Casero, Celano et al. 1990). 

Since several of the polyamine analogues are now in or are being considered for 

clinical trial, a greater understanding of the role of SSAT and its precise mechanism of 

action is critical for better design and use of new drugs. A kinetic model for the activity 

of this enzyme has previously being postulated as Bi Bi molecular reaction where the 

natural polyamine is bound first and the acetylated polyamine is released last (Delia 

Ragione and Pegg 1983). The human SSAT gene codes for a 171-amino acid protein (gi: 

1103904) with a predicted molecular weight of -20,000 and is thought to be active as a 

homotrimeric or homotetrameric protein (Libby, Ganis et al. 1991). SSAT protein and 

enzyme activity are normally undetectable in cells that have not been induced. However, 

in polyamine analogue-responsive cells, the super-induction of SSAT expression can 

result in a > 1000-fold increase in protein activity that is entirely a result of new protein 

synthesis. In extreme cases, the induction can result in SSAT approaching 1% of total 

cellular protein. Studies of SSAT under these conditions where the enzyme has been 

induced have provided evidence of SSAT regulation at the levels of transcription 
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(Marverti, Bettuzzi et al. 2001), mRNA stabilization (Suppola, Pietila et al. 1999; 

Marverti, Bettuzzi et al. 2001), mRNA translation (Parry and Pegg 1995), and protein 

degradation (Parry and Pegg 1995). Coleman et. al. have recently reported on a domain 

of the human SSAT protein that appears to be responsible for the stabilization of SSAT 

by the polyamine analogue A^^,A^'^-bis(ethyl)spermine and may additionally act as part of 

the natural polyamine-binding/catalytic site. 

Recent studies have shown that over expression of SSAT leads to the 

accumulation of cells in the G2-M phases of the cell cycle which is associated with 

alterations of cellular DNA content that could be the outcome of modifications in 

chromosome condensation, eventually leading to partial chromosome loss (Scorcioni, 

Corti et al. 2001). Based on this and other numerous reports on the existence of 

interactions between polyamines and DNA, the hypothesis has been put forward that 

these polycations contribute in the correct DNA conformation invivo. Because of the 

effects of the polyamines on apoptosis and proliferation, regulation of the enzymes 

involved in their metabolism will play an important role in cellular physiology. The 

regulation of the expression of the multiple enzymes in polyamine metabolism has thus 

been an area of intense research (Celano, Berchtold et al. 1989; Wang 1991; Wang, Liu et 

al. 1996; Wang, Xiao et al. 1998; Wang, Devereux et al. 1999; Milovic, Stein et al. 2000; 

Wang and Higuchi 2000; Farriol, Segovia-Silvestre et al. 2001; Wang, Devereux et al. 

2001). There has been considerable research on the regulation of ODC but the regulation 

of SSAT is poorly understood. SSAT can be regulated at both the transcriptional and 

post-transcriptional levels by physical and chemical stresses that arrest the growth in 



HCT-116 cells (Ignatenko and Gemer 1996). The regulation of SSAT has been studied 

with respect to its induction by the natural polyamines and the antitumor polyamine 

analogues. A designated polyamine response element (PRE) has been identified as a 9-

base sequence in a 31 base context -1522 bases with respect to the SSAT transcription 

start site (Wang, Xiao et al. 1998). Nrf-2 (NF-E2-related factor 2), a transcription factor 

related to the globin gene transcription factor NF-E2, binds constitutively to the PRE in 

the promoter region of the SSAT gene (Wang, Devereux et al. 1999). Nrf-2 normally 

binds to its cognate sequence only when heterodimerized with a memember of small Maf 

protein family of transcriptional coactivators. Small Maf proteins don not contain a 

transcriptional activating domain; however, they facilitate the binding of Nrf-2 once 

heterodimerized. It has been shown that Maf proteins are not involved in the regulation of 

SSAT gene, but another transcription factor, polyamine modulated factor-1 (PMF-1) 

binds to the Nrf-2 and is involved in SSAT gene regulation. Further, PMF-1 binds to the 

leucine-zipper domain of the Nrf-2 (Wang, Devereux et al. 2001). 

The human SSAT gene (gi: 1103903) is 11200 bases long and has a 3443 bases 

long untranscribed 5' promoter flanking region. The 5' promoter region for the SSAT 

promoter is shown in Figure 5 has many major transactivating factor response elements. 

Thus, SSAT gene can be regulated by many other signaling mechanisms which are 

involved in the induction or suppression of SSAT. 
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Figure 5: SSAT Promoter Constructs: (A) Putative transcription factor binding sites in 
the SSAT 5' promoter flanking region as determined by the TESS analysis. It has 1 
polyamine response element (PRE) at -1522. There are many AP-1 sites, but only 5 are 
shown at +73, -951, -1107, -1195 and -1507. There are 4 main Spl sites at -50, -173, -
796 and -1755. There are 2 PPREs at +48 and -323. There are 2 NFKB sites at -297 and -
603, 2 CREs at -491 and -1179 and 2 C/EBP beta binding sites at -525 and -1067. (B) A 
schematic representation of the various SSAT promoter reporter constructs cloned into 
the pGL2 basic luciferase reporter plasmid. 



Polyamines and Apoptosis 

Apoptosis is a highly regulated process, essential for normal tissue development 

and homoeostasis (O'Connor, Huang et al. 2000). Importantly, induction of apoptosis is 

also a main mechanism involved in the killing of tumour cells by anticancer treatments. 

The central point in apoptosis is represented by the activation of a family of proteases, the 

caspases that execute the cell-death programme. Two main pathways leading to caspase 

activation are now recognized (Eamshaw, Martins et al. 1999; Song and Steller 1999). 

The first involves the activation of death receptors by extracellular signals, whereas the 

second pathway involves the release of caspase-activating molecules, such cytochrome c, 

from the mitochondria into the cytosol. 

Although contrasting, cell death and cell proliferation appear to be linked. Indeed, 

during oncogenic transformation, increased cell death is observed. One of the possible 

connections between cell proliferation and cell death involves polyamines. Putrescine, 

spermidine and spermine are more usually associated with cell growth, but excessively 

elevated levels of polyamines may be the cause of cell death (Mitchell, Diveley et al. 

1992). More recently, it has been shown that the deregulated accumulation of polyamines 

is associated with the induction of apoptosis (Poulin, Pelletier et al. 1995; Xie, Tome et 

al. 1997). Polyamines, and spermine in particular, have also been shown to trigger 

caspase activation in cell-free models of apoptosis (Stefanelli, Bonavita et al. 1999), 

suggesting a possible role for spermine in the transduction of a cell-death message. High 

cellular polyamine levels could therefore increase the sensitivity of tumour cells to 

therapeutic treatments inducing apoptosis. 
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Lower levels of polyamines may also promote apoptosis for the following 

reasons. First, depletion of polyamines can lead to cell cycle arrest or apoptosis by 

affecting the p53/p21/Rb cell cycle regulatory pathway. Second, polyamines are 

important in the regulation of ion transport and the stabilization of important cellular 

components such as cell membranes and chromatin structures. Therefore, depletion of 

polyamine levels might induce destabilization of important cell structures, leading to loss 

of cell integrity and finally inducing cell death. Modulation of chromatin structure, 

regulation of ion channels, protection against oxidative stress as well as production of 

oxygen radicals are recurring themes in studies to elucidate the mechanisms by which 

polyamines might control the process of apoptosis (Scorcioni, Corti et al. 2001). Thirdly, 

spermine deficiency has been shown to dramatically increase caspase activity and cell 

death in spermine synthase deficient cells exposed to UV irradiation (Stefanelli, Pignatti 

et al. 2001). Finally, polyamines also have antioxidant capabilities, and are known to 

protect DNA against several kinds of stress (Khan, Mei et al. 1992; Lovaas 1997). Not 

surprisingly therefore, inhibition of polyamine synthesis can both protect or sensitize 

cells exposed to death stimuli (Das, Rao et al. 1997; Monti, Ghiaroni et al. 1998; 

Penning, Schipper et al. 1998), depending on the cell type and the particular stimulus, 

suggesting a complex interaction between polyamines, cell growth and cell death. 
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Statement of the Problem 

Numerous epidemiological, animal and in vitro studies indicate that non-steroidal anti

inflammatory drugs (NSAIDs) have anti-tumorigenic activities against colorectal cancer. 

Sulindac, a NSAID, inhibits colorectal carcinogenesis in rodent models and causes 

regression of adenomas in patients with familial adenomatous polyposis coli. 

Physiologically, sulindac is metabolized into sulfide or sulfone containing derivatives. 

The sulfide derivative inhibits colon carcinogenesis by inhibiting COX-1 and COX-2 

enzyme activities. However, sulindac sulfone also inhibits chemical carcinogenesis in 

rodents, but by a mechanism that cannot be explained only by the inhibition of 

prostaglandin synthesis. NSAIDs like indomethacin and piroxicam have been shown to 

influence polyamine metabolism in the cells. The polyamines, putrescine, spermidine and 

spermine, are abundant polycations in eukaryotic cells, which are often elevated in 

neoplastic cells when compared to normal cells and tissues. The polyamine levels are 

tightly regulated by the biosynthetic enzyme, ornithine decarboxylase (ODC) and the 

catabolic enzyme, spermidine/spermine N^ acetyltransferase (SSAT) in cells. High levels 

of polyamines lead to rapid proliferation while lower levels of polyamines have been 

shown to promote apoptosis and inhibit cell growth. One of the genetic alterations in 

colon cancer is the mutation of K-ra^. Activated K-ra^ has been shown to induce COX-2 

in colon cancer and increase intracellular polyamine levels. Activated K-ra^ is thought to 

be contributing to the sulindac resistance in adenomas from patients on sulindac 

treatment. 
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Hypothesis: 

NSAIDs, like sulindac, affect polyamine metabolism by activating the expression of a 

key rate limiting enzyme, SSAT in the colon cancer cells. Further, changes in polyamines 

pools or flux mediate NSAID action (like apoptosis induction) in the colon cancer cells. 

Activated Y^-ras acts to suppress SSAT, thereby leading to some of reversal of sulindac's 

action. 

Specific Aims: 

1. Determine the effects of sulindac and its metabolites, sulindac sulfide and sulindac 

sulfone, on the expression of SSAT. Microarray analysis, northern blots and transient 

transfection assays were used to study the effects of drug treatment on SSAT expression. 

HCT-116 cells were used to study COX independent effects, if any, of sulindac and its 

metabolites. 

2. Determine the mechanism by which sulindac sulfone and activated K-ras is regulating 

SSAT expression in colorectal cancer cell lines. This specific aim was designed to 

determine the mechanism by which sulfone signals an up-regulation of SSAT expression. 

Deletion promoter analysis, mutational studies and gel shifts were used to study SSAT 

regulation. 
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3. Determine the role of polyamines and activated K-ras in the sulindac induced cell 

death and cell growth inhibition. Caco-2 cells were treated with different concentrations 

of sulindac sulfone, and the total cell number and the dead cell number determined by 

cell counting using a hemocytometer. Apoptosis was determined by using the Annexin V 

assay. 

4. Determine the effects of different NSAIDs on the expression and regulation of SSAT 

in the colon cancer cells. Colon cancer cells were treated with different concentrations of 

various NSAIDs and SSAT expression determined by transient transfections, northern 

blots and enzyme assays. SSAT gene regulation was determined by promoter deletion 

analysis and transient transfections 
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CHAPTER 2 

EXPERIMENTAL PROCEDURE 

Materials 

All cell culture reagents, DNA modifying enzymes, TRIzol® Reagent (Total RNA 

Isolation reagent), and LipofectAMINE reagent were purchased from Life Technologies, 

Inc., Rockville, MD. PPAR drugs, ciglitazone, Wy-14463, cPGI and GW 9662 were 

purchased from Cayman Chemical, MI. NSAIDs, indomethacin and (S)-ibuprofen were 

purchased from Biomol Research Laboratories while sulindac, sulindac sulfide and 

sulindac sulfone were purchased from ICN Biomedicals, Inc., Ohio. Acetylsalicylic acid 

(aspirin), piroxicam and verapamil were purchased from Sigma Aldrich. The anti-PPAR 

antibody, PAS-820 used for EMS As was purchased from Affinity Bioreagents, Inc. 

PPARy (sc-7196), PPAR5 (sc-7197), PPARa (sc-9000) and RXRa (sc-553) antibodies 

from western blots were purchased from Santa Cruz Biotechnology. 

Cell Culture 

The colon carcinoma cell line Caco-2 cell line was purchased from American Type 

Culture Collection (ATCC) (Rockville, MD) at passage 12 and was maintained in 

minimum essential a-medium (MEM) supplemented with 10% fetal bovine serum and 

1% penicillin/streptomycin solution. The human colon cancer cell line HCT-116 was 

maintained as a monolayer culture in McCoy's 5A medium supplemented with 10% fetal 
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bovine serum plus 1% penicillin/streptomycin solution. Cultures were maintained at 37 C 

in humidified atmosphere of 5% €02- Caco-2-kraj' cells have a stabe transfection of 

mutant k-ra5 plasmid while Caco-2#6 cells are mock transfected. 

Plasmids 

Expression plasmids pSG5-xPPARy, pSG5-xPPAR6, and pSG5-xPPARa were 

generously given by Dr. Liliane Michalik (Institute de Biologie Animale, Lausanne, 

Switzerland). The expression plasmid pCMX-hRXRaKpn was kindly provided by Dr. 

Ronald Evans (The Salk Institute for Biological Studies, La Jolla, CA). Full-SSAT-luc, 

having 3.493 kb long 5'-flanking sequence of the human SSAT gene cloned into a 

promoterless pGL2-basic (Promega, Madison, WI) as previously reported (Xiao, Celano 

et al. 1992) was given by Dr. Robert Casero, Jr. (Johns Hopkins University). 659-SSAT-

luc, 358-SSAT-luc and 197-SSAT-luc, having 0.74kb (+87 to -659), 0.44kb (+87 to -359) 

and 0.28kb (+87 to -197) of the 5' flanking region of SSAT promoter were made from 

Full-SSAT-luc using polymerase chain reaction and sub-cloned into pGL2-basic vector. 

tk-PPREa-Luc reporter construct, having 3 tandem repeats of PPRE 5' to the luciferase 

gene, was a gift from Dr. Ronald Evans. 48ppre-SSAT-luc was made by cloning O.lkb of 

the 5' flanking region of SSAT promoter (+73 to -15) into pGL2-basic vector. A48-ppre-

SSAT-luc has the 21 bp sequence from +48 to +69 replaced by a random 21 bp sequence 

from the SSAT 5' promoter region from -517 to -538 which has no putative transcription 

factor binding sites as determined by Trasncription Element Search System (TESS) 

analysis. TESS is a web tool for predicting transcription factor binding sites in DNA 
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sequences. It can identify binding sites using site or consensus strings and positional 

weight matrices from the TRANSFAC, IMD, and our CBIL-GibbsMat database. 

Transient Transfections: 

Transient transfections were performed using lipofectAMINE reagent according to the 

manufacturer's protocol. Briefly, 5x10^ cells were seeded in a 6 well plate and cultured 

in normal medium for 24 hours. Next day, the overnight medium was removed and each 

well was transfected with 1 |ag of firefly luciferase reporter construct along with 0.2 |a,g of 

pCMV-p-galalactosidase expression plasmid, which acted as a transfection efficiency 

control. After 6 hours of incubation, with Lipofectamine-DNA complex, cells were 

supplemented with complete medium having 20% FES and 2% P/S and grown overnight. 

Next day, the medium was removed and cells were refed with medium along with various 

concentrations of drugs or their vehicle, dimethyl sulfoxide (DMSO) for 48 hours. 

For PPAR studies, triple transient transfections were performed using the same 

protocol as above. Each well was transfected with 1 |ag of firefly luciferase reporter 

construct, with or without 0.5^g of expression plasmid for xPPARy, xPPAR6 or 

xPPARa along with 0.5 |j,g of hRXRa. 0.2 |j,g of pCMV-p-galalactosidase expression 

plasmid was cotransfected into each well for transfection efficiency. After 6 hours of 

incubation with Lipofectamine-DNA complex, cells were supplemented with complete 

media having 20% FBS and 2% P/S and grown overnight. On the following day, the 

medium was removed and cells were refed with medium along with the appropriate 

PPAR activator or its vehicle for 48 hours. 
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All transfections were performed in triplicates unless stated differently. After 

incubation with the drugs, all transfected cells were washed once with phosphate buffered 

saline, lysed using the triton lysis buffer (1% Triton X-100, 25mM Glycylglycine, 15mM 

MgS04, 4mM EGTA and ImM DTT) and luciferase activities measured using 10)al cell 

extract and 50)al luciferase reagent (Promega, Madison, WI). (3-galactosidase activity was 

measured using the P-gal assay kit (Invitrogen, Carlsbad, CA) according to the 

manufacturer's protocol. Relative light units (RLU) were calculated after normalizing to 

the protein and P-gal activities in the cell lysates. Fold induction was calculated after 

dividing the RLU of sample by RLU of vehicle when required. 

cDNA Microarray Analysis 

Probe preparation: The microarray chip was made as decribed in detail elsewhere 

(Watts, Futscher et al. 2001). The chip has -5,300 human genes; >3,000 are known genes 

and the remainder are expressed sequence tags" (ESTs), as determined by UniGene. A 

list of the clones on the arrays can be found at microarray.azcc.arizona.edu/human5klist. 

Target preparation: Microarray analysis was done as described before (Crowley-Weber, 

Payne et al. 2002). In short, the RNeasy total RNA kit (Qiagen, Valencia, CA) and 

protocol was used to isolate total RNA from the Caco-2 cells treated with either vehicle 

or sulindac sulfone. Fluorescent first strand cDNA was made using the Micromax Direct 

cDNA Microarray System (NEN Life Sciences, Boston, MA) following manufacturer's 

protocols. cDNA from sulindac sulfone treated cells were Cy5 (Amersham, Piscataway, 

NJ) labeled while vehicle treated cells were Cy3 (Amersham, Piscataway, NJ) labeled. 



Labeled cDNA from two reactions (one Cy3-labeled, one Cy5-labeled) was combined 

and purified on a microcon-50 column, lyophilized, resuspended in hybridization buffer 

(2x SSC, 0.1% SDS, 100 ng/|ul Cotl DNA, 100 ng/|Lil oligo dA), denatured by boiling for 

2.5 min, and added to a denatured (2-min boil slide in double distilled water, plunge into 

room temperature ethanol, spin dry at 500g) microarray. A cover slip (22 x 22 mm) was 

applied, and the array was placed in a hybridization chamber (catalog number HYB-03, 

GeneMachines) at 62°C for 18 h. Following hybridization, slides were washed and then 

scanned for Cy3 and Cy5 fluorescence using a Axon GenePix 4000 microarray reader 

(Axon Instruments, Foster City, CA) and quantitated using GenePix software. The 

analysis was done with three independent sulindac sulfone treated Caco-2 cells RNA. 

RNA Isolation and Northern Analysis 

For cell culture studies, total RNA was obtained from cells by extraction using TRIzol® 

reagent and RNA isolation method developed by Chomczynski and Sacchi 

(Chromczynski P 1987). 20|j,g of total RNA was separated on 1% agarose/formaldehyde 

gel and transferred to nylon membrane (Hybon-N, Amersham). The cDNA probes for 

northern blots were prepared using (a-^^P)-dCTP and RTS RadPrime DNA labeling 

system (Life Technologies, Inc.). The probe was purified with G-50 Sepharose columns 

(Boehinger Mannheim, Indianapolis, ID) and quantified using a scintillation counter. 

Membranes were hybridized with ^^P-labeled cDNA encoding for human SSAT (EcoRI-

EcoRI fragment) overnight at 42°C and then washed two times in 2xSSC-0.1%SDS at 

room temperature, for 5 and 20 min respectively, and once in 0.5xSSC-0.1%SDS for 20 
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min at 65°C. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (0.75 kb Pstl-Xbal 

fragment) was used to control for variation in RNA loading. Northern blot 

autoradiograms were quantitated by densitometric analysis (ImageQuant, Molecular 

Dynamics, Sunnyvale, CA). Data are expressed as the ratio of the integrated densities of 

labeled hybridization bands for the SSAT and GAPDH genes. 

GEArray 

Custom and premade (specific for polyamine metabolism) GEArrays were purchased 

from SuperArray, Inc. (Bethesda, MD). Ten micrograms of total RNA was reverse 

transcribed, labeled with ^^P-dCTP, and hybridized to the GEArray membranes as 

detailed in the GEArray manual. Each gene was represented by 2 dots on each 

membrane. The values for each dot were divided by the average intensity for GAPDH to 

control for spotting variations. The normalized values for the genes from the Caco-2 cells 

treated with sulindac sulfone were divided by the values obtained from the Caco-2 cells 

treated with vehicle, averaged, and a standard deviation was calculated. Results are 

reported as a ratio of gene expression by sulindac sulfone in Caco-2 cells. 

RT-PCR 

One microgram of total RNA was used for reverse transcription into cDNA using the 

Reverse Transcription System (Promega). Briefly, the RNA sample was heated to 70°C 

for 10 minutes and then placed on ice. Following this incubation, 5 mM MgCb, RT 

buffer, ImM dNTP mixture, Rnasin (RNase inhibitor), 0.5 ng random primers, 15 U 
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AMV Reverse Transcriptase, and water were added to a total volume of 20 |al. The 

reaction proceeded at room temperature for 10 minutes and then 42°C for an additional 

15 minutes. The reaction was then placed at 99°C for 5 minutes and then on ice for 5 

minutes. 

PGR was performed using 1 }j ,1 of the RT reaction and the pure Taq Ready-To-Go 

PGR Beads (Amersham Biosciences). SSAT cDNA (273 base pairs) was amplified using 

the following primers (Invitrogen): sense 5'- GTT GCG GAG TCG AGT GCT CTT -3' 

and antisense 5'- GCT GCT ACT GTT CAA GTA CCA GGG -3'. As a loading control, 

GAPDH cDNA (200 bp) was also amplified using the following primers: sense 5'- TGG 

TAT CGT GGA AGG ACT CAT GAC-3' and antisense 5'- AGT CCA GTG AGC TTC 

GCG TTC AGC-3'. 

In Vitro Transcription/Translation 

cDNAs for xPPARa, xPPARy, xPPAR5, and hRXRa were transcribed and translated in 

vitro from the pSG5-xPPARa, pSG5-xPPARy, pSG5-xPPAR6 and pCMX-hRXRaKpn 

plasmids, respectively. The TNT Coupled Reticulocyte Lysate System (Promega, 

Madison, WI) was used according to the manufacturer's instructions. Briefly, l|j,g of 

plasmid DNA having the T7 promoter is added to 20^1 aliquot of TnT Quick Master Mix 

and incubated in a 50|al reaction volume having methionine for 120 minutes at 30°C. 

Translation products were verified by running a 10% SDS-polyacrylamide gel. The gel 

was kept in the fixing solution for 30' and then dried and exposed. 
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Gel Electromobility Shift Assays 

Nuclear extracts were prepared from Caco-2 cells essentially as described previously 

(Dignam, Lebovitz et al. 1983). To study the binding of nuclear hormone receptors to the 

putative PPRE, two double-stranded oligonucleotides, PPRE-2 and PPRE-1, spanning 

nucleotides +35 to +70 and -304 to -336, respectively of the SSAT 5' sequence, were ^^P-

labeled with polynucleotide kinase (Promega, Madison, WI). A 15-^1 reaction containing 

0.5 ng of PPRE probe and 5 |ig of nuclear extract or 0.5-1 ^1 of in vitro translation 

reaction was incubated for 20 min at 25 °C and 15 min at 4 °C in a buffer containing 

20 mM HEPES (pH 8), 60 mM KCl, 1 mM dithiothreitol, 10% glycerol, and 2 )ig 

poly(dl-dC). The DNA-protein complexes were resolved from the free probe by 

electrophoresis at 4 °C on a 5% polyacrylamide gel in IX TBE buffer, pH 8. Double-

stranded oligonucleotides composed of the following sequences were used for gel shift 

analysis: PPRE-2 (w), 5'-AGAAAAGAGCAAGGTCACTTGTCGGGGGGCTG-3': 

PPRE-1 (W2), 5'-CCGTCACTCGCCGAGGTTCCTTGGGTCATGGTGCC-3\ PPRE-

2mut (m), 5'-AGAAAAcAGtAAttgaACTTGgtGGGGGGCTG-3', PPRE-lmut (mi), 5'-

CGTCACTCGtttg GGTgaCGGGTCgTGG TGCC-3'. The PPRE sequence is underlined 

and the mutated bases are shown in lowercase letters. 
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Immunoblotting 

Cell extracts were obtained by lysing cells on ice in RIPA buffer (PBS, 1% NP-40, 0.5% 

sodium deoxycholate, 0.1% SDS, 30 )ag/ml aprotinin, 100 i^M sodium orthovanadate, 

lO^g/ml PMSF) and centrifuging for 20 minutes at 4°C. Fifty |ag of protein was loaded 

per lane and run on 10-15% SDS-PAGE gels. The proteins were transferred 

electrophoretically to Hybond-C (Amersham Corp., Arlington Heights, IL) nitrocellulose 

membrane overnight. Blots were blocked in Blotto A (5% w/v nonfat dry milk in TTBS) 

for overnight at 4°C. The primary antibodies were incubated with the blots for two hours 

at room temperature. The blots were then washed 3X in TTBS and the primary 

antibodies were detected with the appropriate secondary antibody conjugated to 

horseradish peroxidase for one hour at room temperature. Blots were washed as described 

above and detection was performed using ECL detection reagent (Amersham Corp.). 

Blots were stripped and redetected with P-actin (Sigma, St. Louis, MO) antibody as a 

loading control. PPARy antibody (sc-7196) and PPAR6 antibody (sc-7197) were used at 

1:400 dilutions, while the secondary antibody was used at 1:2000 dilutions. All Western 

blots were repeated three times and a representative blot was chosen for presentation. 

Prostaglandin E2 determination 

Cells are seeded lO'^/well on a 96 well plates and treated with drug or vehicle 48 hours 

later. Serum-free medium was supplemented with 15|j,M arachidonic acid (sigma) after 

24 hours of drug treatment for 1 hour prior to medium collection. The PGE2 was 

measured using the PGEa ELISA kit (Amersham). 
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SSAT Enzyme Activity Assay 

For SSAT enzyme activities, cells were grown overnight and then treated with various 

concentrations of sulindac sulfone or its vehicle. Cells were harvested after 48 hours of 

treatment and washed in cold PBS. Cell pellets were resuspended in lysis buffer [50mM 

Tris-HCl, 2.5mM DTT, and O.lmM EDTA (pH 7.5)] at a concentration of 10^ cells/ml 

and frozen at -80^C until enzyme analysis. The radiochemical assay of the N^SSAT 

activity was performed by estimation of labeled N^AcSpd synthesized from 

[^"^CjacetylCoA and unlabeled spermidine, as decribed in detail elsewhere (Persson and 

Pegg 1984; Fuller, Carper et al. 1990). One unit of enzyme activity is defined as the 

amount that catalyzes the formation of Ipmol N^AcSpd/min at SO^'C. 

ODC Enzyme Activity Assay 

ODC enzyme activity was measured by evaluating the release of '"'COi from L-

[^"^CJomithine.Cell monolayers were washed once with phosphate-buffered saline and 

then trypsinized for 5 min. The cell numbers were determined, and cells were pelleted 

and sonicated in 0.5 M sodium phosphate buffer containing 0.1 mM EDTA, 1 mM 

dithiothreitol, 0.05 mg/mL pyridoxal-5-phosphate, and 0.1 mM phenylmethylsulfonyl 

fluoride. The final cell concentration was 2.5x10"^ cells/mL assay buffer, of which 200 

mL per assay tube was used. The samples were mixed on ice with 0.5 mCi-labeled 

ornithine. The tubes were capped and incubated at 2>1^C for 30 min. The reaction was 

terminated by adding 500 )iL of 1 M citric acid on ice. Tubes were left overnight and the 



released '''CO2 was captured on Whatman no. 3 (2.5-cm filters) treated with 20 |a.L of 

NCS-II Tissue Solubilizer (Amersham) suspended from the cap. The filters were then 

counted in 7 mL of UniverSol (ICN, Costa Mesa, CA) in a liquid scintillation counter, 

and ODC activity was ex-pressed as pmol ODC activity/mg protein/30 min. Fold change 

was calculated by dividing the enzyme activity for the sample by the vehicle. The 

enzyme assays were done in triplicates. 

Cell number and viability determinations 

Caco-2 cells were seeded at a concentration of 1x10^ cells/100mm culture plate. The 

cells were grown for 24 hours before they were refed with a new medium and treated 

with various drugs or polyamines or both or their vehicle only. The cells were then 

harvested after 0, 1, 2, 4 and 6 days post of drug exposure. Cells were removed from the 

monolayer by treatment with trypsin (--1500 units/ml, Calbiochem, San Deigo, CA)-

EDTA (0.7mM) and counted using a hemocytometer. A sample of the cell suspension 

was combined in a 1:1 volume ratio with trypan blue dye (GIBCO, Grand Island, NY), 

and at least two independently prepared suspensions were counted on a hemocytometer, 

two counts each. Viability was determined by the percentage of cells able to exclude the 

trypan blue dye. 

Apoptosis Assay 

Caco-2 cells were seeded at a concentration of 1x10^ cells/lOOmm culture plate. Cells 

were grown for 24 hours before they were refed with a new media and treated with 



sulindac sulfone or ImM putrescine or both or vehicle. The cells were then harvested 

after 0, 1, 2, 4 and 6 days post of drug exposure. Cells were removed from the monolayer 

by treatment with trypsin and counted using a hemocytometer. 5x10^ cells were pelleted 

down for the apoptosis staining. The procedure for staining with the ApoAlert'^ Annexin 

V kit (Clonetech, Palo Alto, CA) was based on the manufacturer's protocol. Briefly, the 

cells were resuspended in 200)^1 of kit IX binding buffer. To each tube, 5)iil of the 

Annexin V/fluorescein isothiocyanate (FITC) binding buffer (20|ag/ml in Tris-NaCl) and 

lOul of the kit PI (50^g/ml in IX binding buffer) were added. Each tube was gently 

mixed and incubated for 15 min at room temperature in the dark. The volume was then 

brought up to 500)a,l by adding IX binding buffer. Cells were analyzed using a Becton 

Dickinson FACScan flow cytometer. 

Polyamine analysis 

Seven million cells were trypsinized as usual and washed 2X in PBS. The cell pellet was 

resuspended in O.IM HCl at a concentration of 4xl0^cells/900|il. On ice, the samples 

were sonicated for 10-15 seconds. After sonication, the preparation was adjusted to 0.2N 

HCIO4 and incubated overnight at 4°C. The samples were centrifiiged for 7 minutes at 

2000 rpm at 4°C. The supernatant was analyzed by a jaBondapak CI8 reverse-phase high 

performance liquid chromatography using a with 1,7-diaminoheptane as an internal 

standard (Seiler and Knodgen 1980). The pellet was resuspended in 0.5M NaOH 

overnight and the protein concentration was determined by BCA assay (Smith, Krohn et 

al. 1985). 
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Statistical Analysis 

All transient transfection experiments were performed in triplicates and were repeated at 

least three times. Cell growth assays, apoptosis assays and northern blots were done 

atleast three times. Representative experiments or mean values +/- SD are shown. 

Statistical differences were determined by Student's t-test. Student's t-test is one of the 

most commonly used techniques for testing a hypothesis on the basis of a difference 

between sample means. Explained in layman's terms, the t test determines a probability 

that two populations are the same with respect to the variable tested. A P value of <0.05 

was considered significant. 
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CHAPTER 3 

SULINDAC SULFONE DECREASES POLYAMINES BY INDUCING 

SPERMIDINE/SPERMINE N^ ACETYL TRANSFERASE IN COLON CANCER 

INTRODUCTION 

A broad spectrum of data from human, animal and cultured cell studies shows that 

the administration of NSAIDs is among the few approaches with an established 

usefulness in cancer prevention (Taketo 1998; Patten and DeLong 1999). NSAIDs exert 

their chemopreventive actions by inhibiting neoplastic cell proliferation, and by 

triggering programmed cell death (Shiff, Qiao et al. 1995; Shiff, Koutsos et al. 1996). 

Sulindac, a NSAID, causes regression of adenomas in patients with familial 

adenomatous polyposis coli of the colon (Piazza, Alberts et al. 1997; Piazza, Rahm et al. 

1997). The prodrug sulindac is metabolized into either sulindac sulfide or sulindac 

sulfone. The sulfide derivative inhibits colon carcinogenesis by inhibiting COX-1 and 

COX-2 enzyme activities (Figure 1). Like sulindac sulfide, sulindac sulfone inhibits 

growth and induces apoptosis in a variety of human tumor-derived cell lines, but by 

mechanisms which are both COX-dependent and COX-independent (Piazza, Alberts et 

al. 1997; Piazza, Rahm et al. 1997; Lim, Piazza et al. 1999). 

Polyamines are abundant polycations in the cell which are under tight regulation. 

High levels of polyamines lead to rapid proliferation (Meyskens and Gemer 1995) while 
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lower levels of polyamines have been shown to promote apoptosis (Li, Li et al. 1999; 

Scorcioni, Corti et al. 2001) and inhibit cell growth (Vujcic, Halmekyto et al. 2000). 

Even though the fact that polyamines and sulindac sulfone have opposite effects on 

proliferation and apoptosis, the effects of NSAIDs on polyamine metabolism in tumor 

cell growth has not so far been studied. Polyamine content and activities of polyamine-

synthesizing enzymes, ODC and SAMDC are increased in tumor cells in comparison to 

surrounding tissue and controls; for this reason, polyamine-synthesizing enzymes and, 

more recently, the polyamine-degrading enzyme SSAT, have been long considered as a 

logical target in tumor prevention (Pegg 1988). 

The NSAIDs, indomethacin and piroxicam, both nonselective COX-1 and COX-2 

inhibitors, have been demonstrated to regulate genes in polyamine metabolism, ultimately 

leading to decreased polyamines (Carbone, Douglas et al. 1998; Turchanowa, Dauletbaev 

et al. 2001). Furthermore, it was shown that exogenous polyamines reverses the sulindac 

induced toxicity in colon cancer cells (Hughes, Smith et al. 2003). Based on the potential 

relationship between NSAIDs, polyamines and cell dynamics, I wanted to see whether 

sulindac or its metabolites have any effects on polyamine metabolism in the Caco-2 cells. 
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RESULTS 

Sulindac sulfone dependent gene expression in Caco-2 cells 

Data from our laboratory has shown that mice treated with 167ppm sulindac leads 

to an up-regulation of SSAT mRNA in the small and large intestine. I did cell culture 

studies using sulindac and its derivative, and observed that sulindac and sulindac sulfone, 

but not sulindac sulfide, led to the induction of SSAT expression in the Caco-2 cells. 

Following this, microarray experiments using a Human 5K gene chip having 5300 genes 

(Research Genetics) were performed in triplicate with RNA isolated from three 

individual experiments. The Caco-2 cells in these experiments were treated with 600fj,]VI 

sulindac sulfone, which is the dose necessary to reduce colony formation by 50% (IC50 

dose) for 48 hours before harvesting and RNA isolation. Control experiments were also 

performed with Caco-2 cells treated with DMSO for 48 hours to account for changes in 

gene expression due to vehicle treatment. The relevance of sulindac sulfone was tested 

by comparing changes in gene expression between vehicle and sulfone treated Caco-2 

cells. The microarray showed altered expression of several genes compared to the control 

treated Caco-2 cells as shown in Table 1 and 2. Only a few of those genes that were 

suppressed or induced by at least 2-fold in all three experiments are listed. 

As observed, sulindac sulfone led to a differential expression of many genes in the 

Caco-2 cells. Some of the genes which are of importance and up-regulated by sulindac 

sulfone are the genes involved in cell-cell adhesion like fibromodulin and integrin o2, 

genes which are involved in drug resistance like CFTR/MRP member 3 and 2, many 
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genes which are involved in gene regulation and signaling pathways. A few of the 

transcription factors up-regulated by sulindac sulfone are the jun D, jun B, v-ets, v-raf 

and forkhead. Few of the genes which are involved in cell signaling and are up-regulated 

by sulindac sulfone are MAPK 6, Rho GEF, p55 subunit of PI3K involved in ras 

signaling and a ras homolog gene. One of these genes involved in polyamine metabolism 

which is increased is SSAT, whose expression was induced 4.32 +/- 0.64 fold in Caco-2 

treated cells as compared to the controls (z score >1.96 and p =0.03). 

Sulindac sulfone, at 600|aM was able to reduce the expression of genes involved 

in various aspects of cell growth and invasion. Few of the genes which were down-

regulated and are involved in cell cycle are the cylcins B and A2. Further sulindac 

sulfone leads to a down-regulation of Bcl-2, which is antiapoptotic gene. Sulindac 

sulfone led to a down-regulation of many genes involved in cell-cell interactions and 

invasion like laminin a4 and pi, fibrinogen, collagen, transgelin, integrin (31 and 

transglutaminase 2. Sulindac sulfone also led to the down-regulation of few transcription 

factors and genes involved in signaling pathways like v-myc, forkhead A, PDEs, PI3K y 

subunit, Rho GDP and ser/threo kinase. 
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Table 1: Few genes up-regulated by 600|j,M sulindac sulfone in Caco-2 cells after 48 

hours shown in potential functional classes 

Genes with roles in Cell-Cell Interactions 

Systematic Gene Description Fold Change P value Z score 

AA486471 Fibromoduiin 5.788789 1.18E-06 4.072741 

AA284668 Plasminogen activator, urol<inase 2.38107 9.60E-04 2.333777 
AA463610 Integrin, alpha 2 (CD49B, alpha 2 

subunit of VLA-2 receptor) 5.607415 2.14E-02 5.942212 

Genes with roles in Drug Resistance 

Systematic Gene Description Fold Change P value Z score 
AA429895 ATP-binding cassette, sub-family 0 

(CFTR/MRP), member 3 7.160313 6.00E-03 5.961464 
R91503 ATP-binding cassette, sub-family C 

(CFTR/IVIRP), member 2 5.770571 1.07E-02 4.480522 

Transcription Factors/ Signaling pathway genes 

Systematic Gene Description Fold Change P value Z score 
R06567 Phosphoinositide-3-kinase, regulatory 

subunit, polypeptide 3 (p55, gamma) 2.468854 4.95E-02 2.131693 
H52141 Inositol polyphosphate-1 -phosphatase 3.004719 1.41E-02 2.39828 
N66278 Jun D proto-oncogene 2.984254 5.15E-03 2.422506 
H17504 Mitogen-activated protein kinase 6 2.687464 1.06E-02 1.915207 

Rho guanine nucleotide exchange factor 
AA479384 (GEF) 12 2.343813 1.37E-02 2.467414 

v-ets erythroblastosis virus E26 
R01304 oncogene like (avian) 3.483611 5.31 E-02 5.36285 

Forkhead box 01A 
AA194765 (rhabdomyosarcoma) 3.824506 5.00E-02 3.909543 

v-raf murine sarcoma 3611 viral 
H59758 oncogene homolog 1 2.282145 2.73E-02 2.223758 
N94468 Jun B proto-oncogene 2.158345 3.63E-02 2.136131 
AA143436 Ras homolog gene family, member D 2.888246 4.12E-03 3.323702 
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Table 1 (contd.) 

Systematic 

Genes with roles in cell cycle and cell death 

Gene Description Fold Change P value Z score 

R01515 Cathepsin K (pycnodysostosis) 2.871737 1.70E-04 1.980686 
AA135289 Glutathione peroxidase 2 

(gastrointestinal) 4.228346 7.63E-03 2.7007 
H84982 Checkpoint suppressor 1 1.745258 2.65E-02 2.069095 
AA284072 Cyclin-dependent kinase inhibitor 3 

(CDK2-associated dual specificity 
phosphatase) 2.674047 8.36E-04 1.710004 

Genes with roles in metabolic pathways 

Systematic Gene Description Fold Change P value Z score 
AA011215 Spermidine/spermine N'-

acetyltransferase 4.321209 2.99E-02 3.032134 
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Table 2: Few genes down-regulated by 600|iM sulindac sulfone in Caco-2 cells after 

48 hours shown in potential functional classes 

Genes with roles in cell cycle and ceil death 

Systematic Gene Description Fold Change P value Z score 
R25788 Cyclin B1 -3.15459 7.90E-03 -2.04769 
AA608568 Cyclin A2 -4.85951 4.18E-03 -2.94718 
H21107 Bcl-2-associated transcription 

factor -3.53123 6.42E-06 -2.12285 
AA156940 Programmed cell death 5 -5.31372 1.04E-02 -2.69634 
AA598974 Cell division cycle 2, G1 to S 

and G2 to M -5.36489 1.50E-02 -3.39168 
N73242 CHK1 checkpoint homolog (S. 

pombe) -2.25484 1.85E-03 -1.65864 

Genes with roles in cell-ceil interactions 

Systematic Gene Description Fold Change P value Z score 
R43734 Laminin, alpha 4 -3.04491 3.39E-05 -2.37128 

Fibrinogen, gamma 
T94626 polypeptide -5.22386 2.26E-04 -5.07239 
T77595 Tenascin C (hexabrachion) -0.91567 4.12E-04 -6.57582 
N66737 Collagen, type il, alpha 1 

(primary osteoarthritis, 
spondyloepiphyseal dysplasia. 
congenital) -4.02435 2.46E-03 -2.79917 

R76614 Netrin 4 -2.34841 4.08E-03 -1.60956 
AA446251 Laminin, beta 1 -2.39702 5.04E-03 -1.58227 
AA489582 Lamin A/C -2.45949 1.22E-02 -1.87384 
H64346 Syndecan 2 (heparan sulfate 

proteoglycan 1, cell surface-
associated, fibroglycan) -2.59037 1.88E-02 -2.29024 

H08564 Transgelin 2 -4.88906 3.22E-02 -3.48381 
AA456868 Lamin B2 -3.20747 4.87E-02 -1.96882 
AA442092 Catenin (cadherin-associated 

protein), beta 1, 88kDa -2.51677 5.00E-02 -1.8908 
W67174 Integrin, beta 1 (fibronectin 

receptor, beta polypeptide, 
antigen CD29 includes iVIDF2, 
MSK12) -1.88267 5.64E-02 -1.62619 

R97066 Transglutaminase 2 (C 
polypeptide, protein-glutamine-
gamma-glutamyltransferase) -2.66471 6.70E-02 -5.49835 
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Table 2 (contd.) 

Transcription Factors/Signal ng pathway genes 

Systematic Gene Description Fold Change P value Z score 
AA112660 Forkhead box F1 -2.10932 2.48E-04 -1.7597 
R19158 Serine/threonine l<inase 6 -3.25177 3.86E-03 -2.07436 
AA487634 Rho GDP dissociation inhibitor 

(GDI) beta -3.52913 2.87E-04 -1.98894 
AA464765 Phosphoinositide-3-l<inase, 

catal^ic, gamma polypeptide -2.2679 1.98E-02 -4.08263 
AA129552 Forkhead box M1 -3.02074 2.01 E-02 -1.95884 
AA481397 Phosphodiesterase 4D, cAMP-

specific (phosphodiesterase E3 
dunce homolog, Drosophila) -2.958 3.46E-02 -2.17749 

R66447 v-myc myelocytomatosis viral 
related oncogene, 
neuroblastoma derived (avian) -2.604 4.88E-02 -6.0797 

H65034 Phosphodiesterase 7A -2.83476 7.70E-02 -2.76255 

Genes in cell metabolisn' pathways 

Systematic Gene Description Fold Change P value Z score 
R44288 Calmodulin 2 (phosphorylase 

kinase, delta) -3.01284 1.28E-02 -1.90572 
R40897 3-oxoacid CoA transferase -3.10374 7.30E-03 -1.85575 
H94617 Replication factor C (activator 

1)3, 38kDa -4.86688 6.16E-04 -4.05678 
H66158 Plakophilin 2 -4.52831 1.01 E-02 -2.62746 
R59579 Prostaglandin D2 synthase 

21kDa (brain) -2.63165 4.26E-04 -1.56482 
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Sulindac sulfone induces SSAT expression in Caco-2 cells: Effect on SSAT mRNA, 

promoter and enzyme activity 

To confirm the microarray results, SSAT steady state mRNA levels were 

analyzed by northern blotting. Treatment of Caco-2 cells with 600|J.M sulindac sulfone 

led to an induction in the SSAT RNA levels. Treatment for 48 hours led to higher 

induction in the SSAT RNA expression in these cells. (Figure 6A) 

Most of the in vitro research done using sulindac sulfone on colon cancer has 

been done with concentrations ranging from 300|im to 600|im, which fall into the IC50 

for the cell lines used (Piazza, Rahm et al. 1997; Shureiqi, Chen et al. 2000). These 

concentrations are relatively high as compared to the in vivo concentrations achievable in 

humans (~ 35|j,M) or in mice (~150)aM) when treated with chemopreventive doses of 

sulindac (Rao, Rivenson et al. 1995; van Stolk, Stoner et al. 2000). Therefore, in order to 

determine whether clinically relevant concentrations of sulindac sulfone have any effect 

on SSAT expression, sulfone concentrations ranging from 10|aM to 600)a,M were used. 

Sulindac sulfone at concentrations of 100|j,M and above led to a statistically significant 

induction in SSAT mRNA. (Figure 6B) 

In order to determine whether the induction of SSAT expression by sulindac 

sulfone is at the level of SSAT transcription, transient transfection experiments were 

done using the Full-SSAT-luc reporter promoter construct, which has 3.53kb of the 

SSAT 5' promoter flanking region in front of the luciferase gene, or the 197-SSAT-luc 

promoter construct, having the 0.28kb of the SSAT 5' promoter flanking region, and the 
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pGL2 control plasmid (Figure 5). Transfected cells were then treated the cells with 

600)iM of sulindac sulfone for 48 hours. It was observed that sulindac sulfone induced 

the SSAT promoters at this high concentration (Figure 7A). Next, transient transfection 

experiments were done to determine the effects of lower, more clinically relevant, 

concentrations of sulindac sulfone on SSAT promoter. Transfections with Full-SSAT-luc 

in Caco-2 cells showed that sulindac sulfone at concentrations of lOO^iM or greater led to 

an induction in the Full-SSAT-luc promoter activity in the Caco-2 cells after 48 hours of 

incubation (Figure 7B). These data suggest that sulindac sulfone increases the SSAT gene 

expression at the level of transcription. 

SSAT is an acetyltranferase enzyme which acetylates spermine and spermidine 

into acetyl spermine and N' acetyl spermidine, respectively. So I wanted to test 

whether the induction of SSAT RNA and promoter by sulindac sulfone also leads to an 

induction in SSAT enzyme activity. Caco-2 cells were treated with lOO^M, 300|j,M and 

600nM of sulindac sulfone for 1, 2 and 4 days and SSAT enzyme activity measured. 

600^M sulindac sulfone was able to induce SSAT activity by 2 folds from Day 1, but 

300}iM sulindac sulfone induced SSAT activity by day 2 while 100|aM sulindac sulfone 

has no significant effect on SSAT enzyme activity by day 4. (Figure 8) 
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Figure 6: Sulindac sulfone induces SSAT mRNA: (A) Caco-2 cells were treated with 
600|.im sulindac sulfone for 24 or 48 hours, harvested and total RNA extracted as 

described in the materials and methods. Top: 20|a,g of RNA was loaded on to the gel from 
cells treated with either vehicle (V) or sulindac sulfone (Sulfone) for 24 or 48 hours. Each 
lane represents a separate experiment. Bottom: Values of SSAT expression after being 
normalized to GAPDH. (B) Caco-2 cells were treated with indicated amounts of sulindac 
sulfone (black bars) or vehicle (open bars) for 48 hours, harvested and total RNA was 
analyzed. Fold induction was calculated by dividing normalized values of the sample to 
the control. The result is an average from 3 different experiments. * P<0.05 
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Figure 7: Sulindac sulfone induces SSAT promoter activity in Caco-2 cells: (A) 
Cells were transfected with the reporter constructs Full-SSAT or 197-SSAT, or the 
control pGL2-basic vector and treated for 48 hours with either vehicle (open bar) or 
600|_iM sulindac sulfone (black bars). Relative light units (RLU) were calculated after 

normalizing to the protein and P-gal activities in the cell lysates. Fold induction was 
calculated after dividing the RLU of sample by RLU of vehicle. (B) Caco-2 cells were 
transfected with the Full-SSAT-luc reporter constructs and then treated with either 
vehicle (open bar) or indicated concentrations of sulindac sulfone for 48 hours. RLU 
were calculated as before. The result is an average from 3 different experiments. ** 
P<0.002 *P<0.05 
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Figure 8: Effect of sulindac sulfone on SSAT enzyme activity in Caco-2 cells: Caco-2 
cells were grown overnight and then treated with either vehicle (V, open bar) or various 
concentrations of sulindac sulfone (100|j,M, 300}iM and 600|iM, all black bars) for 1,2 
and 4 days. Cells were harvested and SSAT enzyme activity measured as described in 
material and methods. The results are an average from 3 different experiments. *P<0.05 
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Sulindac and its derivative induce SSAT expression in HCT-116 cells: COX 

independent effect on SSAT mRNA and promoter 

Sulindac sulfone has been shown to have both COX dependent and COX 

independent mechanisms of action (Hanif, Pittas et al. 1996; Chiu, McEntee et al. 1997). 

To elucidate the mechanism by which sulindac sulfone is inducing SSAT in the colon 

cancer, HCT-116 colorectal cells, which has no detectable COX-1 or COX-2 protein 

levels as compared to the Caco-2 cells, were used. Western blot for COX-2 expression in 

the Caco-2 and HCT-116 cells confirmed no expression of COX-2 in the HCT-116 cells 

(Figure 9A). The Caco-2 cells with an activated K-ras gene stably transfected in it (Caco-

2-\i-ras) was used as a positive control. Due to reduced expression of COX protein in 

HCT-116 cells, lower PGEa levels were expected in the HCT-116 cells. HCT-116 cells, 

do indeed have around 10 fold reduced PGE2 concentration as compared to Caco-2 cells 

(Figure 9B). 

To determine whether sulindac sulfone is acting in a COX dependent manner to 

induce SSAT in the colon cancer cells, it was hypothesized that sulfone would have no 

effect on SSAT expression in the HCT-116 cells. On the contrary, it was found that 

sulindac sulfone led to an induction in the Full-SSAT-luc and the 197-SSAT-luc 

promoter constructs in HCT-116 cells after 48 hours of treatment (Figure lOA). This 

suggests that sulindac sulfone's induction of SSAT expression doesn't involve COX 

protein or its products and secondly, that sulindac sulfone responsive element is located 
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in the 0.28 kb of the SSAT 5' promoter flanking region present in the 197-SSAT-luc 

promoter construct. 

To further confirm the COX independent action of sulindac sulfone, I studied the 

effect of sulindac or its metabolites, sulindac sulfide and sulindac sulfone treatment on 

SSAT RNA expression in HCT-116 cells. After 48 hours of treatment, both sulindac and 

sulindac sulfone induced SSAT mRNA in HCT-116 cells (Figure lOB). Sulindac sulfide, 

which is known to have COX-2 inhibitory action, was not able to induce SSAT RNA in 

HCT-116 cells. Caco-2 cells treated with Sulindac sulfide led to no induction in the 

SSAT RNA levels (data not shown), indicating that sulindac's induction of SSAT is due 

to the effects of only sulindac sulfone and not sulfide in colon cancer cells. 
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Figure 9: COX-2 expression and PGEj concentration in colon cancer cells: (A) 
Western analysis of Caco-2 cells, Caco-2 cells stably transfected with an activated K-ras 
and HCT-116 cells for COX-2 protein estimation. (B) Cells were seeded and grown for 
24 hours. After 24 hours, serum-free medium supplemented with 15|LIM arachidonic acid 
was added and PGE2 levels were analyzed after 1 hour using the PGE2 assay kit. 
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Figure 10: Effect of sulindac sulfone on SSAT in HCT-116 cells: (A) HCT-116 cells 
were transfected with the 197-SSAT-luc or Full-SSAT-luc reporter constructs and treated 
for 48 hours with either vehicle (open bar) or 600|aM sulindac sulfone (black bar). Fold 
induction was calculated by dividing normalized values of the sample to the control. (B) 
HCT-116 cells treated with 400)aM sulindac, 120)aM sulindac sulfide, 300)aM sulindac 
sulfone or their vehicle (open bar). After 48 hours of treatment, the cells were harvested 
and total RNA was analyzed. Fold induction values were calculated by dividing 
normalized values of the sample to the control. The result is an average from 3 different 
experiments. *P<0.05. 
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PGEi has no effect on SSAT expression in colon cancer cells 

If sulindac sulfone is acting in a COX dependent manner, then the addition of 

PGE2 should lead to a reduction in the SSAT mRNA. Therefore, it was tested whether 

PGE2, a product of COX-2, which is present in higher concentration in colon cancer cells 

(Kutchera, Jones et al. 1996; Sheng, Shao et al. 1998; Yang and Frucht 2000), has any 

effect on SSAT expression. Caco-2 cells were treated with 20|aM PGE2 and SSAT 

mRNA measured after 48 hours of treatment. Addition of PGE2 to the Caco-2 cells 

increases the intracellular levels of the PGE2 as determined by PGE2 ELISA indicating 

the PGE2 is being taken up by the cells (data not shown). I then, tested the effect of PGE2 

on SSAT mRNA expression and promoter activity in Caco-2 cells and found that 

addition of 20)iM PGE2 didn't produce any change in the SSAT mRNA (Figure 11 A) or 

the activity of SSAT promoter constructs by 48 hours (Figure 11B). This indicates that 

sulindac sulfone is acting in a PGE2 independent manner to induce SSAT gene 

expression in colon cancer cells. 
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Figure 11: PGE2 has no effect on the SSAT in Caco-2 cells: (A) Caco-2 cells were 
treated with 20|liM PGE2 for 48 hours, harvested and total RNA isolated. Top: 20^g of 
RNA was loaded on the gel from cells treated with either vehicle (V, first lane) or PGE2 
for 48 hours. Each lane represents a separate experiment. Bottom: Fold induction values 
calculated by dividing normalized sample values to the control. (B) Caco-2 cells were 
transfected with the 197-SSAT-luc or Full-SSAT-luc reporter constructs and treated for 
48 hours with either vehicle (open bar) or 20|aM PGE2 (black bar). Fold induction was 
calculated after dividing the RLU of sample by RLU of vehicle. The result is an average 
from 3 different experiments. *P<0.05 
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Sulindac sulfone has no effect on ODC in Caco-2 cells: 

Intracellular polyamines can be regulated by regulating the activities of SSAT, a 

catabolic enzyme, or ODC, a biosynthetic enzyme. It has been shown before that 

indomethacin, a NSAID, can decrease polyamine levels by inducing SSAT and 

decreasing ODC enzyme activity (Turchanowa, Dauletbaev et al. 2001). Based on this 

observation, I wanted to determine the effects of sulindac sulfone on ODC in Caco-2 

cells. I found that concentrations of sulindac sulfone which induces SSAT expression did 

not have any effect on the expression of either ODC mRNA (Figure 12A). Since ODC is 

an enzyme, the effect of sulindac sulfone on ODC enzyme activity was tested. It was 

found that sulindac sulfone at 600p,M concentration had no effect on the ODC enzyme 

activity (Figure 12B). 

Polyamine metabolism has many genes which play an important role. I wanted to 

see whether sulindac sulfone has any effect on these genes, besides inducing SSAT. For 

this, a custom GEarray was used to determine the alterations in mRNA levels for 

different genes in the polyamine pathway. Caco-2 cells were treated with 600[^M 

sulindac sulfone for 48 hours and then harvested for total RNA. This RNA was reverse 

transcribed into cDNA and radiolabeled with ^^P-dCTP. After hybridization with the 

GEarray, several changes in gene expression were observed as a consequence of sulindac 

sulfone (Table 3). It was found that sulindac sulfone induced the expression of MADl, 

SSAT, Spermidine Synthase (SRM) and Spermine synthase (SMS) but had no effect on 

ODC, Ornithine Antizjroe (OAZ) and eIF5A. 
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Effect of Sulindac sulfone on polyamine levels 

I have demonstrated before that in Caco-2 cells, there are an increase in SSAT 

RNA and an increase in SSAT promoter regulated transcription when treated with 

sulindac sulfone for 48 hours. Next, I wanted to determine whether this induction in 

SSAT is enough to have any effect on the intracellular polyamine levels in the Caco-2 

cells. Caco-2 cells were treated for 2 and 7 days with 600|a,M sulindac sulfone and then 

the polyamine levels estimated using HPLC. Due to the toxic effects of this concentration 

of sulindac sulfone, enough cells are needed to give me a final cell concentration of 10 

million after 7 days of treatment. It was found that sulindac sulfone led to a 2-fold 

reduction in the intracellular levels of spermine and spermidine (Figure 13). I was not 

able to detect the putrescine in any of the samples treated with sulindac sulfone. 
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Table 3: GE Array Data for sulindac sulfone effects on polyamine specific genes 

Unigene Gene Name Sulfone/DMSO Standard Direction of 
Average Ratio Deviation Change 

Hs. 109012 MAD 3.89 0.3 Increase 
Hs. 262476 AMDl 2.43 0.21 Increase 
Hs. 76244 SRM 2.4 0.11 Increase 
Hs.119140 eIF5A 1.1 0.31 No Change 
Hs. 28491 SSAT 3.83 0.09 Increase 
Hs. 89718 SMS 2.1 0.056 Increase 
Hs. 125078 OAZl 1.2 0.122 No Change 
Hs. 75212 ODC 0.86 0.156 No Change 

AMDl ; S-adenosylmethionie Decarboxylase 1 
SSAT: Spermidine/Spermine N1 Acetyl Transferase 
SRM: Spermidine Synthase 
SMS: Spermine Synthase 
OAZl: ODC Antizyme 1 
ODC: Ornithine Decarboxylase 



87 

Q. _ < 
o £2 

o 
Q 
O 

2 
o 

Vehicle Sulindac sulfone 

B 

2.5 

<1> :ts 1.5 
0).> 1 s 
O O ^ 
2 9 
o O 
U- C 0.5 

Vehicle 

liiil 
Sulfone Sulfone Sulfone Sulfone Sulfone 
50 mM IOOMM 200 MM 3DQMM 600 |JM 

Figure 12: Effect of Sulindac sulfone on ODC mRNA and enzyme activity in Caco-2 
cells: (A) Cells were treated with vehicle (open bar) or 600|iM sulindac sulfone for 48 
hours and total RNA. Fold change was calculated by dividing normalized sample values 
to the control.(B) Caco-2 cells were treated with either various concentrations of sulindac 
sulfone (black bars) or its vehicle (open bar) for 48 hours. Cells were harvested and ODC 
enzyme activity measured as described in material and methods. The results are an 
average from 3 different experiments. 
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Figure 13: Sulindac sulfone decreases polyamines in Caco-2 cells: Caco-2 cells were 
seeded and grown for 24 hours after which they were treated with either vehicle (open 
bars) or 600|j,M sulindac sulfone (black bars) for 7 days. Spermidine and spermine were 
decreased after the sulindac sulfone treatment. Putrescine was undetectable in these 
samples. The polyamine levels were normalized to the protein in the samples and plotted. 
The result is an average from 3 different experiments.*P<0.05 
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Effect of Sulindac sulfone and Verapamil on polyamine levels 

SSAT converts spermidine and spermine to their A^^-acetyl derivatives, which can 

be either excreted from the cell or further metabolized, hi order to determine whether the 

reduction in intracellular polyamine levels is due to increased export of acetylated 

polyamines from the cell or due to their increased catabolism via the polyamine oxidase 

pathway, verapamil was used which has been shown to inhibit the exporter specific for 

diamine polyamines (Xie, Gillies et al. 1997). Caco-2 cells were treated with either 

600|^M sulfone or 100|j,M verapamil or the combination of them or the vehicle, DMSO 

for 48 hours. Verapamil at a concentration of 100|aM alone leads to increased polyamines 

in the cell, with around 2-fold accumulation of n' acetyl-spermidine in the cell. When 

verapamil was added along with sulindac sulfone, it led to a 2-2.5-fold induction in levels 

of polyamines and a 3.5-fold induction in the levels of N'-acetyl-spermidine (Figure 14). 

This result showed that sulindac sulfone caused reduction in intracellular polyamine 

levels due to their increased excretion from the cell. 
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Figure 14: Sulindac sulfone decreases polyamines by increased export in Caco-2 
cells: Caco-2 cells were seeded and grown for 24 hours after which they were treated 
with either vehicle or 600fiM sulindac sulfone, lOOfiM verapamil, or sulindac sulfone 
and verapamil together for 48 hours. Putrescine (dots bar), spermidine (open bars), 
spermine (black bars) and N'-acetylspermidine (grey bars) were increased after the 
combined treatment. The polyamine levels were normalized to the protein in the samples 
and plotted. The result is an average from 3 different experiments.*P<0.05 
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SUMMARY 

This chapter suggests that suhndac sulfone is able to induce SSAT expression at 

concentrations above lOO^M in the colon cancer cells. Further, this induction of SSAT is 

by a COX independent mechanism and involves regulation at the level of transcription. 

Sulindac sulfone at 600|aM led to no changes in the ODC and eIF5A genes while 

inducing the SRM, SMS and MAD genes in the Caco-2 cells. The induction of SSAT 

mRNA leads to an increase in the SSAT enzyme activity which leads to a decrease in 

intracellular polyamines, by increased export from the cell. 

Sulindac is a NSAID, which has proven to be preventive against colon cancer 

(Rao, Rivenson et al. 1995). Sulindac can be metabolized into sulindac sulfide, with 

known COX inhibitory function, and sulindac sulfone, with both COX inhibition 

dependent and independent mechanisms (Piazza, Rahm et al. 1995; Hanif, Pittas et al. 

1996; Chiu, McEntee et al. 1997). It has been observed that mice treated with 167 ppm 

sulindac had an up-regulation of SSAT RNA in their small and large intestine 

(unpublished data from the lab). Based on these data, effects of sulindac on SSAT 

expression were studied in the colon cancer cells. It was found that in our Caco-2 cell 

culture model, sulindac led to the induction of SSAT expression. Further, since sulindac 

is metabolized into two derivates, sulfide and sulfone, the effects of both derivatives were 

studied on SSAT expression. It was found that only sulindac sulfone was able to induce 

the SSAT expression. In order to study the genomic wide response to the sulindac 

sulfone, Caco-2 cells were treated with 600)a.M sulindac sulfone for 48 hours. This 



concentration is the IC50 for the Caco-2 cell lines and has been used before in the 

different literatures. 

Many genes were differentially expressed by sulindac sulfone in the Caco-2 cells. 

Most of the genes which were up-regulated by sulindac sulfone are the transcription 

factors like JunD, JunB, v-ets and Forkhead 01 A. JunB and JunD are members of the 

AP-1 transcription factor family. There are three mammalian Jun proteins (JunB, c-Jun, 

and JunD) and these dimerize with each other or with members of the Fos and ATF 

families. These dimers then have the capability of binding to AP-1 consensus sequences 

to modulate transcription. Recent evidence has implicated JunB as a negative growth 

regulator, a potential tumor suppressor, and an apoptotic factor (Passegue, Jochum et al. 

2001; Weitzman 2001). APC has been shown to induce JunB by more than 2 fold in the 

colon cancer cells. Sulindac sulfone is able to induce JunB by 2.15, p=0.03 fold while it 

induces JunD by 2.98 fold, p=0.005. The next intriguing gene that we have identified as a 

possible sulfone target is Forkhead OlA (FOXOIA; also known as FKHR). This protein 

is a forkhead box transcription factor which regulates the expression of downstream 

genes such as GADD45, p27, and Bim (Furukawa-Hibi, Yoshida-Araki et al. 2002; Stahl, 

Dijkers et al. 2002). FOXOIA plays a role in the inhibition of cell cycle progression and 

transformation (Ramaswamy, Nakamura et al. 2002) and has been shown to be induced 

by wild type APC (unpublished data from the lab). From these microarray experiments, 

it appears that sulfone induces FOXOIA expression by approximately 3.8-fold, p=0.05. 

One of genes expected to be induced was SSAT. Sulindac sulfone induced SSAT by 4.32 

fold +/- 0.64 fold (z score >1.96, p=0.03) as compared to the vehicle treated controls. 



Sulindac sulfone also led to a down-regulation of many genes in Caco-2 cells. 

Most of the genes down-regulated are involved in cell cycle and invasion. Bcl-2, an anti-

apoptotic gene, has been shown before to be reduced by sulindac (Shiff, Koutsos et al. 

1996). Sulindac sulfone led to a 3.53 fold (p<0.001) repression in the bcl-2 expression. 

One of the other genes which were down regulated by sulindac sulfone is 

transglutaminase 2. Transglutaminase 2 is involved in cell attachment, cell growth 

regulation and apoptosis and is induced by an activated K-ra^. Sulindac sulfone led to a 

2.6 fold (p<0.001) repression in this gene. Other genes like laminins a4 and pi, collagen 

and integrin (31, which are involved in cell adhesion or invasion, were also found to be 

downregulated by sulindac sulfone. 

Since 600|aM is thought to be an industrial strength concentration of sulindac 

sulfone, I wanted to see whether lower, more physiologically relevant, concentrations of 

sulindac sulfone retain their ability to induce the SSAT expression in the Caco-2 cells. It 

was found that sulindac sulfone at a concentration of 100(a,M is able to induce SSAT 

RNA while at 150|a,M is able to induce the SSAT promoter activity in these cells. The 

concentrations of sulindac achievable in vivo range from ~35|uM in humans to ~150)iM 

in mice. Thereby, a concentration which is preventive in mice is able to induce the SSAT 

expression in-vitro. Whether these concentrations of sulindac sulfone or a drug of this 

class, can be achieved in humans, is under further investigation. 

Determination of the mechanism of the induction of SSAT by sulindac sulfone in 

Caco-2 cells showed that it induces SSAT expression at the level of transcription as it can 

induce both the RNA and the promoter activity. Further, this increase in RNA and 
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promoter activity is correlated to the increase in the SSAT enzyme activity in these cells 

after sulindac sulfone treatment. Sulindac sulfone is working in a COX independent 

manner to increase SSAT expression, based on two pieces of evidence. Firstly, adding 

exogenous PGE2 does not influence the SSAT expression in Caco-2 cells and secondly, 

sulindac sulfone is able to induce SSAT in HCT-116, which lacks any detectable COX-2 

protein and has very low levels of PGE2. 

Turchanowa, Dauletbaev et al. have shown that indomethacin, a NSAID, impaired 

growth of both Caco-2 and HCT-116 cells, decreased ODC enzyme activity and induced 

SSAT expression, while Hughes, Smith et al. have showed that polyamines are able to 

reverse the toxicity caused by NSAIDs. Based on these effects of different NSAIDs on 

the polyamines, the effects of sulindac sulfone were determined on polyamine 

metabolism. Sulindac sulfone at 600|aM led to the induction of MAD, AMDl, SRM and 

SMS besides inducing SSAT. Further, this concentration of sulindac sulfone had no 

effects on the expression of eIF5A, OAZl and ODC RNA in the Caco-2 cells. On testing 

the effects of sulindac sulfone on ODC enzyme activity, it was found that sulindac 

sulfone had no effects on ODC enzyme activity in the Caco-2 cells. 

The induction in SSAT expression led to a decrease in intracellular polyamine 

levels by sulindac sulfone in Caco-2 cells. Further, this decrease is due to an increased 

export of the acetylated polyamines from the cell instead of their increased catabolism by 

the action of polyamine oxidase, as verapamil, an inhibitor of polyamine exporter (Xie, 

Gillies et al. 1997), leads to an increase in intracellular polyamines after treatment with 

sulindac sulfone. 
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CHAPTER 4 

SULINDAC SULFONE INDUCES SPERMIDINE/SPERMINE N' ACETYL 

TRANSFERASE BY A COX INDEPENDENT MECHANISM: IDENTIFICATION 

OF PPREs IN SSAT GENE 

INTRODUCTION 

The human SSAT gene is 11.2 kb long and has a 3.44 kb long untranscribed 5' 

promoter flanking region. SSAT can be regulated at both the transcriptional and post-

transcriptional levels by physical and chemical stresses in colon cancer cells (Ignatenko 

and Gemer 1996). The regulation of SSAT has been studied with respect to its induction 

by the natural polyamines and the anti-tumor polyamine analogues. The 5' promoter 

region for the SSAT promoter, shown in Figure 5, has many major trans-activating factor 

response elements for factors like Spl, AP-1, NFKB, PPARS and CREB, as identified by 

TESS analysis. Thus, SSAT gene can be regulated by many different signaling 

mechanisms depending on the cell type and the stimuli. 

The precise mechanism by which sulindac sulfone induces apoptosis is not 

known. Recent studies suggest that it may involve increased production of ceramide 

(Chan, Morin et al. 1998), or inhibition of PPAR5 (He, Chan et al. 1999) and/or 

inhibition of the activity of cGMP specific PDE-2 and PDE-5 (Soh, Mao et al. 2000). 

Further, it has been shown that sulindac metabolites can inhibit the activity of 
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extracellular signal regulated kinase-1 (ERK-1) thereby leading to apoptosis (Rice, 

Goldberg et al. 2001). One of the major COX independent mechanisms studied in regards 

to sulindac and its metabolites is to act as direct ligands for PPARs. The rationale for this 

comes from the observation that sulindac sulfone can bind to PPAR6 and inhibit its 

ability to bind to the DNA (He, Chan et al. 1999). It could therefore be possible that 

sulfone, after binding to PPARS, is leading to the suppression of the inhibitory action of 

PPARS on SSAT promoter. The opposite of this hypothesis can also be true since sulfone 

has been shown to bind to PPARy, which leads to increased PPARy activity (Lehmann, 

Lenhard et al. 1997). PPARy, in contrast to PPARS, is acting in a positive way to increase 

SSAT expression. 

IL-ras mutations are prevalent at most stages of colon carcinogenesis and are 

thought to disrupt signaling of downstream genes during promotion and progression of a 

tumor. Ras activates a number of signaling pathways through its ability to activate key 

effector proteins. The most extensively studied of these is the mitogen-activated protein 

(MAP) kinase pathway (44) leading to activation of ERK and JNK. Activated ERK has 

been shown to inhibit the activity of PPARy by leading to its phosphyration (Hu and 

Speigleman 1996; Adams and Chatterjee 1997). 

Based on the observations that sulindac sulfone induces SSAT RNA and promoter 

and that both sulindac sulfone and K-ras can work through common signaling 

mechanisms in colon cancer cells, I studied the regulation of SSAT expression by 

sulindac sulfone and in the Caco-2 colon cancer cells. 
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RESULTS 

TESS Analysis of the SSAT 5' promoter flanking region 

Based on the observations that SSAT is induced by suhndac and sulindac sulfone 

via a COX independent mechanism in the colon cancer cells and that this regulation is at 

the level of the transcription, I wanted to determine the potential responsive elements in 

the SSAT 5' promoter flanking region. TESS (Transcription Element Search System) 

analysis using the 3.53 kb of the SSAT 5' promoter flanking region found many putative 

transcription factor binding sites in the SSAT promoter flanking region. There were many 

AP-1 and Sp-1 sites, while there were only 3 sites for NFKB and 2 sites each of CREB, 

PPRE (PPAR response element) and c/EBP-beta (transcription factor) and 1 site for PRE 

(polyamine response element). Few of the important sites are shown in Figure 5 

respective to their location from the transcription start site. CRE has been shown to bind 

to cAMP or cGMP binding proteins and hence could play an important role in sulindac 

sulfone induced SSAT expression since sulfone leads to an increase in cGMP (Liu, Li et 

al. 2001). NFKB has been shown to play an important role in the action of Aspirin (Kopp 

and Ghosh 1994) and sulindac (Yamamoto, Yin et al. 1999). Aspirin has been also shown 

to work by inhibiting the activity of UV induced AP-1 ((Huang, Ma et al. 1997; Ma, 

Huang et al. 1998). Further, sulindac and other NSAIDs have been shown to work 

through PPARs in colon cancer cells. 
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Mapping of sulindac sulfone responsive element in SSAT 

In order to determine the suhndac sulfone dependent, but COX-2 independent, 

response elements in the SSAT gene, portions of the SSAT 5' flanking sequences were 

tested for their ability to mediate sulindac sulfone induced transcription of a reporter 

gene. Five luciferase constructs were used, each containing portions of the SSAT 5' 

flanking region linked to a promoterless firefly luciferase gene. Full-SSAT-luc, 659-

SSAT-luc, 358-SSAT-luc, 197-SSAT-luc and 48ppre-SSAT-luc contained 3.53kb, 

0.74kb, 0.44kb 0.28kb and O.lkb respectively of the SSAT 5' flanking sequence in front 

of a luciferase gene (Figure 5). In one set of experiments, all of these constructs as well 

as the promoterless pGL2-basic control construct were transfected into the Caco-2 cells. 

Following transfection, the cells were treated with 300|j,M sulindac sulfone or its vehicle, 

dimethyl sulfoxide (DMSO) for 48 hours. Sulindac sulfone treatment activated 

transcription of all of these constructs by approximately 2-3 folds over the control treated 

cells. I found that the basal activity of the SSAT promoter was high in constructs having 

more 5' promoter sequence than in the 197-SSAT-luc promoter construct (Figure 15A). 

Therefore, in order to determine the effects of sulindac sulfone on the promoters, the fold 

changes in the promoter activity were calculated after sulindac sulfone treatment. It was 

observed that sulindac sulfone led to a 2 fold induction in the 48ppre-SSAT-luc construct, 

which remained constant till the 659-SSAT-luc promoter. There was a 3 fold induction in 

the Full-SSAT-luc promoter, as has been observed before (Figure 15B). This suggested a 

presence of sulindac sulfone dependent response elements in the O.lkb of the SSAT 5' 



99 

flanking sequence present in the 48ppre-SSAT-luc plasmid and in the 5'sequence present 

only in the Full-SSAT-luc plasmid. 
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Figure 15: Mapping of a putative sulindac sulfone responsive element in the SSAT 
promoter: Caco-2 cells were transfected with all the SSAT deletion reporter constructs 
along with the P-gal plasmid. The cells were then treated for 48 hours with either vehicle 
(open bar) or SOO^iM sulindac sulfone (black bars). Relative luciferase units (RLU) were 
calculated after normalizing to the protein and P-gal activities and plotted (A) and fold 
induction was calculated after dividing the RLU of sample by RLU of vehicle and plotted 
(B). The result is an average from 3 different experiments. * P<0.05 
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PPAR expression in Caco-2 cells 

Based on the interactions between sulindac sulfone and PPARs in colon cancer 

cells, it was hypothesized that sulindac sulfone is acting via a PPAR dependent pathway 

to induce SSAT since there are two putative PPRE sites in the 5' flanking region of the 

SSAT promoter, only one of which is in the 197-SSAT-luc and 48ppre-SSAT-luc 

construct, as initially identified using a transcription factor search analysis (TESS). 

PPRE-1 is present at -323 and PPRE-2 is present at +48 respective to the transcriptional 

start site in the SSAT gene (Figure 5). 

To study the involvement of PPARs in the induction of SSAT gene expression, 

PPAR expression was determined in the Caco-2 cells and the HCT-116 cells. Western 

analysis for PPARy and PPAR6 in the Caco-2 cells was done as described in the material 

and methods. Caco-2 and HCT-116 cells express both PPARy (Figure 16A) and PPAR6 

(Figure 16B) proteins as well as RXRa protein (data not shown). Northern analysis for 

the PPARy RNA showed that it is expressed in both the cell lines (data not shown). 

Next, since PPARs function as receptors, I wanted to determine whether PPARs 

are functional in Caco-2 cells. Transient transfection experiments were done to determine 

the functionality of PPARs in the Caco-2 cells. For this, a special reporter promoter 

plasmid, tk-PPREs-Luc was obtained from Dr. Ronald Evans (Salk Institute, La Jolla, 

CA). This plasmid has three consensus PPAR response elements in fi-ont of the luciferase 
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Figure 16: PPAR Expression in colon cancer cells: (A) Western Blot analysis for the 
PPARy expression in the Caco-2 and the HCT-116 cells. Upper: western blot; Bottom: 
quantification of the western blot (B) Western blot analysis for the PPAR6 expression in 
the Caco-2 and the HCT-116 cells. Upper: western blot; Bottom: quantification of the 
western blot 
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gene. Caco-2 cells were transfected with the tk-PPREs-Luc plasmid and then treated with 

an array of PPAR activators. 20|J,M ciglitazone, a PPARy activator, led to a 6-fold 

induction in luciferase while 20)iM cPGI, a PPAR5 activator; 200|^M Wy-14463, a 

PPARa activator and 10|^M 15-delta-PGJ2, an endogenous PPARy activator; led to a 

significant 2-fold induction in luciferase activity (Figure 17A), suggesting that all PPAR 

isoforms are functional in the Caco-2 cells. 

Effect of PPAR activators on SSAT expression 

To see whether the induction of PPARs has any effect on the SSAT expression in 

Caco-2 cells, northern analysis was done to study the effect of these activators on SSAT 

RNA after 48 hours. Caco-2 cells were treated with 600)iM sulindac sulfone or 20|aM 

ciglitazone or 20)a.M cPGI or 200|j,M Wy 14,463 or their vehicle, DMSO for 48 hours. As 

shown before, sulindac sulfone led to a 5.5-fold induction of the SSAT mRNA. 

Ciglitazone and cPGI led to a ~2.5 fold induction in SSAT mRNA while Wy-14463 had 

no effect on SSAT RNA after 48 hours (Figure 17B). This result indicates that activation 

of PPARs lead to the induction of SSAT in the Caco-2 cells. While, both PPARy and 

PPAR6 are involved in the regulation of SSAT, PPARa is not. 
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Figure 17: PPARs are functional and involved in regulation of SSAT in Caco-2 cells: 
(A) Caco-2 cells were transfected with the PPREs-Luc reporter construct along with the 
P-gal plasmid. The cells were then treated for 48 hours with either vehicle (open bar) or 
20|^M ciglitazone (CG), 20^M cPGI, 200|J,M Wyl4463 and lO^M 15delta-PGJ2 (all 
black bars). Normalized luciferase activities are shown as mean +/- SD (n=3) and are 
expressed as fold inductions relative to the activity in the presence of vehicle alone (B) 
Cells were grown overnight and then treated with vehicle (open bar) or 600|j,M sulindac 
sulfone, 20nM ciglitazone (CG), 20^M cPGI and 200|aM Wyl4463 for 48 hours. Total 
RNA was analyzed and fold induction calculated. The result is an average from 3 
different experiments.*P<0.05 



105 

Mapping of PPAR response elements in SSAT gene 

Induction of SSAT by PPAR activators suggested the involvement of either or 

both of the PPREs present in the SSAT 5' promoter flanking region in the regulation by 

sulindac sulfone. To fiirther characterize these PPREs as to the various PPAR subtypes, 

expression plasmids for the PPARy, PPAR6 and PPARa along with the RXRa were used 

(obtained from Dr. Liliane Michalik.) All the PPAR expression plasmids expressed the 

xenopus protein which is 90-95 % similar to the human PPAR proteins, while the 

expressed RXRa was of the human origin. In-vitro transcription translation experiment 

was done using these plasmids and the expression of proteins confirmed using a SDS-

PAGE. Following this, in order to map the PPREs, transient transfections using the five 

SSAT promoter reporter constructs along with the PPAR expression plasmids were done 

in the Caco-2 cells. The transfected cells were then treated with their corresponding 

activators ciglitazone (PPARy activator), cPGI (PPAR5 activator) and Wy-14463 

(PPARa activator) for 48 hours. The cells were lyzed and assayed for luciferase activity. 

The expression plasmid for RXRa was transfected to all the cells along with the P-gal 

plasmid, which acted as the transfection efficiency control. 

As shown in Figure 18A, cells transfected with PPARy and treated with 

ciglitazone demonstrated a 3.5-4.5 fold increase in transcription of the reporter constructs 

having as low as O.lkb of the 5' flanking sequence as compared to the pGL2 vector only. 

PPARy, when transfected alone was not able to activate transcription of the SSAT 

promoter constructs. As shown in Figure 18B, PPAR8 was also able to activate 
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transcription in these plasmids, but it could not induce either 197-SSAT-luc or 48ppre-

SSAT-luc plasmid, which lacks the PPRE-1 sequence. PPAR5, when transfected alone, 

was not able to activate transcription of the SSAT promoter constructs. Finally, as shown 

in Figure 18C, the PPARa subtype was unable to positively regulate transcription of any 

of the reporter constructs in the presence of its activator, but PPARa alone was able to 

induce Full-SSAT-luc by 2 folds as compared to the pGL2 vector only. 
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Figure 18: The putative PPRE confers selective responsiveness to PPAR-mediated 
activation: (A) SSAT reporter constructs and the pGL2 basic control vector were co-
transfected with (black and grey bars) or without (open bars) the expression vector for 
PPARy and RXRa and treated for 48 hours with 20|a,M ciglitazone (grey bar) or its 
vehicle (DMSO). Normalized luciferase activities are shown as mean +/- SD and are 
expressed as fold inductions relative to the activity in the absence of expression vectors 
and activators. Asterisks indicate statistical difference from activity of the reporter 
construct alone *P<0.05 
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(B) SSAT reporter constructs were co-transfected with (black and grey bars) or without 
(open bars) the expression vector for PPAR5 and RXRa and treated for 48 hours with 
20)aM cPGI (grey bar) or its vehicle (DMSO). Normalized luciferase activities are shown 
as mean +/- SD and are expressed as fold inductions relative to the activity in the absence 
of expression vectors and activators. Asterisks indicate statistical difference from activity 
of the reporter construct alone *P<0.05 
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(C) SSAT reporter constructs were co-transfected with (black and grey bars) or without 
(open bars) the expression vector for PPARa and RXRa and treated for 48 hours with 
200|aM Wy-14463 (grey bar) or its vehicle (DMSO). Normalized luciferase activities are 
shown as mean +/- SD and are expressed as fold inductions relative to the activity in the 
absence of expression vectors and activators. Asterisks indicate statistical difference from 
activity of the reporter construct alone *P<0.05 
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PPARs and RXRa bind as heterodimers to the PPRE 

PPARs are nuclear receptors which bind to the PPREs as a heterodimer of RXRa. 

In order to determine whether PPARs bind to the PPRE as heterodimers with RXRa, gel 

shift assays were performed with a double-stranded oligonucleotide containing either 

PPRE-1 at -323 (wi) or PPRE-2 at +48 (w) and in-vitro translated PPAR proteins. Since 

PPARs bind DNA as a heterodimer with RXRa, all reaction mixtures had PPARs along 

with RXRa. The sequences of the probes are described in detail in the materials section. 

As shown in Figure 19A, only PPARy-RXRa-DNA could bind to the PPRE-2 but not to 

the PPRE-2mut. A 20-fold excess of unlabeled PPRE-2, but not PPRE-2mut, 

oligonucleotide was able to compete for this binding, indicating that PPARy is binding 

specifically to PPRE-2. Gel shifts done using the PPAR6 or PPARa along with the 

RXRa showed no binding with the PPRE-2 containing wild oligonucleotide and hence 

this data is not shown. Furthermore, 6.5^g of nuclear extracts from Caco-2 cells were 

able to form in-vitro complex with the PPRE-2 (Figure 19). In order to test the specificity 

of the protein-DNA interactions, a PPAR specific antibody was added to the in-vitro 

protein-DNA complex (PA3-820, Affinity Bioreagents). This led to a supershift, which is 

seen as a slower migrating band. I used the antibody at 1:100 and 1: 20 dilution obtained 

the desired results at both the dilutions. Next, I did a gelshift assay using the PPRE-1 

probe (W2) along with the in-vitro translated proteins. As shown in Figure 20, all PPARs 
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could bind to the PPRE-1. Competition assays using 20-fold excess unlabeled PPRE-1 

(W2) showed that all the PPAR isotypes bind with equal specificity to the PPRE-1 
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Figure 19: PPARs and RXRa bind as heterodimers to the PPRE-2 in the SSAT 5' 
promoter region: Oligonucleotide (w) containing the +48 PPRE-2 site was [^^P] labeled 
and incubated with in-vitro translated PPARs and hRXRa proteins. The competitor (w) 
and (m) was used in 20- and 100- molar excess. Lanes 10-11 have labeled wild type (m) 
or labeled mutant (m) probe incubated with Caco-2 nuclear extracts. Lane 12 is a 
supershift control reaction with labeled wild probe incubated with the nuclear extract and 
a PPAR specific antibody. 
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Figure 20: PPARs and RXRa bind as iieterodimers to the PPRE-1 in the SSAT 5' 
promoter region: Oligonucleotide (W2) containing the -323 PPRE-1 site was [^^P] 
labeled and incubated with invitro translated PPARs and hRXRa proteins. The 
competitor (wa) was used in 20-, 50- and 100- molar excess. The competitor (ma) was 
used in 50-, 100- and 200- molar excess. Protein-DNA complexes were analyzed by 
electrophoretic mobility shift assay 
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Sulindac sulfone activates PPARs 

The two PPREs in the SSAT promoter are acted upon by PPARs in the Caco-2 

cells. PPRE-2 at the +48 site is bound only by PPARy while the PPRE-1 at -323 is bound 

by all the PPAR isoforms. Heterodimerization with RXRa is required for this binding. 

Further, activated PPARy is able to induce the O.lkb of the SSAT 5' promoter construct 

having the PPRE-2, while activated PPAR5 is only able to induce the 358-SSAT-luc 

promoter which has both of the PPREs. Based on these results, I wanted to test whether 

sulindac sulfone is inducing SSAT by activating any of the PPAR isoforms in the Caco-2 

cells. To test whether sulindac sulfone can activate PPARs in the Caco-2 cells, tk-PPREs-

Luc plasmid transfected cells were treated with 600^M sulindac sulfone for 48 hours. 

Sulindac sulfone led to a significant 2-fold induction in luciferase activity as compared to 

the vehicle only (Figure 21). Thus, sulindac sulfone was directly or indirectly activating 

functional PPARs in the Caco-2 cells, which were then inducing the luciferase activity. 

Further, it was observed that sulindac sulfone was not able to induce this plasmid 

to the levels induced by ciglitazone (2 folds as compared to 5 folds by ciglitazone). These 

data along with the data that ciglitazone was not able to induce the SSAT RNA to the 

levels induced by sulindac sulfone (2 folds as compared to 5.5 folds by sulfone) (Figure 

17B) indicate that PPARs are not the only way by which sulindac sulfone is inducing the 

SSAT gene in the Caco-2 cells. 
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Figure 21: Sulindac sulfone induces PPARs in the Caco-2 cells: Caco-2 cells were 
transfected with the tk-PPREa-Luc reporter construct along with the P-gal plasmid. The 
cells were then treated for 48 hours with either vehicle (open bar) or 600|aM sulindac 
sulfone (black bars). Normalized luciferase activities are shown as mean +/- SD (n=3) 
and are expressed as fold inductions relative to the activity in the presence of vehicle 
alone *P<0.05 
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PPARy is involved in SSAT regulation by sulindac sulfone 

Based on the previous results showing that sulindac sulfone induces PPARs and 

that the induction by sulindac sulfone is retained in the 48ppre-SSAT-luc construct which 

has only the PPRE-2 (Figure 15B), it was determined whether PPRE-2 plays an important 

role in sulindac sulfone induced activation of SSAT gene. For this, another promoter 

construct, A48ppre-SSAT-luc, which has the same sequence as 48ppre-SSAT-luc but has 

a deleted PPRE-2, was made as described in the materials section. Caco-2 cells were 

transfected with either of these plasmids or the 197-SSAT-luc and treated with 600|aM 

sulindac sulfone for 48 hours. Sulindac sulfone led to a significant increase in the 

transcription of the PPRE containing constructs, but did not affect transcription of the 

PPRE-deleted construct when compared to the vehicle alone (Figure 22A). 

Further, to test whether PPRE-2 is acted upon by an activated PPARy, GW 9662, 

a PPARy antagonist, was used. Caco-2 cells were transfected with either 197-SSAT-luc 

or Full-SSAT-luc and treated with either 600)aM sulindac sulfone or combination of 

sulfone and 10)aM GW 9662 or their vehicle, DMSO for 48 hours. GW 9662 was able to 

totally abolish the induction of 197-SSAT-luc by sulindac sulfone but could only partially 

do it for the Full-SSAT-luc (Figure 22B). These data suggest that sulindac sulfone 

induces SSAT transcription by activation of PPARy which then binds to the PPRE-2. 
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Figure 22: Sulindac sulfone induction of SSAT requires PPARy acting on PPRE-2: 
(A) Caco-2 cells were transfected with the 48ppre-SSAT-luc or A48ppre-SSAT-luc or 
197-SSAT-luc reporter constructs and treated for 48 hours with either vehicle (open bar) 
or 300|u,M sulindac sulfone (black bar). (B) Caco-2 cells were transfected with the 197-
SSAT-luc or Full-SSAT-luc reporter constructs and treated for 48 hours with either 
vehicle (open bar) or 300|j.M sulindac sulfone (black bar) or sulindac sulfone and GW 
9662 (grey bars). Normalized luciferase activities are shown as mean +/- SD (n=3) and 
are expressed as fold inductions relative to the activity in the presence of vehicle alone. 
*P<0.05 
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Activated K-ras suppresses SSAT expression in Caco-2 cells: 

Sulindac sulfone is a chemopreventive drug, which induces SSAT and decreases 

polyamines in colon cancer cells. Colon cancer arises due a series of mutations in genes 

like APC and k-ras. K-ras is mutated in half of the human adenomas and is required for 

increased invasive phenotype. It has been shown that activated K-ras induces COX-2 in 

colon cancer cells. To determine whether an activated K-ras, has any affect on the SSAT 

RNA expression, Caco-2 cells and Caco-2 cells which have been stably transfected by an 

activated YJc-ras and are grown under selection, were used. The activated K-ras Caco-2 

clones are tumorigenie in the nude mice and have higher expression of COX-2 (Taylor, 

Lawson et al. 2000). Northern analysis was done to determine the expression of SSAT 

RNA in these cells after 24 and 48 hours of being in culture. As shown in Figure 23A, 

Cdico-2-kras clones have reduced expression of SSAT RNA after 24 and 48 hours in 

culture. I looked at other Caco-2-kras clones and observed the same results. 

Next, to see whether this effect on SSAT RNA is due to the suppression of the 

SSAT promoter activity, transient transfection experiments using 197-SSAT-luc and 

Full-SSAT-luc promoters were done in both of these cell lines. Transfected Caco-2 and 

CsLCO-l-kras cells were then grown for 48 hours and then lysed and luciferase activity 

measures. As shown in Figure 23B, activated K-ras suppressed the both the Full-SSAT 

promoter and the 197-SSAT-luc promoter in the Caco-2 cells. 
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Figure 23: Activated K-ras suppresses SSAT expression in Caco-2 cells: (A) Caco-2 
or Caco-2-kra5 cells were grown overnight and their total RNA was analyzed for SSAT 
and GAP expression. Fold induction was calculated by dividing normalized sample 
values to the control. The result is an average from 3 different experiments. (B) Caco-2 
and Caco-2-kras cells were transfected with the 197-SSAT-luc or Full-SSAT-luc reporter 
constructs for 48 hours. Cells were then lyzed and luciferase activities measured. 
Normalized luciferase activities are shown as mean +/- SD (n=3) and are expressed as 
fold inductions relative to the activity in the Caco-2 cells. 
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Effect of sulfone on SSAT expression in the presence of activated K-ras: 

It has been shown that people who take sulindac develop sulindac resistant 

adenomas (Giardiello, Hamilton et al. 1993). Based on this and other observations, the 

effect of sulindac sulfone on the induction of SSAT expression, which is normally 

suppressed in the presence of an activated K-ras, was studied. Ca.co-2-kras cells were 

treated with 600|j,M sulindac sulfone for 48 hours. It was found that not only sulindac 

sulfone was able to abolish the suppressive effects of an activated K-ras but was also able 

to induce SSAT RNA expression to nearly the same levels as in Caco-2 cells without an 

activated K-ras gene (Figure 24A). 

Next, to see whether sulindac sulfone is acting at the level of transcription to 

abolish the actions of activated K-ras on SSAT promoter, transient transfection 

experiments with the 197-SSAT-luc and the Full-SSAT-luc plasmids, were done in the 

two cell lines. Transfected Caco-2-kras cells were then treated with 600|iM sulindac 

sulfone for 48 hours. It was observed that sulindac sulfone was able to abolish the 

suppressive effects of the activated on the SSAT promoter (Figure 24B) 
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Figure 24: Sulindac sulfone induces SSAT in the presence of an activated K-ras in 
Caco-2 cells: (A) Caco-2 (open bars) and Caco-2-kras (black bars) cells were grown 
overnight and then treated with 600|aM sulindac sulfone for 48 hours. Their total RNA 
was analyzed and fold induction was calculated. The result is an average from 3 different 
experiments. (B) Caco-2 (open bars) and Caco-2-kras (black bars) cells were transfected 
with the 197-SSAT-luc or Full-SSAT-luc reporter constructs and then treated with 
sulindac sulfone for 48 hours. Cells were then lyzed and luciferase activities measured. 
Normalized luciferase activities are shown as mean +/- SD (n=3) and are expressed as 
fold inductions relative to the activity in the Caco-2 cells. 
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SUMMARY 

The peroxisome proUferator-activated receptors (PPARs) are nuclear hormone 

receptors which have been shown to play an important role in colon cancer (Sarraf, 

Mueller et al. 1998; He, Chan et al. 1999; Sarraf, Mueller et al. 1999; Park, Vogelstein et 

al. 2001). Sulindac and its metabolites have been shown to act as ligands for PPARy and 

PPAR in the colon cancer cells. Further PPARy is though to act as a tumor suppressor 

(Brockman, Gupta et al. 1998; Sarraf, Mueller et al. 1998; Sarraf, Mueller et al. 1999) 

while PPARS is thought to act as an oncogene in the colon cancer (He, Chan et al. 1999; 

Park, Vogelstein et al. 2001). One of the genes which is mutated 50% in adenomas is an 

oncogene k-ra^'. Activated K-ra^' can activate many signaling pathways, the most 

common being the MAPKs like ERK and JNK. Further, it has been shown that ERK can 

lead to the phosphorylation of PPARy (Hu and Speigleman 1996; Adams and Chatterjee 

1997) leading to its activity inhibition. 

Sulindac sulfone induces SSAT expression in the Caco-2 cells as discussed in 

Chapter 3. Since sulindac sulfone is working by a COX inhibitory independent 

mechanism, I was interested in understanding the transcriptional regulation of SSAT by it 

in the colon cancer cell line. SSAT is a rate limiting catabolic enzyme in polyamine 

metabolism. Transient transfection experiments were done using various SSAT deletion 

promoter constructs in the Caco-2 cell to map the sulindac sulfone responsive elements in 

the SSAT promoter. The transfected cells were treated with 300)LIM sulindac sulfone for 

48 hours. It was found that the sulindac sulfone responsiveness was retained in the 
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48ppre-SSAT-luc plasmid which has only O.lkb of the SSAT promoter. Sulindac sulfone 

induced all the plasmids, but the Full-SSAT-luc, by the same amount thereby indicating a 

presence of a sulindac responsive element in the O.lkb of SSAT sequence which is 

cloned in the 48ppre-SSAT-luc. There was more fold induction in the Full-SSAT-luc 

indicating a presence of a second responsive element in the SSAT promoter sequence 

present only in the Full-SSAT-luc plasmid. Based on this result, I did a TESS 

(transcription element search system) analysis to find any putative transcription factor 

binding sites in the SSAT promoter. Many putative transcription factor binding sites for 

AP-1, Sp-1, C/EBPP, NFKB and PPAR transcription factors were found in the SSAT 

promoter. 

Based on the knowledge of interactions between sulindac sulfone and PPARs, the 

role of PPARs in sulindac sulfone's induction of SSAT expression in Caco-2 cells was 

hypothesized. It was found that all the PPARs and its heterodimerization partner, RXRa 

are expressed in the Caco-2 cells. Further, these PPARs are functional in this cell line 

since they could be activated by respective ligands, which can then activate the PPRE3-

Luc reporter promoter. The first question I asked is whether activating PPARs has any 

effects on the SSAT expression. Northern analysis showed that PPARy and PPAR6 

activators were able to induce the SSAT RNA in these cells. 

TESS analysis identified two putative PPREs in the SSAT promoter. PPRE-1 is at 

-323 while PPRE-2 is at +48 bases respective to the transcription start site. PPRE-1 is 

present in promoter 358-SSAT-luc and above only. I wanted to see whether these PPREs 

are able to bind to the PPARs in vivo and to determine were these PPREs involved in the 



124 

regulation of SSAT by sulindac sulfone. Triple transient transfection experiments using 

the expression plasmids for PPARs and RXRs along with the SSAT reporter promoter 

constructs showed that PPRE-2 is induced specifically by the PPARy activators, while 

PPRE-1 is induced by both PPARy and PPARS activators. The PPAR proteins in the 

absence of their activators were not able to induce the SSAT promoters. PPARa was not 

able to induce any of the SSAT promoters in the presence of its activator, but PPARa 

alone was able to induce the Full-SSAT-luc. Since PPARs are receptors, EMSAa were 

done to see whether PPAR proteins are able to bind to these PPREs from the SSAT 

promoter. EMSAs showed that RXRa is required for the binding of PPARs to these 

PPREs. Further, PPRE-2 was bound only by thr PPARy-RXRa heterodimer, while 

PPRE-1 was bound by all the PPAR complexes. Supershift and competition analysis 

using the Caco-2 nuclear extract showed that the PPRE-2 is bound by PPARs in vivo. 

Untill now, it has been shown that SSAT promoter has PPREs which can be 

bound by PPARs. Further, PPAR activators can induce SSAT expression in Caco-2 cells. 

Next, to see whether sulindac sulfone can activate PPARs in the Caco-2 cells, transient 

transfection experiments were done which showed that sulfone is able to induce the 

PPRE3-LUC promoter in the Caco-2 cells. Sulindac sulfone is working specifically by 

activating PPARy in the Caco-2 cells to induce SSAT. This is supported by two pieces of 

evidence-first, deletion of PPRE-2 led to the abolishing of the induction of 48ppre-SSAT-

Luc promoter by sulindac sulfone and secondly, GW9662, a PPARy antagonist, is able to 

block the induction of SSAT promoters by sulindac sulfone in the Caco-2 cells. Further, 

two pieces of evidence indicate that activated PPARy, by binding to the PPRE-2, is 
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required for the induction of SSAT by sulindac sulfone in Caco-2 cells, but that this is not 

the only mechanism why which sulindac sulfone can induce SSAT in these cells. Firstly, 

sulindac sulfone led to a greater fold induction in the Full-SSAT-luc promoter than in 

other smaller SSAT sequence constructs and secondly, GW9662 was able to totally 

abolish the induction of 197-SSAT-luc promoter by sulindac sulfone, but only partially 

abolish the induction of Full-SSAT-luc activity by sulindac sulfone. 

As described before, activated K-ra^ is thought to be involved in the development 

of sulindac resistance and has been shown to phosphorylate PPARy and inhibit its 

activity. Based on this, I wanted to see whether activated K-ra^' has any effect on the 

induction of SSAT by sulindac sulfone. It was found that activated K-ra^ suppressed the 

SSAT expression in the Caco-2 cells, which seems to be at the transcriptional level. 

Further, sulindac sulfone was still able to induce the SSAT in the presence of an activated 

K-ra^ suggesting that sulindac sulfone is able to induce SSAT in an activated k^-ras 

independent manner. 



126 

CHAPTER 5 

POLYAMINES ARE PARTIALLY INVOLVED IN SULINDAC SULFONE 

INDUCED APOPTOSIS 

INTRODUCTION 

Polyamines are ubiquitous, polycationic amines that can bind to negatively 

charged molecules such as nucleic acids, acidic proteins, and membranes (Williams-

Ashman and Canellakis 1979). There is a strong association between high levels of 

polyamines and rapid proliferation. In both rodent and human neoplastic cells and tissues, 

polyamine contents are often elevated when compared to normal cells and tissues 

(Meyskens and Gemer 1999). Polyamine metabolism is an integral component of the 

mechanism of carcinogenesis in epithelial tissues. Increases in the levels of these 

polycations are generally associated with cell proliferation and cell transformation 

induced by growth factors, carcinogens, viruses or oncogenes. The level of expression of 

all the regulatory genes of polyamine metabolism is significantly higher in neoplastic 

tissue than in the benign counterpart from the same human cancer. It has been shown that 

all the regulatory proteins of polyamine metabolism undergo co-ordinate changes during 

cell cycle progression in synchronized normal human fibroblasts (Bettuzzi, Davalli et al. 

1999). This co-ordinate pattern of expression leads to cyclical phases of depletion and 

accumulation of the intracellular polyamines during the different phases of cell cycle. 
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Although contrasting, cell death and cell proliferation appear to be linked. Indeed, 

during oncogenic transformation, increased cell death is observed. One of the possible 

connections between cell proliferation and cell death involves the polyamines. Putrescine, 

spermidine and spermine are more usually associated with cell growth, but excessively 

elevated levels of polyamines may be the cause of cell death (Mitchell, Diveley et al. 

1992). More recently, it has been shown that the deregulated accumulation of polyamines 

is associated with the induction of apoptosis (Poulin, Pelletier et al. 1995; Xie, Tome et 

al. 1997). High cellular polyamine levels could therefore increase the sensitivity of 

tumour cells to therapeutic treatments inducing apoptosis. Lower levels of polyamines 

may also promote apoptosis for the reasons that depletion of polyamines can lead to cell 

cycle arrest or apoptosis by affecting the p53/p21/Rb cell cycle regulatory pathway, 

secondly, depletion of polyamine levels might induce destabilization of important cell 

structures, leading to loss of cell integrity and finally inducing cell death. (Scorcioni, 

Corti et al. 2001) and thirdly, spermine deficiency has been shown to dramatically 

increase caspase activity and cell death in spermine synthase deficient cells exposed to 

UV irradiation (Stefanelli, Pignatti et al. 2001). Not surprisingly therefore, inhibition of 

polyamine synthesis can both protect or sensitize cells exposed to death stimuli (Das, Rao 

et al. 1997; Monti, Ghiaroni et al. 1998; Penning, Schipper et al. 1998), depending on the 

cell type and the particular stimulus, suggesting a complex interaction between 

polyamines, cell growth and cell death. 
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RESULTS 

Sulindac sulfone inhibits cell growth and induces cell death in Caco-2 cells 

NSAIDs, like sulindac sulfone, have been shown to either inhibit cell proliferation 

or induce apoptosis in colon cancer cells. To determine whether sulindac sulfone, at 

doses which are relevant to the concentrations achievable in vivo, are having any 

phenotypical effects on Caco-2 cells, cell counting using a hemocytometer were done. 

Caco-2 cells were plated at a density of half a million cells per plate and grown 

overnight. They were then treated with various sulindac sulfone concentrations ranging 

from 50|j,M to 600nM. The cells were counted at days 0, 1, 2, 4 and 6 after adding the 

drug. Sulindac sulfone at concentrations of 50|Lim and above was found to have a 

statistically significant effect on the inhibition of cell proliferation of Caco-2 cells after 6 

days (Figure 25A). 

Next, to determine whether sulindac sulfone is having any effect on the cell death, 

trypan blue cell staining was done in the Caco-2 cells. This dye stains for any dead or 

dying cells. Caco-2 cells were plated at a density of half a million cells per plate and 

grown overnight and then treated with various sulindac sulfone concentrations ranging 

from 50|aM to 600|iM. The cells were counted at days 0, 1, 2, 4 and 6 after adding the 

drug. Sulindac sulfone at concentrations of ISOj^M and above was found to have 

significant effect on inducing cell death (Figure 25B). 
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Figure 25: Sulindac sulfone inhibits cell proliferation and induces cell death in 
Caco-2 cells: (A) Cells were grown overnight and then treated with vehicle (DMSO), and 
different concentrations of sulindac sulfone. Cells were harvested after 1, 2, 4 and 6 days 
of adding the drug (day 0) and counted. Total cells were plotted as a function of day. (B) 
Cells were grown overnight and then treated with vehicle and different concentrations of 
sulindac sulfone. Cells were harvested after 1, 2, 4 and 6 days of adding the drug (day 0) 
and counted. Surviving fraction is 1-(fraction of cells which are dead). Fraction of cells 
that are dead is number of blue stained cells/total number of cells. Each point is an 
average of 3 independent experiments. * P<0.05 



Cell death caused by sulindac sulfone could be due to necrosis or apoptosis. To 

test whether the cell death caused by sulindac sulfone is due to apoptosis, changes in the 

position of phosphatidylserine in the cell membrane were detected using an Annexin V 

kit. Caco-2 cells were treated with various sulindac sulfone concentrations ranging from 

50|iiM to 600)aM for 0, 2, 4 and 6 days. It was found that sulindac sulfone at 

concentrations of 150)aM and above lead to a significant apoptosis in the Caco-2 cells 

(Figure 25C). 

The effects of sulindac sulfone on cell proliferation and cell death were more 

pronounced after 2 days of in culture, which is the time when sulindac sulfone led to a 

peak in the SSAT expression in the Caco-2 cells (Figure 8). This result suggested that 

sulindac sulfone might be working via polyamines to lead to its chemporeventive effects 

on the Caco-2 cell proliferation and cell death. 
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(C) Cells were treated with vehicle (DMSO) or different concentrations of sulindac 
sulfone. Cells were harvested after 1, 2, 3, 4 and 6 days of adding the drug (day 0). Cells 
were assayed for apoptosis as described in materials and methods. The percentage of cells 
alive was calculated and plotted as a function of time. 
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Sulindac sulfone induced cell death of Caco-2 cells can be rescued by exogenous 

putrescine 

Based on the previous observations that sulindac sulfone induces SSAT, 

decreases intracellular polyamines, inhibits cell proliferation and induces cell death in 

Caco-2 cells, it was hypothesized that sulindac sulfone is acting via a polyamine 

dependent mechanism to exert its effects on cell growth or apoptosis or both in colon 

cancer cells. 

In order to test this hypothesis, Caco-2 cells were treated with sulindac sulfone in 

the presence of exogenous putrescine to increase intracellular polyamine levels. As 

shown in Figure 26A, ImM putrescine was not only able to replenish the intracellular 

polyamines in these cells, as detected by HPLC but was also able to elevate all the three 

major polyamines, putrescine, spermine and spermidine in the combined treated (sulindac 

sulfone + putrescine) cells as compared to the sulindac sulfone only treated cells after 4 

days in culture. Further, it was observed that exogenous putrescine, which increased 

intracellular polyamine pools, was not able to prevent the inhibition of Caco-2 cell 

growth caused by 600fiM sulindac sulfone in a span of 6 days (Figure 26B). However, 

ImM putrescine was able to prevent cell death caused by 600|j.M sulindac sulfone by 

around 50% in a span of 6 days (Figure 26C). To test whether the cell death caused by 

sulindac sulfone is due to apoptosis, changes in the position of phosphatidylserine in the 

cell membrane were detected using an Annexin V kit. It was observed that after 6 days, 
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sulindac sulfone induced cell death is due to apoptosis and putrescine is able to prevent 

the apoptosis caused by sulindac sulfone by around 50% (Figure 26D). 
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Figure 26: Sulindac sulfone induced cell death of Caco-2 cells can be rescued by 
exogenous putrescine: (A) Cells were treated with the vehicle, sulfone, ImM putrescine, 
or sulfone + putrescine for 4 days. Putrescine (grey bars), spermidine (open bars) and 
spermine (black bars) levels were determined by HPLC after 4 days of treatment. 
Polyamine levels were normalized to the protein in the samples. The result is an average 
from 3 different experiments. (B) Cells were treated with vehicle or sulindac sulfone or 
ImM putrescine or sulindac sulfone + putrescine. Cells were harvested after 1, 2, 4 and 6 
days of adding the drug (day 0) and counted. Total cells were plotted as a function of day. 
Each point is an average of 3 independent experiments.* P<0.05. 
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(C) Cells were treated with vehicle or sulindac sulfone or putrescine or sulindac sulfone + 
putrescine. Cells were harvested after 1, 2, 4 and 6 days of adding the drug and counted 
as described in materials and methods. Surviving fraction is 1-(fraction of cells which are 
dead). Fraction of cells which are dead is number of blue cells/total number of cells. (D) 
Cells were treated with vehicle or sulindac sulfone or putrescine or sulindac sulfone + 
putrescine. Cells were harvested after 1, 2, 4 and 6 days of adding the drug (day 0). Cells 
were assayed for apoptosis as described in materials and methods. The percentage of cells 
alive was calculated and plotted as a function of time. *p<0.05 
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Based on the results that ImM putrescine was able to partially recue the apoptosis caused 

by sulindac sulfone in Caco-2 cells, but was not able to rescue the growth inhibitory 

effects, 2 more putrescine concentrations - one lower (100|a,M) and the other higher 

(lOmM) than the concentration used before (ImM) was used and their effects studied on 

cell growth and cell death in the presence of sulindac sulfone. As shown in Figure 27A, 

putrescine at both lOO^M and lOmM were not able to rescue the growth inhibitory 

effects of sulindac sulfone in Caco-2 cells when added along with sulindac sulfone for 6 

days in culture. However, 100|^M putrescine, but not lOmM putrescine, was able to 

partially rescue the cell death caused by sulindac sulfone by day 6 in Caco-2 cells (Figure 

27B). Putrescine at lOmM alone was toxic to the cells and led to cell growth inhibition 

and increased cell death. 
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Figure 27: Effect of 100|j,M and lOmM putrescine on cell growth and cell death of 
Caco-2 cells: (A) Cells were treated with vehicle or sulindac sulfone or different 
[putrescine] or sulindac sulfone + [putrescine]. Cells were harvested after 1, 2, 4 and 6 
days of adding the drug (day 0) and counted. Total cells were plotted as a function of day. 
Each point is an average of 3 independent experiments. (B) Cells were treated with 
vehicle or sulindac sulfone or different [putrescine] or sulindac sulfone + [putrescine]. 
Cells were harvested after 1, 2, 4 and 6 days of adding the drug and counted as described 
in materials and methods. Surviving fraction is 1-(fraction of cells which are dead). 
Fraction of cells which are dead is number of blue cells/total number of cells. 
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Sulindac sulfone induced cell death of Caco-2 cells can be rescued by exogenous 

spermidine and spermine 

There are three major polyamines in the cell, namely putrescine, spermidine and 

spermine. Initially, putrescine was used since it is the first amine which is required for the 

synthesis of the other two polyamines, spermidine and spermine, in the cells. Based on 

the effects of putrescine on sulindac sulfone induced cell death, the effects of spermidine 

or spermine were determined on sulindac sulfone's action in Caco-2 cells. Caco-2 cells 

were treated with either lOfiM spermidine or 10|a,M spermine along with 600)a,M sulindac 

sulfone and total number of cells counted using the hemacytometer after 0, 1, 3 and 6 

days. Since spermidine and spermine can be toxic to the cell due to their catabolism by 

serum amine oxidases, ImM aminoguanide was added along with the polyamines in the 

cell. Aminoguanide is an inhibitor for the serum amine oxidases and thereby prevents the 

formation of H2O2 from the catabolism of spermidine and spermine in the cells. As 

shown in Figure 28A and Figure 28B, 10)4,M spermidine and spermine was not able to 

rescue any growth inhibitory affects of sulindac sulfone in the Caco-2 cells. However, as 

shown in Figure 28C and Figure 28D, both lOjiM spermidine and 10|j.M spermine were 

able to partially rescue the cell death caused by sulindac sulfone in the Caco-2 cells. 

Next, it was found that higher concentrations (ImM) of both spermidine or spermine, 

were toxic to the cells and after day 4, there were no cells in the polyamine alone 

treatments (Figure 29). 
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Figure 28: 10|j,M spermidine and spermine does not rescue Caco-2 growth inhibition 
by sulindac sulfone: (A) Cells were treated with vehicle or sulindac sulfone or 
spermidine or sulindac sulfone + spermidine + aminoguanide. Cells were harvested after 
1, 3 and 6 days of adding the drug (day 0) and counted. Total cells were plotted as a 
function of day. (B) Cells were treated with vehicle or sulindac sulfone or spermine or 
sulindac sulfone + spermine + aminoguanide. Cells were harvested after 1, 3 and 6 days 
of adding the drug (day 0) and counted. Total cells were plotted as a function of day. 
Each point is an average of 3 independent experiments. 
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(C) Cells were treated with vehicle or sulindac sulfone or spermidine or sulindac sulfone 
+ spermidine + aminoguanidine. Cells were harvested after 1, 3 and 6 days of adding the 
drug and counted as described in materials and methods. (D) Cells were treated with 
vehicle or sulindac sulfone or spermine or sulindac sulfone + spermine + 
aminoguanidine. Cells were harvested after 1, 3 and 6 days of adding the drug and 
counted as described in materials and methods. Surviving fraction is 1-(fraction of cells 
which are dead). Fraction of cells which are dead is number of blue cells/total number of 
cells. 
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Figure 29: ImM spermidine and spermine does not rescue Caco-2 growtli inliibition 
by sulindac sulfone: (A) Cells were treated with vehicle or sulindac sulfone or 
spermidine + aminoguanidine or sulindac sulfone + spermidine + aminoguanide. Cells 
were harvested after 1, 3 and 6 days of adding the drug (day 0) and counted. Total cells 
were plotted as a function of day. (B) Cells were treated with vehicle or sulindac sulfone 
or spermine + aminoguanidine or sulindac sulfone + spermine + aminoguanide. Cells 
were harvested after 1, 2 and 4 days of adding the drug (day 0) and counted. Total cells 
were plotted as a function of day. 
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Sulindac sulfone leads to decreased cell death in the presence of activated K-ras 

Sulindac causes the reduction of adenomas in familial adenomatous polyposis 

(FAP) patients, but complete regression is unusual. It has been found that certain patients 

develop sulindac resistant adenomas during their treatment for colon cancer. Molecular 

studies of these sulindac resistant adenomas have shown that they have less loss of 

membranous B-catenin, less nuclear accumulation of 13-catenin, and less epithelial COX-2 

Further, all of the sulindac resistant adenomas have mutations in the codon 12 of k-ras, 

which leads to its constitutive activation (Keller, Offerhaus et al. 2001). Therefore it is 

thought that activated K-ras contributes to the sulindac resistance. 

Based on this, 1 wanted to determine whether sulindac sulfone is having any 

different affects on Caco-2-kraj' cells which are expressing an activated K-ras protein. 

Caco-2 and Caco-2-kra5' cells were treated with 600|j,M sulindac sulfone or its vehicle 

and total number of cells counted using the hemocytometer after 0, 1, 3 and 6 days. 

600|aM sulindac sulfone led to growth inhibition in both the cell lines (Figure 30A) but 

sulindac sulfone led to a decreased cell death in K-ras expressing Caco-2 cells compared 

to the parental Caco-2 cells (Figure 3OB) suggesting that an activated K-ras is able to 

reduce the affects of sulindac sulfone on cell death. Next, it was found that 600^]VI 

sulindac sulfone led to decreased apoptosis in K-ras expressing Caco-2 cells as compared 

to the parental Caco-2 cells, as determined by Annexin V staining (Figure 30C and 

Figure 30D). 
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Figure 30: Effect of sulindac sulfone on cell growth and cell death in Csico-2-kras 
and Caco-2 cells: (A) Both cell lines were treated with vehicle or sulindac sulfone. Cells 
were harvested after 1, 3 and 6 days of adding the drug (day 0) and counted. Total cells 
were plotted as a function of day. (B) Cells were treated with vehicle or sulindac sulfone 
or putrescine or sulindac sulfone + putrescine. Cells were harvested after 1, 3 and 6 days 
of adding the drug and counted as described in materials and methods. Surviving fraction 
is 1 "(fraction of cells which are dead). Fraction of cells which are dead is number of blue 
cells/total number of cells. 
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(C) Both Caco-2 and Caco-2-krfl^' cells were treated with vehicle or sulindac sulfone. 
Cells were harvested after 1, 3 and 6 days of adding the drug (day 0). Cells were assayed 
for apoptosis as described in materials and methods. The percentage of cells alive was 
calculated and plotted as a function of time. (D) Both Caco-2 and Caco-2-kra>s' cells were 
treated with vehicle or sulindac sulfone. Cells were harvested after 1, 3 and 6 days of 
adding the drug (day 0). Cells were assayed for apoptosis as described in materials and 
methods. The percentage of cells dead (100-percentage of cells alive) was calculated and 
plotted as a function of time. 
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SUMMARY 

In this chapter, the effects of sulindac sulfone were studied on Caco-2 cell 

dynamics, namely cell growth and cell death. Sulindac sulfone led to both growth 

inhibition and induction of apoptosis in Caco-2 cells. The cell death caused by sulindac 

sulfone can be rescued by exogenous polyamines-putrescine, spermidine and spermine, 

when added to replenish the intracellular polyamine pools. This chapter also shows that 

sulindac sulfone can lead to cell growth inhibition in the presence of an activated K-ra^, 

but is not able to have the same effect on cell death as compared to in the activated Y^-ras 

absence. This could suggest a possible role of an activated IL-ras in sulindac resistance. 

The natural polyamines (putrescine, spermidine and spermine) are ubiquitous low 

molecular aliphatic amines that play multifunctional roles in cell growth and 

differentiation (Meyskens and Gemer 1995). Recently, evidence has emerging that 

polyamines are actively involved in cell death (Li, Rao et al. 2001; Scorcioni, Corti et al. 

2001). Furthermore, polyamine analogs and polyamine inhibitors of the polyamine 

anabolic/catabolic pathways modulate processes of cell death in a cell type specific way. 

Much ambiguity exists in the working mechanisms by which polyamines mediate 

apoptosis since they have been shown to act as promoting, modulating or protective 

agents in apoptosis. Nevertheless, polyamines are critically involved in cellular survival 

which makes them suitable targets for therapeutic intervention that is specifically directed 

to cell death pathways. 

NSAIDs exert their anti-cancer effects by several different mechanisms, including 

the inhibition of cyclooxygenase enzyme activity and promotion of apoptosis. Until now. 
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several mechanisms have been reported for anti-neoplastic effects of sulindac. Sulindac 

inhibits cell division, alters the cell cycle distribution, and induces apoptosis in cultured 

colon cancer cells (Shiff, Qiao et al. 1995; Goldberg, Nassif et al. 1996). In experimental 

studies sulindac induces apoptosis (Rice, Goldberg et al. 2001) and inhibits angiogenesis 

(Chan, Morin et al. 1998). The biochemical mechanisms involved in apoptosis by 

sulindac are complex. Sulindac has been shown to induce apoptosis by p53 and bcl-2 

independent mechanisms (Piazza, Rahm et al. 1997) or induce expression of Bak, which 

is a proapoptotic protein (Keller, Offerhaus et al. 2001); increased ceramide formation, 

which is a known mediator of apoptosis (Chan, Morin et al. 1998); and increase 

expression of TGPp. 

Based on the effects of sulindac on cell growth and cell death, I wanted to 

determine whether treatment with sulindac sulfone leads to an effect on the cell 

proliferation or cell death in the Caco-2 colon cancer cells. It has been shown that 

polyamines are able to reverse the toxicity or cell death induced by NSAIDs like 

sulindac, aspirin and naproxen in colon cancer cells (Hughes, Smith et al. 2003). Caco-2 

cells were treated with different concentrations of sulindac sulfone ranging from 50|uM to 

600fa,M and their effects on cell growth and cell death determined. It was found that 

sulindac sulfone, like a chemopreventive agent, led to a cell growth inhibition and cell 

death induction in a concentration dependent manner. Cell death could be either due to 

necrosis or programmed cell death (apoptosis). It was observed by Annexin V assay that 

increased cell death by sulindac sulfone is due to apoptosis in this cell line. 



147 

Based on the involvements of both sulindac and polyamines in the cell growth 

and cell death pathways, I wanted to determine whether the induction of SSAT, which 

leads to decreased polyamines by sulindac sulfone, is having any effects on Caco-2 cell 

dynamics. ImM putrescine was added exogenously along with the sulindac sulfone and 

then their effects determined on cell growth and cell death. ImM putrescine was able to 

replenish the decreased intracellular polyamine pools as confirmed by the HPLC. It was 

observed that ImM putrescine had no effect on the growth inhibition caused by sulindac 

sulfone, but was able to partially rescue the cell death and apoptosis caused by sulindac 

sulfone. Putrescine was used for replenishing the polyamine pools because it is the 

substrate for the synthesis of spermidine and spermine. Two concentrations of putrescine 

were used to see whether they can rescue the growth inhibition caused by sulindac 

sulfone. As seen with ImM putrescine, 100)a.M putrescine could not rescue the cell 

growth inhibition but was able to partially rescue the cell death caused by sulindac 

sulfone. lOmM putrescine was toxic to the cells as it led to some growth inhibition and 

increased cell death when treated alone. 

Since the substrates for the SSAT are the spermidine and spermine, I wanted to 

determine whether these polyaimes could rescue any of the inhibitory affects of sulindac 

sulfone in the Caco-2 cells. 10)j.M spermidine and spermine were able to partially rescue 

the cell death caused by sulindac sulfone, but 10|a,M spermine led to some growth 

inhibition when treated alone. This could be due to increased catabolism of spermine by 

the polyamine oxidases leading to the production of H2O2 and hence more cell death. 

lOmM spermidine and spermine, on the other hand, were found to be too toxic for the 
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cells, even in the presence of 100|aM aminoguanide, which inhibits cellular polyamine 

oxidase. 

Lastly, as shown in Chapter 4, activated K-ras suppressed SSAT while sulindac 

sulfone is able to induce SSAT in the presence of an activated K-ras. I wanted to 

determine whether sulindac sulfone is able to have the same effects on cell dynamics in 

the presence of an activated K-ras. K-ras has been shown to increase the invasiveness of 

the cells and the Caco-2 cells expressing activated K-ras, but not the parental Caco-2 

cells, can form tumors when injected in a SCID mice (Taylor, Lawson et al. 2000). It was 

observed that sulindac sulfone was able to inhibit the cell growth independent of 

activated K-ras. Further, activated K-ra^' partially abolished the effects of sulindac 

sulfone on cell death and apoptosis indicating that activated K-ras might lead to sulindac 

resistance, as has been observed in sulindac resistant tumors from patients (Keller, 

Offerhaus et al. 2001) 



149 

CHAPTER 6 

EFFECT OF NSAIDS ON SPERMIDINE/SPERMINE N' ACETYL 

TRANSFERASE IN COLON CANCER CELLS 

INTRODUCTION 

Nonsteroidal anti-inflammatory drugs (NSAIDs) inhibit colon cancer and have an 

established usefulness in cancer prevention. The polyamines, putrescine, spermidine and 

spermine, are abundant polycations in eukaryotic cells, which are often elevated in 

neoplastic cells when compared to normal cells and tissues (Pegg 1988). The polyamine 

levels are tightly regulated by the biosynthetic enzyme, GDC and the catabolic enzyme, 

SSAT in cells. High level of polyamines lead to rapid proliferation (Meyskens and 

Gemer 1995) while lower levels of polyamines have been shown to promote apoptosis 

(Li, Rao et al. 2001; Scorcioni, Corti et al. 2001) and inhibit cell growth (Vujcic, 

Halmekyto et al. 2000). Because of the effects of the polyamines on apoptosis and 

proliferation, regulation of the expression of these enzymes has been an area of intense 

research (Celano, Berchtold et al. 1989; Wang, Xiao et al. 1998; Wang, Devereux et al. 

1999; Milovic, Stein et al. 2000; Farriol, Segovia-Silvestre et al. 2001; Wang, Devereux 

etal. 2001). 

NSAIDs, like piroxicam, aspirin and indomethacin have been shown to exert their 

chemopreventive actions by affecting the polyamine metabolism in colorectal cancer 
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(Carbone, Douglas et al. 1998; Turchanowa, Dauletbaev et al. 2001; Martinez, O'Brien et 

al. 2003). It has been shown that indomethacin impaired growth of human colon cancer 

cells (Caco-2 and HCT-116). Treatment with indomethacin induced intracellular 

acetyltrasferase activity (SSAT) and enhanced polyamine acetylation and efflux from 

colon cancer cells. Impairment of cell growth by indomethacin could not be reversed by 

exogenous polyamines. Further, it was recently shown that the toxicity induced by 

sulindac, aspirin and naproxen can be prevented by polyamines, suggesting an integral 

role of polyamines in the NSAID's chemopreventive action (Hughes, Smith et al. 2003). 

Based on the data that polyamines are essential for neoplastic cell growth, some 

of the NSAIDs reduce intracellular polyamines and that sulindac sulfone induces SSAT 

in the Caco-2 colon cancer cells, I wanted to determine whether other NSAIDs have any 

effect on the SSAT expression in these cells. 
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RESULTS 

Regulation of SSAT expression by various NSAIDs in Caco-2 cells 

The mechanism of action that defines NSAIDs as a class is their ability to inhibit 

the COX activity of the enzyme prostaglandin G/H synthase (or COX) and thereby block 

the biosynthesis of prostaglandins (Vane, Flower et al. 1990). NSAIDs structurally 

consist of an acidic moiety (carboxylic acid, enols) attached to a planar, aromatic 

functionality. Some analgesics also contain a polar linking group, which attaches the 

planar moiety to an additional lipophilic group. The acidic group in these compounds 

serves a major binding group (ionic binding) with plasma proteins. Thus all NSAIDs are 

highly bound by plasma proteins. The NSAIDs can be sub-classified on the basis of 

chemcical structure as shown in Figure 2a. 

Based on the effect of sulindac sulfone on SSAT expression in Caco-2 cells and 

the effects of other NSAIDs on polyamine metabolism, I looked at the effects of different 

NSAIDs on SSAT expression in Caco-2 cells. The NSAIDs used were sspirin 

(Acetylsalicylate), ibuprofen, indomethacin, piroxicam, sulindac, sulindac sulfide and 

celecoxib. All of these NSAIDs were representative of atleast one of the 5 groups of 

NSAIDs (Figure 2). For initial experiments, concentrations of NSAIDs were used which 

have been used before in literature. For aspirin and ibuprofen, concentrations ranging 

fi"om 100|aM to ImM, for piroxicam, concentrations ranging from 300|liM to 900|aM and 

for Indomethacin, concentrations ranging from 100|LiM to 600|J,M were used. SSAT 

mRNA expression was studied in the Caco-2 cells after treating them with different 
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NSAIDs for 48 hours or for 72 hours, as for indomethacin at 600|J,M. As shown in 

Figure 31 A, not all NSAIDs were able to induce SSAT mRNA in the Caco-2 cells. But 

some NSAIDs like, aspirin at 500|aM, ibuprofen at 500|aM and ImM, sulindac at 400|jM 

and indomethacin at 600|iM were able to induce SSATm RNA in the Caco-2 cells. 

Based on this effect of different NSAIDs on mRNA, the effects of these NSAIDs 

on the SSAT promoter were studied. Transient transfections were done with the Full-

SSAT-luc promoter along with the P-gal plasmid in the Caco-2 cells. The transfected 

cells were then treated with a same array of NSAIDs at indicated concentrations or their 

vehicle for 48 hours. As expected and shown in Figure 31B and Figure 31C, the NSAIDs, 

which induced SSAT mRNA were also inducing the SSAT full length promoter in the 

Caco-2 cells. 
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Figure 31: Various NSAIDs induce SSAT Expression in Caco-2 cells: 
(A) Effect on SSAT mRNA: Caco-2 cells were treated with different concentrations of 
NSAIDs (all black bars) or their vehicle (V, open bar) for 48 hours or 72 hours (Indo 
0.6mM), harvested and total RNA extracted as described in the materials and methods. 
SSAT expression was normalized to the GAPDH expression in these treatments. Fold 
induction was calculated by dividing normalized values of the sample to the control. The 
result is an average from 3 different experiments. * P<0.05. ASA-Acetyl Salicylic acid, 
Ibu-Ibuprofen, Sul-Sulindac, So-Sulindac sulfone, Pirox-Piroxicam, Indo-Indomethacin 
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(B) Caco-2 cells were transfected with the Full-SSAT-luc reporter promoter construct 
and treated for 48 hours with either vehicle (V, open bar) or various NSAIDs at different 
concentrations. (C) Caco-2 cells were transfected with the Full-SSAT-luc reporter 
promoter construct and treated for 48 hours with either vehicle (V, open bar) or various 
NSAIDs at different concentrations. Relative light units (RLU) were calculated after 
normalizing to the protein and P-gal activities in the cell lysates. Fold induction was 
calculated after dividing the RLU of sample by RLU of vehicle. *P<0.05 
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Effect of various NSAIDs on SSAT mRNA in HCT-116 cells 

Since sulindac sulfone works by a COX independent manner to induce SSAT in 

the Caco-2 cells and NSAIDs are known the have COX independent actions, I wanted to 

see whether any of these NSAIDs can induce SSAT in a COX independent manner. For 

this, HCT-116 cells, which have no detectable COX-2 and have very low PGE2 levels 

(Figure 9), were used. Northern analysis for SSAT mRNA expression was done after 

treating with various NSAIDs at different concentrations. As shown in Figure 32A, some 

NSAIDs were able to induce SSAT mRNA in HCT-116 and some could not. Ibuprofen at 

100|iM, 500|j,M and ImM along with sulindac at 400|iM were able to induce SSAT RNA 

in HCT-116 cells, but the NSAIDs aspirin and indomethacin, which could induce SSAT 

in the Caco-2 cells, were not able to do that in HCT-116. This indicated that aspirin and 

indomethacin are working by a COX dependent mechanism to induce SSAT expression 

in Caco-2 cells. 

To study the effects of these NSAIDs on SSAT transcription, Full-SSAT-luc was 

transfected into the HCT-116 cells. Transfected cells were treated with different NSAIDs 

or their vehicle for 48 hours and luciferase activity measured. As shown in Figure 32B 

and Figure 32C, only NSAIDs, ibuprofen and sulindac, which induced SSAT mRNA, 

were able to induce the full length SSAT promoter in the HCT-116 cells. 
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Figure 32: Various NSAIDs induce SSAT Expression in HCT-116 cells: 
(A) Effect on SSAT mRNA: HCT-116 cells were treated with different concentrations of 
NSAIDs (all black bars) or their vehicle (V, open bar) for 48 hours, harvested and total 
RNA extracted as described in the materials and methods. SSAT expression was 
normalized to the GAPDH expression in these treatments. Fold induction was calculated 
by dividing normalized values of the sample to the control. The result is an average from 
3 different experiments. * P<0.05. ASA-Acetyl Salicylic acid, Ibu-Ibuprofen, Sul-
Sulindac, Si-Sulindac sulfide, Cel-Celecoxib, Indo-Indomethacin, Pirox-Piroxicam 
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(B) HCT-116 cells were transfected with the Full-SSAT-luc reporter promoter construct 
and treated for 48 hours with either vehicle (V, open bar) or various NSAIDs (all black 
bars) at different concentrations. (C) HCT-116 cells were transfected with the Full-
SSAT-luc reporter promoter construct and treated for 48 hours with either vehicle (V, 
open bar) or various NSAIDs (all black bars) at different concentrations. Relative light 
units (RLU) were calculated after normalizing to the protein and P-gal activities in the 
cell lysates. Fold induction was calculated after dividing the RLU of sample by RLU of 
vehicle. *P<0.05 
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Effect of various NSAIDs on PGE2 levels in Caco-2 cells 

NSAIDs are known to inhibit COX protein enzyme activity. Therefore, one of the 

most important COX dependent effects of NSAIDs could be the formation of 

prostaglandins from arachidonic acid, which can then act as signal mediators by acting as 

ligands to different receptors. One of the prostaglandins, PGE2 is of importance in the 

colon cancer. It has been shown that PGE2 is present in high quantities in colon polyps. 

Therefore, I wanted to determine the effects of different NSAIDs on the production of 

PGE2 in the Caco-2 cells. Concentrations of NSAIDs, which are either physiologically 

achievable or able to exert their chemopreventive actions, were used. Caco-2 cells were 

treated with different concentrations of various NSAIDs and total PGE2 estimated in the 

media after 48 hours of incubation using a PGE2 ELISA kit. It is known that aspirin is a 

potent inhibitor of both COX-1 and COX-2 while sulindac sulfone does not inhibit COX 

enzyme in the cells. As shown in Figure 33A and Figure 33B, aspirin reduced the PGE2 

levels while sulindac sulfone had no effect on the total PGE2 levels. On the contrary, 

sulindac sulfone was able to lead to slightly higher amounts of PGE2. Further celecoxib, a 

COX-2 selective inhibitor, lead to a reduction in PGE2 as did sulindac sulfide. Ibuprofen 

and piroxicam didn't reduce the PGE2 levels that dramatically, while indomethacin was 

able to reduce PGE2 level at higher a concentration (600nM) than at a lower 

concentration (100|a,M). This PGE2 levels is in accordance with the known effects of 

different NSAIDs on the COX protein 
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Figure 33: PGEi estimation in Caco-2 cells after treatment with NSAIDs: (A) Caco-2 
cells were plated in a 24 well plate and treated with various concentrations of NSAIDs 
(all black bars) or their vehicle (V, DMSO, white bar) for 48 hours. PGE2 was estimated 
using the PGE2 ELISA kit. (B) Caco-2 cells were plated in a 24 well plate and treated 
with various concentrations of NSAIDs (all black bars) or their vehicle (V, EtOH, white 
bar) for 48 hours. PGE2 was estimated using the PGE2 ELISA kit. 
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Aspirin induces SSAT expression and decreases polyamines in colon cancer cells 

Most of the in vitro research done using aspirin on colon cancer has been done 

with concentrations ranging from ImM to lOmM (Shiff, Koutsos et al. 1996; Ricchi, 

Pignata et al. 1997; Qiao, Hanif et al. 1998). These concentrations are relatively high and 

toxic as compared to the in vivo concentrations achievable in humans. Previous results on 

the SSAT expression are with concentrations which can not be achieved in-vivo. 

Therefore, the effects of lower doses of aspirin which are more physiologically relevant 

were studied on SSAT expression. Two cell lines, HT-29 and Caco-2, were used for this 

study. To study the effect of aspirin on SSAT promoter activity, transient transfections 

using the Full-SSAT-luc reporter promoter construct were done. As shown in Figure 

34A, aspirin at 10, 20 and 100|aM led to a significant induction in the SSAT promoter 

activity in Caco-2 cells. The same concentrations of aspirin led to significant induction in 

Full-SSAT-luc activity in HT-29 cells as well, though the level of induction was less than 

what is observed in the Caco-2 cells (Figure 34B) 

Next, three different colon cancer cell lines were used to study the effects of 

lower concentrations of aspirin on the SSAT RNA expression. Both Caco-2 and HT-29 

express COX-1 and COX-2 but HCT-116 does not. Initial studies with a higher 

concentration of aspirin showed that aspirin was not able to induce SSAT mRNA 

expression in HCT-116 cells (Figure 32A), so I wanted to see whether lower 

concentrations have any effects on SSAT mRNA expression in HCT-116 cells. Treatment 

of these cells with 20|J,M and 100|j,M aspirin for 48 hours showed that aspirin lead to a 
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Figure 34: Effect of Aspirin on SSAT promoter in colon cancer cells: (A) Caco-2 
cells were transfected with the Full-SSAT-luc reporter prpmoter construct and treated for 
48 hours with vehicle (EtOH, V, open bar) or 10|J,M, 20|J,M and 100|J,M of aspirin (all 
black bars). (B) Caco-2 cells were transfected with the Full-SSAT-luc reporter promoter 
construct and treated for 48 hours with either vehicle (EtOH, V, open bar) or lOfiM, 
20|J,M and 100|aM of aspirin (all black bars). Relative light units (RLU) were calculated 
after normalizing to the protein and P-gal activities in the cell lysates. Fold induction was 
calculated after dividing the RLU of sample by RLU of vehicle. *P<0.05 
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Figure 35: Effect of Aspirin on SSAT mRNA in colon cancer cells: Caco-2 or HCT-
116 or HT-29 cells were treated for 48 hours with either vehicle (EtOH, V, open bar) or 
20)J,M (black bar) or 100|iM of aspirin (grey bars). Cells were then harvested and total 
RNA extracted as described in the materials and methods. SSAT expression was 
normalized to the GAPDH expression in these treatments. Fold induction was calculated 
by dividing normalized values of the sample to the control. The result is an average from 
3 different experiments. * P<0.05 

Cico-2 HCT-116 Ht-29 
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dose dependent increase in the SSAT RNA expression in both Caco-2 and HT-29 cells 

but didn't have any effect on SSAT RNA in the HCT-116 cells (Figure 35). This result 

strengthened the observation that aspirin is working by a COX dependent mechanism to 

induce SSAT in the colon cancer cells. 

Since SSAT is an acetyl transferase enzyme, the effects of lower concentrations 

of aspirin were determined on the SSAT enzyme activity in the Caco-2 and HT-29 cells. 

As shown in Figure 36A and Figure 36B, aspirin at 20|aM and lOOj^M led to 

approximately 2 folds induction in the SSAT enzyme activity in both of these cells. Since 

SSAT is a catabolic enzyme in the metabolism of polyamines, the effects of lower 

concentrations of aspirin were determined on the intracellular polyamine levels in both 

Caco-2 and HT-29 cells. Based on the effects of aspirin on SSAT expression, it was 

hypothesized that aspirin will lead to a decrease in the intracellular polyamine levels in 

these cells. Li Caco-2 cells, aspirin at 20|aM reduced the intracellular polyamine levels 

but aspirin at 100|^M had no effect on the intracellular polyamine levels (Figure 37A). 

These results could be explained due to inhibitory effects of higher concentrations of 

aspirin (Acetyl-salicylate) on the SSAT enzyme activity, which is what is observed 

(Figure 36A). In HT-29 cells, aspirin at either 20|j,M or lOOjaM was only able to reduce 

the intracellular levels of putrescine and spermidine without having any effects on the 

spermine levels (I'igure 37B). This result could be explained due to a different polyamine 

transporters present in the HT-29 cells. 
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Figure 36: Effect of Aspirin on SSAT enzyme activity in colon cancer cells: (A) 
Caco-2 cells were grown overnight and then treated with either vehicle (V, open bar) or 
20|^M and 100|liM of aspirin (all black bars) for 2 days. Cells were harvested and SSAT 
enzyme activity measured as described in material and methods. (B) HT-29 cells were 
grown overnight and then treated with either vehicle (V, white bar) or 20|u,M and lOOjaM 
of aspirin (all black bars) for 2 days. Cells were harvested and SSAT enzyme activity 
measured as described in material and methods. The results are an average from 3 
different experiments. *P<0.05 
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Figure 37: Effect of aspirin on intracellular polyamine levels in colon cancer cells: 
(A) Caco-2 cells were seeded and grown for 24 hours after which they were treated with 
either vehicle or 20|a,M or 100|_iM of aspirin for 7 days. (B) HT-29 cells were seeded and 
grown for 24 hours after which they were treated with either vehicle or 20|aM or lOOjaM 
of aspirin for 7 days. Putrescine (open bars), Spermidine (black bars) and spermine (grey 
bars) were detected by HPLC as described in material and methods. The polyamine levels 
were normalized to the protein in the samples and plotted. The result is an average from 3 
different experiments.*P<0.05 
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Mapping of Aspirin Responsive elements in the SSAT promoter: 

Due to the effects of aspirin on SSAT RNA and promoter levels, it was suggested 

that aspirin is inducing SSAT by its effect on the transcription. So, as performed for 

sulindac sulfone, I tried to map the aspirin responsive element/sequence in the SSAT 5' 

promoter flanking region. 

Firstly, transient transfection experiments using two SSAT reporter promoter 

constructs in the Caco-2 cells were done. 197-SSAT-luc and Full-SSAT-luc promoter 

constructs, which have 0.28kb and 3.53kb of the SSAT 5' promoter flanking region 

cloned into a pGL2 vector (Figure 5), were treated with 10, 20 and 50|aM of aspirin for 

48 hours. As observed before, aspirin at 20|^M and 50|j.M was able to induce the Full-

SSAT-luc in the Caco-2 cells but aspirin had no effect on the 197-SSAT-luc reporter 

promoter construct (Figure 38A). 

Next, five different SSAT luciferase constructs, each containing portions of the 

SSAT 5' flanking region linked to a promoterless firefly luciferase gene, were transfected 

in the Caco-2 cells. A new SSAT deletion construct, 791-SSAT-luc, which has 0.88kb of 

SSAT 5' flanking sequence in front of a luciferae gene was used along with the Full-

SSAT-luc, 659-SSAT-luc, 358-SSAT-luc and 197-SSAT-luc promoter constructs. 

Following transfection of these plasmids in the Caco-2 cells, the cells were treated with 

100|aM aspirin or its vehicle, ethanol for 48 hours. Aspirin treatment activated 

transcription of all of these constructs, except the 197-SSAT-luc, by approximately 2-5 
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folds over the control treated cells. Further, there was only 2 folds induction in the 358-

SSAT-luc, followed by around 3 folds induction in 659-SSAT-luc and 791-SSAT-luc and 

about 5 folds induction in the Full-SSAT-luc (Figure 38B). This suggested that there are 

aspirin responsive sequences in the region of SSAT 5' promoter flanking region which is 

present in the 358-SSAT-luc, 659-SSAT-luc and the Full-SSAT-luc plasmids. 

Aspirin is not working by PPARs, but miglit involve NFkB, to induce SSAT in colon 

cancer cells 

As shown in Figure 5, TESS analysis on the SSAT promoter showed many 

putative AP-1 and NFkB sites in the SSAT promoter. Aspirin has been shown to inhibit 

NFkB (Kopp and Ghosh 1994; Muller, Heissmeyer et al. 2001; Picado, Bioque et al. 

2003), but it has also been shown to induce NFkB in HCT-116 cells (Stark, Din et al. 

2001). Further, aspirin can lead to the inhibition of AP-1 activity (Dong, Huang et al. 

1997; Ma, Huang et al. 1998), inhibition of C/EBP beta (Saunders, Sansores-Garcia et al. 

2001), induction of p38 MAPK cascade (Ma, Huang et al. 1998), or can act as ligands for 

PPARs (Lehmann, Lenhard et al. 1997). Based on all of this evidence, the mechanism of 

induction of SSAT by aspirin was determined using the NFKB-resporter plasmid, which 

has two NFkB response elements from the HIV promoter and was obtained from Dr. Tim 

Bowden (Arizona Cancer Center, Tucson). Transient transfections were done with this 

plasmid in the Caco-2 cells and then transfected cells were treated with either 20|j,M or 

100|_iM of aspirin for 48 hours. I found that aspirin at 100)j,M was able to induce this 
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promoter by two fold (Figure 39A), indicating that NFkB is functional and that aspirin is 

influencing the activity of NFkB in the Caco-2 cells. This result is contradictory to the 

results that aspirin inhibits the NFkB activity but this needs to be verified in the Caco-2 

cells, which are a colon cancer cells like HCT-116, where aspirin has been shown to 

induce NFkB (Stark, Din et al. 2001) 

Next, since sulindac sulfone is working by a PPAR dependent manner to induce 

SSAT, I wanted to test whether aspirin has any effect on SSAT via the PPAR pathway. 

Aspirin can act as a ligand for PPARs and can also regulate the synthesis of 

prostaglandins which can work as ligands for PPARs. Also, there is a PPRE in the 358-

SSAT-luc plasmid, which can be induced by aspirin in Caco-2 cells. Transient 

trasnfection experiments using the tk-PPREs-luc plasmid, which has three PPREs cloned 

in front of a luciferase gene showed that lOjaM, 20)j,M or 100)aM aspirin or its vehicle, 

has no effect on this plasmid after 48 hours of treatment, indicating that aspirin is not 

working via PPARs in Caco-2 cells to induce SSAT expression (Figure 39B). 



169 

§ 
Si 

o 
Q 

M 2 

I , 

B 

cs 

I 
I 
— 

T t 
H H T 

ASA ASA ASA 
lOpM 50pM lOOpM 

19?-SSAT-Iw ' 

ASA ASA ASA 
10|iM SOpM 100mW 

FtiD-SSAT-te 

rti 

? ASA f ASA f ASA ¥ ASA V ASA 
»1- 358- 659- 791- F* 

SSAT4W SSAT4W SSAT-luc SSAT-te SSAT-luc 
Figure 38: Mapping of a putative aspirin responsive element in the SSAT promoter: 
(A) Caco-2 cells were transfected with either Full-SSAT-luc or 197-SSAT-luc and 
treated with either vehicle (open bar) or various concentrations of ASA (all black bars) 
for 48 hours. (B) Caco-2 cells were transfected with all the SSAT deletion reporter 
constructs and treated for 48 hours with either vehicle (open bar) or 100|4,M aspirin (all 
black bars). Relative luciferase units (RLU) were calculated after normalizing to the 
protein and p-gal activities and fold induction calculated. The result is an average from 3 
different experiments. * P<0.05 
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Figure 39: NFkB but not PPARs are involved in regulation of SSAT in Caco-2 cells: 
(A) Caco-2 cells were transfected with the NFKB2-LUC reporter construct along with the 
p-gal plasmid. The cells were then treated for 48 hours with either vehicle (open bar) or 
20)aM or 100)aM aspirin (all black bars). (B) Caco-2 cells were transfected with the 
PPREs-Luc reporter construct along with the p-gal plasmid. The cells were then treated 
for 48 hours with either vehicle (open bar) or 10|j,M, 20)a.M or 100|j,M aspirin (all black 
bars). Normalized luciferase activities are shown as mean +/- SD (n=3) and are expressed 
as fold inductions relative to the activity in the presence of vehicle alone *P<0.05 
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Celecoxib, a COX-2 selective inhibitor, induces SSAT in Caco-2 cells: 

Recently, it has been shown that celecoxib can induce cell growth inhibition and 

apoptosis by a COX independent mechanisms in colon cancer cells (Grosch, Tegeder et 

al. 2001). It has been found that celecoxib leads to the induction of SSAT RNA in the 

small intestine of min mice, which have a mutation in the APC gene (unpublished data 

from the lab). Based on these data along with the affects of various NSAIDs on SSAT 

expression, I wanted to see whether celecoxib, at physiologically relevant concentrations, 

is having any effect on the SSAT expression in Caco-2 cells. Previous data (Figure 32A 

and Figure 32B), showed that celecoxib is not able to induce SSAT in the HCT-116 cells 

indicating a COX dependent action. Therefore, I studied the effects of celecoxib on the 

Full-SSAT-luc and on the 197-SSAT-luc in the Caco-2 cells and found that when treated 

with either lO^iM or 20|aM or 50)aM celecoxib or its vehicle, for 48 hours, only celecoxib 

at 20^M was able to induce the Full-SSAT-luc promoter activity in the Caco-2 cells 

(Figure 40A). As shown in Figure 40B, none of the celecoxib concentrations were able to 

induce the 197-SSAT-luc promoter activity indicating that celecoxib is working by 

interacting with the SSAT 5' promoter sequences which are not present in the 197-SSAT-

luc. 
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Figure 40: Effect of Celecoxib on SSAT promoter in Caco-2 cells: (A) Caco-2 cells 
were transfected with the Full-SSAT-luc reporter promoter construct and treated for 48 
hours with either vehicle (V, open bar) or 10)aM, 20|aM and 50|aM of celecoxib (all black 
bars). (B) Caco-2 cells were transfected with the 197-SSAT-luc reporter promoter 
construct and treated for 48 hours with either vehicle (V, open bar) or 10|a,M, 20|a,M and 
50)j,M of celecoxib (all black bars). Relative light units (RLU) were calculated after 
normalizing to the protein and P-gal activities in the cell lysates. Fold induction was 
calculated after dividing the RLU of sample by RLU of vehicle. *P<0.05 
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SUMMARY 

In this chapter, it was found that various NSAIDs like aspirin, ibuprofen, 

indomethacin and celecoxib are able to induce SSAT expression. NSAIDs, like 

piroxicam, aspirin and indomethacin, have been shown to exert their chemopreventive 

action by affecting the polyamine metabolism in colorectal cancer (Carbone, Douglas et 

al. 1998; Turchanowa, Dauletbaev et al. 2001; Martinez, O'Brien et al. 2003). Further, 

some of the NSAIDs are working by a COX dependent manner while some are working 

by a COX independent manner to induce this expression. Aspirin has been shown to lead 

to pronounced reduction in colon ademonas in patients with a ODC SNP (Martinez, 

O'Brien et al. 2003), while celecoxib, "a COX-2 selective inhibitor", has been shown to 

have COX independent affects (Grosch, Tegeder et al. 2001). I found that aspirin could 

be working via NFkB dependent mechanism, but not PPARs, to induce SSAT in the 

Caco-2 cells. Celecoxib, is working by a COX dependent mechanism which involves 

transcriptional regulation in the SSAT 5' promoter flanking sequences between -197 to 

-3449 bases relative the transcription start site. It has been shown that indomethacin 

impaired growth of human colon cancer cells (Caco-2 and HCT-116), induces SSAT and 

decreases ODC enzyme activity in the colon cancer cells. Because polyamines are 

essential for neoplastic cell growth, the aim of this chapter was to evaluate the effect of 

various NSAIDs on polyamine metabolism in colon cancer cells. 

Sulindac sulfone works by a COX independent manner to induce SSAT in the 

Caco-2 cells and NSAIDs are known to have COX independent actions. Based on this, I 
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wanted to determine the effects of different NSAIDs on SSAT expression in the Caco-2 

cells and the HCT-116 cells, a non COX expressing colon cancer cell line. It was found 

that NSAIDs like aspirin and indomethacin are able to induce SSAT expression in the 

Caco-2 cells but not in HCT-116 cells, thereby indicating a COX dependent mechanism 

of action. NSAIDs like ibuprofen and sulindac were able to induce SSAT expression in 

both the cell lines indicating a COX independent mechanism of action. Piroxicam was 

not able to induce SSAT expression in any of these cell lines. 

Most of the in vitro research done using aspirin on colon cancer has been done 

with concentrations ranging from ImM to lOmM (Shiff, Koutsos et al. 1996; Ricchi, 

Pignata et al. 1997; Qiao, Hanif et al. 1998). These concentrations are relatively high as 

compared to the in vivo concentrations achievable in humans. Further, it has been shown 

that there is a pronounced reduction in colon adenomas in patients who take aspirin 

(Martinez, O'Brien et al. 2003). My initial results on the SSAT expression are with doses 

which can not be achieved in-vivo. Therefore, lower doses of aspirin were used, which 

are more physiologically relevant, and then their effects studied on SSAT expression. 

Aspirin at lower and more physiological concentrations is able to induce the SSAT 

promoter activity and SSAT RNA levels in both Caco-2 and HT-29 cell lines. Further, 

this increase in SSAT RNA led to an increase in the SSAT enzyme activity and decrease 

in polyamines by the aspirin treatment. Aspirin at 20|uM, but not at 100|a,M, reduced all 

the intracellular polyamines in Caco-2 cells. This could be explained by the fact that 

aspirin can compete with Acetyl-CoA (natural co-substrate) for SSAT enzyme activity 

and thus at higher aspirin concentrations, it leads to an inhibition in enzyme activity. 
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Asprin at both 20)j,M and lOO^iM was able to reduce only the putrescine and spermidine 

levels in the HT-29 cells, but had no effects on the spermine levels. This could be 

explained due to a presence of a specific amine exporter in the HT-29 cells which exports 

only putrescine or spermidine or due to the absence of an amine exporter which exports 

only spermine. 

Due to the effects of aspirin on SSAT RNA and promoter levels, it was inferred 

that aspirin is inducing SSAT by its effect on transcription. So, as was done for sulindac 

sulfone, I tried to map the aspirin responsive sequences in the SSAT 5' promoter flanking 

sequences. As recognized by TESS analysis and shown in Figure 5, there are many AP-1 

and NFKB sites in the SSAT promoter. Aspirin has been shown to inhibit NFKB (Kopp 

and Ghosh 1994; Muller, Heissmeyer et al. 2001; Picado, Bioque et al. 2003), but it has 

also been shown to induce NFKB in HCT-116 cells (Stark, Din et al. 2001). Further, 

aspirin can lead to the inhibition of AP-1 activity (Dong, Huang et al. 1997; Ma, Huang 

et al. 1998), inhibition of C/EBP beta (Saunders, Sansores-Garcia et al. 2001), induction 

of p38 MAPK cascade (Ma, Huang et al. 1998), or can act as ligands for PPARs 

(Lehmann, Lenhard et al. 1997). Transient transfection experiments using a NFKB 

reporter promoter construct showed that aspirin is able to induce this promoter at 100|iM. 

Further research is required to study the effects of NFKB on the induction of SSAT by 

aspirin in the Caco-2 cells. Aspirin or acetylsalicylic acid, can act as a ligand for PPARs 

and can also regulate the synthesis of prostaglandins which can work as ligands for 

PPARs (Lehmann, Lenhard et al. 1997). hi order to test whether aspirin is working via a 

PPAR dependent mechanism to have effects or SSAT, tk-PPREs-luc promoter reporter 
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constructs were used. It was found that aspirin, at concentrations which are inducing 

SSAT, are having no effect on PPARs since they did not induce PPRE promoter in the 

Caco-2 cells. 

Recently, it has been shown that celecoxib can induce cell growth inhibition and 

apoptosis by a COX independent mechanisms in colon cancer cells (Grosch, Tegeder et 

al. 2001). It has been found that celecoxib leads to the induction of SSAT RNA in the 

small intestine of min mice, which have a mutation in the APC gene (unpublished data 

from the lab). Based on these data along with the affects of NSAIDs on SSAT 

expression, I wanted to see whether celecoxib, at physiologically relevant concentrations, 

is having any effect on the SSAT expression in Caco-2 cells. Celecoxib induces the Full-

SSAT-luc promoter activity, but has no effect on the 197-SSAT-luc promoter in the 

Caco-2 cells. This along with the result that celecoxib is not able to induce SSAT RNA in 

HCT-116 cells indicate that it is working on the SSAT sequences not present in the 197-

SSAT-luc via a COX dependent action. 
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CHAPTER 7 

DISCUSSION AND FUTURE DIRECTIONS 

Polyamines are ubiquitous, polycationic amines that can bind to negatively 

charged molecules such as nucleic acids, acidic proteins, and membranes (Williams-

Ashman and Canellakis 1979) and are essential for cell growth and proliferation. Cells 

have developed complex regulatory machinery, which controls intracellular polyamine 

pool sizes in a fast and accurate manner by the combined action of denovo synthesis, 

retroconversion, terminal degradation, secretion and uptake of polyamines. Increases in 

the levels of these polycations are generally associated with increased cell proliferation 

and cell transformation induced by growth factors, carcinogens, viruses or oncogenes. 

Increases in ODC are often associated with initiation of normal cell growth and with 

sustained neoplastic cell growth, while inhibitors of ODC suppress tumor formation in 

experimental models of bladder, breast, colon and skin carcinogenesis. Derivatives of 

spermidine and spermine, acetylated at the N' position by SSAT, have been shown to 

accumulate in neoplastic but not normal tissues during carcinogeneisis in the rat model 

and in human cancer (Loser, Folsch et al. 1990). ODC is downstream target of the P-

catenin/TCF-4 pathway and is upregulated by mutant APC in the colon cancer. Since 

ODC and SSAT are the rate-limiting enzymes in the synthesis and catabolism of 

polyamines, the regulation of these enzymes may be an important aspect in the 

progression of colon cancer. 
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Evidence is emerging that polyamines are actively involved in cell death (Li, Rao 

et al. 2001; Scorcioni, Corti et al. 2001). It has been shown that the deregulated 

accumulation of polyamines is associated with the induction of apoptosis (Poulin, 

Pelletier et al. 1995; Xie, Tome et al. 1997). Lower levels of polyamines may also 

promote apoptosis as depletion of polyamines can lead to cell cycle arrest or apoptosis, or 

depletion of polyamine levels might induce destabilization of important cell structures, 

leading to loss of cell integrity and finally inducing cell death (Scorcioni, Corti et al. 

2001), or spermine deficiency can dramatically increase caspase activity and cell death in 

spermine synthase deficient cells exposed to UV irradiation (Stefanelli, Pignatti et al. 

2001). Much ambiguity exists in the working mechanisms by which polyamines mediate 

apoptosis since they have been shown to act as promoting, modulating or protective 

agents in apoptosis. Nevertheless, polyamines are critically involved in cellular survival 

which makes them suitable targets for therapeutic intervention that is specifically directed 

to cell death pathways. 

Nonsteroidal anti-inflammatory drugs (NSAIDs) inhibit colon cancer and have an 

established usefulness in cancer prevention. NSAIDs exert their anti-cancer effects by 

several different mechanisms, including the inhibition of cyclooxygenase enzyme activity 

and promotion of apoptosis. Sulindac, a NSAID, inhibits cell division, alters the cell 

cycle distribution, and induces apoptosis in cultured colon cancer cells (Shiff, Qiao et al. 

1995; Goldberg, Nassif et al. 1996). In experimental studies sulindac induces apoptosis 

(Rice, Goldberg et al. 2001) and inhibits angiogenesis (Chan, Morin et al. 1998). The 

biochemical mechanisms involved in apoptosis by sulindac are complex. Sulindac has 
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been shown to induce apoptosis by p53 and bcl-2 dependent or independent mechanisms 

(Piazza, Rahm et al. 1997). There are several other possible mechanisms by which 

sulindac induces apoptosis, including increased expression of Bak, which is a 

proapoptotic protein (Keller, Offerhaus et al. 2001); increased ceramide formation, which 

is a known mediator of apoptosis (Chan, Morin et al. 1998); and increased expression of 

TGFp. NSAIDs, like piroxicam, aspirin and indomethacin, have been shown to exert 

their chemopreventive action by affecting the polyamine metabolism in colorectal cancer 

(Carbone, Douglas et al. 1998; Turchanowa, Dauletbaev et al. 2001; Martinez, O'Brien et 

al. 2003). It has been shown that indomethacin impaired growth of human colon cancer 

cells (Caco-2 and HCT-116), induces SSAT and decreases ODC enzyme activity in the 

colon cancer cells. 

Due to the similarities in the actions of NSAIDs on polyamines and their effects 

on cell dynamics, the mechanisms underlying the chemopreventive actions of different 

NSAIDs like sulindac, aspirin and celecoxib were studied. It has been observed in our 

laboratory that mice treated with 167ppm sulindac had an up-regulation of SSAT RNA in 

their small and large intestine. I found that in our Caco-2 colon cancer cell culture model, 

sulindac led to the induction of SSAT expression. Further, only sulindac sulfone, but not 

sulindac sulfide, was able to induce the SSAT expression. Sulindac sulfone, unlike 

sulindac sulfide, does not inhibit COX enzyme activity and has been reported to have 

many COX independent effects (Thompson, Piazza et al. 2000; Rice, Goldberg et al. 

2001). In order to study the genomic wide response to sulindac sulfone, Caco-2 cells 

were treated with 600|a,M sulindac sulfone, the IC50 for the Caco-2 cell lines, for 48 
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hours. Many genes like the transcription factors like JunD, JunB, v-ets and Forkhead 

01A were found to be differentially over-expressed by sulindac sulfone in the Caco-2 

cells. JunB and JunD are members of the AP-1 transcription factor family which has the 

capability of binding to AP-1 consensus sequences to modulate transcription. Recent 

evidence has implicated JunB as a negative growth regulator, a potential tumor 

suppressor, and apoptotic factor (Passegue, Jochum et al. 2001; Weitzman 2001). Wild 

type APC has been shown to induce JunB by more than 2 fold in the colon cancer cells. 

Forkhead 01A (also known as FKHR) is a forkhead box transcription factor which 

regulates the expression of downstream genes such as GADD45, p27, and Bim 

(Funikawa-Hibi, Yoshida-Araki et al. 2002; Stahl, Dijkers et al. 2002). FOXOIA plays a 

role in the inhibition of cell cycle progression and transformation (Ramaswamy, 

Nakamura et al. 2002) and has been found to be increased by wild type APC in colon 

caner cells (unpublished data from the lab). Sulindac sulfone induced SSAT by 4.32 fold 

+/- 0.64 fold (z score >1.96, p=0.03) after 48 hours of treatment. Sulindac sulfone also 

led to a down-regulation of many genes in Caco-2 cells like bcl-2, an anti-apoptotic gene, 

laminins a4 and pi, collagen, integrin pi and transglutaminase 2 which are involved in 

invasion. Transglutaminase 2 is involved in cell attachment, cell growth regulation and 

apoptosis and is induced by an activated Y^-ras (unpublished data from the lab). Sulindac 

sulfone led to a 2.6 fold (p<0.001) repression in this gene. Sulindac sulfone also led to 

changes in genes involved in various signaling pathways like PI3K, rho GDI, 

phosphodiesterases, rho GBF, MAPK6 and serine threonine kinase suggesting that 

sulfone leads to a wide spread affect on the cellular signaling mechanisms. Further, as 
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expected, sulindac sulfone had an opposite effect on genes which are regulated by mutant 

APC or ¥^-ras, two of the genes found mutated in colon cancer. This indicated a 

chemopreventive action of sulindac sulfone in colon cancer. 

There has been considerable amount of research to study the COX independent 

mechanisms of sulindac sulfone. Most of the in vitro research done using sulindac 

sulfone on colon cancer has been done at concentrations ranging from 300)a,m to 600|am, 

which fall into the IC50 for these cell lines (Piazza, Rahm et al. 1997; Shureiqi, Chen et 

al. 2000). These concentrations are relatively high as compared to the in vivo 

concentrations achievable in humans (~ 35|^M) or in mice (~150)aM) when treated with 

sulindac and are sometimes termed as industrial strengths. Therefore, in this study I used 

sulfone concentrations ranging from 10|j,M to 600|liM and found that sulindac sulfone, at 

concentrations of lOOjiM and above, lead to an induction in SSAT in the colon cancer 

cells. 

Further determination of the mechanism of induction of SSAT by sulindac 

sulfone in Caco-2 cells showed that it is COX-independent, based on two pieces of 

evidence. Firstly, adding exogenous PGE2 does not influence the SSAT expression and 

secondly, sulindac sulfone is able to induce SSAT in HCT-116, a cell line, which lacks 

any detectable COX-2 protein and has very low levels of PGE2. This induction of SSAT 

by sulindac sulfone appears to occur at the level of transcription, which is consistent with 

the results that SSAT promoter activity and SSAT mRNA levels are induced after 

exposure to sulindac sulfone. Further, the induction of SSAT by sulindac sulfone leads to 

a decrease in intracellular polyamine levels due to increased excretion based on the fact 
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that inhibition by verapamil, which is an inhibitor of polyamine exporter (Xie, Gillies et 

al. 1997), leads to an increase in intracellular polyamines after sulindac sulfone treatment. 

On studying the effects of sulindac sulfone on the metabolic pathway using the GEArray, 

it was found that sulindac sulfone reduces polyamine levels by inducing SSAT since it 

has no effect on the expression of ODC mRNA and enzyme activity in the Caco-2 cells. 

Sulfone led to an increase in SRM and SMS mRNA, as observed by the GEArray. The 

actual effect on the protein and enzyme activity needs to be still determined. 

There are many potential transcription factor binding sites identified in the SSAT 

promoter when it was originally cloned (Xiao, Celano et al. 1992). Various SSAT 5' 

promoter flanking sequence deletion constructs were used to map the SSAT gene 

sequences which are responsive to the sulindac sulfone. This led to the identification of a 

O.lkb segment of the SSAT gene (-88 to +88) which was responsive to sulindac sulfone 

induced activation. Searching for potential response elements in this O.lkb sequence led 

me to identify a putative PPRE sequence. PPARs are nuclear reeptors which bind to 

specific DNA sequences known as PPREs, as a heterodimer of RXRa. Based on the role 

of PPARs in colon cancer (Sarraf, Mueller et al. 1998; He, Chan et al. 1999; Park, 

Vogelstein et al. 2001), the relationship between sulindac and PPARs (Lehmann, Lenhard 

et al. 1997; He, Chan et al. 1999), and the existence of putative PPRE in the SSAT 

promoter region, the possibility that sulindac sulfone is inducing SSAT via activating 

PPARs was tested. Caco-2 and HCT-116 cells expressed all the PPAR isoforms which 

are functionally active. The likelihood that the observed induction of SSAT in these cells 

by sulindac sulfone involves transcriptional regulation by PPARs was substantiated by 
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both the reporter promoter construct analysis and through the use of specific PPAR 

activators. Sulindac sulfone induces expression of the tk-PPREa-luc plasmid in Caco-2 

cells while ciglitazone (an activator of PPARy) and cPGI (an activator of PPAR6) 

treatments resulted in a significant increase in SSAT mRNA and promoter activity, but 

not to the same levels as done by sulindac sulfone. Both of these experiments, though 

different, indicate that PPAR activation is only one of the mechanisms by which sulindac 

sulfone is inducing SSAT in these cells. There are other Spl, AP-1 and CRE transcription 

factor binding sites in the 5' promoter flanking region of the SSAT gene which could be 

involved in the regulation of SSAT by sulindac sulfone. Since sulindac sulfone induced 

the expression of JunB and JunD, as detected by microarray, it could be possible the 

sulindac sulfone is working via AP-1 to induce SSAT expression. 

In order to characterize the putative PPREs in the SSAT gene, transfection 

experiments using the SSAT 5' promoter flanking deletion constructs along with the 

PPAR and RXRa proteins were done. The results demonstrate the identification of two 

PPREs, PPRE-1 and PPRE-2, in the SSAT promoter at -323 and +48 bases, respectively 

relative to the SSAT transcription start site. Triple transfection experiments using 

expression plasmids for PPARs and RXRa along with the SSAT deletion promoter 

constructs, show that PPRE-1 can be bound by both PPAR6 and PPARy in the Caco-2 

cells but PPRE-2 is bound only by the PPARy. By mutating PPRE-2 and using the 

PPARy antagonist, it was confirmed that PPRE-2 is responsive to PPARy only and is 

required for the induction of SSAT by sulindac sulfone. Gel shifts using in-vitro 
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translated PPARs and RXRa, showed that PPAR6/ RXRa binds to the PPRE-1 while 

PPARy/ RXRa binds at both PPRE-1 and PPRE-2 in the SSAT promoter. (Figure 41). 

Based on the fact that polyamines and sulindac sulfone have opposite effects on 

proliferation and apoptosis, I questioned whether sulindac sulfone induced effects on cell 

dynamics are due to polyamine depletion in the Caco-2 cells. The results demonstrated 

that sulindac sulfone induces cell death or apoptosis, which can be partially rescued by 

replenishing the intracellular polyamine levels by exogenous polyamines. Replenishing 

the intracellular polyamine levels were not able to rescue the inhibition of cell 

proliferation caused by sulindac sulfone. These results indicate that induction of 

apoptosis and inhibition of cell proliferation by sulindac sulfone are two distinct 

pathways in the Caco-2 cells. Putrescine is able to partially rescue apoptosis caused by 

sulindac sulfone without having any effect on proliferation. This is not a new result, as it 

has been shown that in ODC-knockout mice, ODC is an essential gene. The embryo of 

these knockouts dies at an age of 3.5 days (Pendeville, Carpino et al. 2001). Further, 

immunohistochemical analysis, using histone H3 phosphorylation assay, have shown that 

knocking out ODC has no effect on proliferation, but there is an increased DNA breakage 

associated with apoptosis in the blastocysts. This indicates a possible role of polyamines 

in apoptosis but not in proliferation in these mice. 
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Figure 41: Mechanism of induction of SSAT and lowering of polyamines by sulindac 
sulfone in Caco-2 colon cancer cells: Increased polyamines inhibit apoptosis. Cells 
regulate intracellular polyamine pools by regulating their biosynthesis by ODC or their 
catabolism by SSAT. Sulindac sulfone reduces intracellular polyamine pools by inducing 
SSAT, but having no effect on ODC, thereby leading to an increased export of the 
polyamines from the cells. Induction of SSAT by sulindac sulfone involves a COX 
independent, but PPAR dependent mechanism in the Caco-2 cells. There are two PPREs 
in the SSAT gene. Sulindac sulfone induces SSAT by activating of PPARy, which can 
then bind to the PPRE-2 in the SSAT promoter. PPRE-1 is not involved in the induction 
of SSAT by sulindac sulfone, but can bind to PPARy and PPAR6. Sulindac sulfone can 
induce SSAT by acting on other transcription factor response elements upstream of the 
PPRE-1. Sulindac sulfone can also induce SSAT by other mechanisms which might 
involves other transcription factors like AP-1 
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Next, concerning the effects of suhndac on polyamine metabolim and SSAT in 

general, I evaluated the effect of various NSAIDs on polyamine metabolism in colon 

cancer cells. Many NSAIDs like aspirin, ibuprofen, indomethacin and celecoxib induced 

SSAT expression in colon cancer cells. Aspirin and indomethacin were able to induce 

SSAT promoter and RNA levels in the Caco-2 cells but not in HCT-116 cells, thereby 

indicating a COX dependent mechanism of action while ibuprofen and sulindac were able 

to induce SSAT expression in both the cell lines indicating a COX independent 

mechanism of action. Piroxicam was not able to induce the SSAT expression in any of 

the cell lines. 

Most of the in vitro research done using aspirin on colon cancer has been done 

with concentrations ranging from ImM to lOmM (Shiff, Koutsos et al. 1996; Ricchi, 

Pignata et al. 1997; Qiao, Hanif et al. 1998). These concentrations are relatively high as 

compared to the in vivo concentrations achievable in humans. Further, it has been shown 

that there is a pronounced reduction in colon adenomas in patients who have an ODC 

SNP and take aspirin (Martinez, O'Brien et al. 2003) using lower doses of aspirin, which 

are more physiologically relevant, led to an induction of the SSAT promoter activity and 

SSAT mRNA levels in both the cell lines. Further, this increase in SSAT mRNA led to an 

increase in the SSAT enzyme activity and a concominant decrease in polyamines by the 

aspirin treatment. Aspirin at 20)aM, but not at 100)aM, reduced all the intracellular 

polyamines in Caco-2 cells. This could be explained by the fact that aspirin (acetyl 

salicylate) can compete with Acetyl-CoA (natural co-substrate) for SSAT enzyme 
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activity and thus at higher aspirin concentrations, it leads to an inhibition in enzyme 

activity. We found that aspirin led to a dose dependent decrease in the SSAT enzyme 

activity in the Caco-2 cells which was not statistically significant. Further research using 

salicylic acid (without the acetyl group) or using purified protein is needed to study the 

effects of an enzyme inhibition. Aspirin at both 20ixM and lOOjaM was able to reduce 

only the putrescine and spermidine levels in the HT-29 cells, but had not effect on the 

spermine levels which could be explained due to a presence of a specific amine exporter 

in the HT-29 cells which exports only putrescine or spermidine. 

As done for sulindac sulfone, different SSAT 5' promoter flanking sequence 

deletion constructs were used to map the SSAT gene which is responsive to the aspirin. 

Using TESS, many transcription factor binding sites for AP-1, PPRE, C/EBP(3 and NFKB 

were found, all of which can be regulated by aspirin treatment. Aspirin could work via 

either of these sites since it has been shown to inhibit or induce NFKB activity (Kopp and 

Ghosh 1994; Muller, Heissmeyer et al. 2001; Stark, Din et al. 2001), act as ligand for 

PPARs (Lehmann, Lenhard et al. 1997), can inhibit C/EBP P (Saunders, Sansores-Garcia 

et al. 2001) and can inhibit UV induced AP-1 activity (Huang, Ma et al. 1997; Ma, Huang 

et al. 1998). I found that aspirin at lOOjaM induces the NFKB reporter construct but has 

no effect on the PPAR reporter construct suggesting that aspirin is potentially working 

via a NFKB, but not PPAR, dependent mechanism to induce SSAT in the Caco-2 cells. 

Recently, it has been shown that celecoxib can induce cell growth inhibition and 

apoptosis by a COX independent mechanisms in colon cancer cells (Grosch, Tegeder et 

al. 2001). Data from our lab show that celecoxib leads to the induction of SSAT mRNA 
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in the small intestine of min mice, which have a mutation in the APC gene. Based on 

these data along with the effects of different NSAIDs on SSAT expression, the effects of 

celecoxib were tested on the SSAT expression in Caco-2 cells. Celecoxib induced the 

Full-SSAT-luc promoter activity, but has no effect on the 197-SSAT-luc promoter. These 

data along with the result that celecoxib is not able to induce SSAT mRNA in HCT-116 

cells indicate that it is working on the SSAT sequences not present in the 197-SSAT-luc 

via a COX dependent action. Thus, as shown in Figure 42, different transcription factors 

binding to different sites in the SSAT promoter can mediate the effects of NSAIDs on 

SSAT expression. 
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Figure 42: Mechanism of induction of SSAT by different NSAIDs in Caco-2 colon 
cancer cells: Celecoxib induces SSAT, by interacting with the SSAT 5' promomter 
flanking regions between -197 and -3443 bases relative to the start site, by a COX 
dependent mechanism. One of the mechanisms is to decrease prostaglandins which bind 
to PPAR6 and inhibits its PPRE-1 binding ability. Aspirin is working by either NFkB or 
AP-1 or Sp-1 to induce SSAT in the colon cancer cells. Sulindac sulfone induces SSAT 
by activating of PPARy, which can then bind to the PPRE-2 in the SSAT promoter. 
Dashed lines indicate a possible pathway, which has not yet been confirmed. 
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While APC is considered the initiating mutation in colon cancer, Y^-ras mutations 

are the genetic event defining the progression stage. K-ra^ mutations occur in 18-56% of 

human colonic adenomas (Otori, Oda et al. 1997; Martinez, Maltzman et al. 1999) and 

47% of carcinomas (Vogelstein, Fearon et al. 1988). It has been shown that an activated 

K-ras is required for the progression of colon cancer. IL-ras can activate many signaling 

pathways like ERK and JNK MAPK pathways. Further, it has been shown that ERK can 

lead to the phosphorylation of PPARy (Hu and Speigleman 1996; Adams and Chatterjee 

1997). Phosphorylation of PPARy leads to an inhibition in its activity. Also, molecular 

analyses of sulindac resistant adenomas have shown to have an activated K-rai' 

suggesting a role of activated K.-ras in sulindac resistance. Based on all this data, I 

wanted to determine what effects does K-ras has on SSAT and intracellular polyamine 

levels and also whether the presence of an activated K-ras has any effects on sulindac 

sulfone's action and SSAT expression. I found that K-ras led to a suppression of SSAT 

expression and also led to an increase in the intracellular polyamine levels (Figure 43). 

Further, sulindac sulfone was able to inhibit the cell growth independent of an activated 

K-ras but K-ras partially abolished the effects of sulindac sulfone on cell death and 

apoptosis. This indicated that K-ras might lead to sulindac resistance, as has been 

observed in sulindac resistant tumors from patients (Keller, Offerhaus et al. 2001) 
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Figure 43: Mechanism of suppression of SSAT by activated K-ras in Caco-2 colon 
cancer cells: Increased polyamines inhibit apoptosis. One of the signaling mechanisms 
by which an activated K-ras suppresses SSAT is by activating ERK, which can then 
phosphorylate PPARy, thereby inactivating it. Inactivated PPARy can not bind to the 
PPRE-2 in the SSAT promoter. Sulindac sulfone works by inducing PPARy and hence is 
able to induce SSAT even in the presence of an activated K-ras. 
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Future Directions: 

The results shown in my dissertation demonstrate that firstly, NSAIDs induce SSAT and 

effects polyamine metabolism in colon cancer cells. Secondly, the regulation of SSAT 

involves many signaling mechanisms and thirdly, one of the mechanism of NSAID 

induced apoptosis involves polyamines. Further, working specifically with sulindac 

sulfone, a derivative of sulindac, shows that it induces SSAT in the colon cancer cells by 

a COX dependent mechanism. One of the ways it does so is by activating PPARy, which 

can then bind to the PPREs identified in the SSAT promoter flanking region in the course 

of this study. Since this is not the only mechanism by which sulindac sulfone can induce 

SSAT, based on the data that sulindac sulfone leads to more induction of Full-SSAT 

promoter construct, than the next largest SSAT promoter construct (659-SSAT) and that 

the PPARy antagonist is not able to fully abolish the induction of Full-SSAT by sulindac 

sulfone, much work is required to identify the other potential signaling mechanisms 

which can lead to the induction of SSAT. This will require more promoter bashing and 

mutation experiments with the SSAT 5' promoter flanking sequences which are only 

present in the Full-SSAT-luc promoter construct and not in the 658-SSAT-luc promoter 

construct. Working with aspirin, celecoxib and other NSAIDs, shows that they induce 

SSAT in the colon cancer cells. One of the mechanisms by which, aspirin could work is 

by inducing NFkB. Much work is needed to confirm this result and to elucidate the exact 

mechanism for the action of aspirin on SSAT. This will require the identification of 

response elements in the 3.53kb region of the SSAT 5' promoter flanking region 
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responsive to aspirin using techniques similar to ones used for the identification of 

sulindac sulfone responsive sequences in the SSAT 5' promoter flanking region. 

All the results shown here are in an in-vitro cell culture studies. Work is needed to 

study whether overexpression of SSAT has any effects on colon carcinogeness. This 

could be studied in-vitro by using stable SSAT overexpressing Caco-2 or Caco-2-kr«5 

clones and injecting them subdermally into different areas of the SCID mice and then 

study the effects of SSAT overexpression on the ability of these cells to form tumors. 

Further, the effects of SSAT on apoptosis and invasion can be studied in-vitro using the 

stable SSAT overexpressing cells and control cells. The alternate approach to SSAT 

overexpression is to use RNA interference methods to knock out SSAT from the cells and 

then study the effects of sulindac sulfone and other NSAIDs on cell dynamics. This can 

be done by making stable SSAT knockouts using the antisense/hairpin sequences or by 

making transient SSAT knockouts using the siRNAs. SSAT knockout cells can then be 

used to study various effects of NSAID treatment on cell growth and apoptosis in vitro in 

colon cancer cell model or in vivo when injected into the SCID mice, which are then fed 

experimental doses of respective NSAIDs. The role of SSAT on colon carcinogenesis can 

also be studied in vivo. This will require use of transgenic mice, which overexpress SSAT 

(Min, Simmen et al. 2001; Min, Simmen et al. 2002). These mice could then be crossed 

with the min mice, which have a mutated APC and develop tumors in the intestine. The 

progeny of this cross can be tested for the overexpression of SSAT (real time PCR) and 

for the expression of mutant APC (PCR). The mm-SSAT mice can then be studied for the 

effects of SSAT on colon tumor number, distribution and sizes. 
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